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Abstract

Background: Clinical practice guidelines are systematically developed statements intended to optimize patient care. However,
a gapless implementation of guideline recommendations requires health care personnel not only to be aware of the recommendations
and to support their content but also to recognize every situation in which they are applicable. To not miss situations in which
recommendations should be applied, computerized clinical decision support can be provided through a system that allows an
automated monitoring of adherence to clinical guideline recommendations in individual patients.

Objective: This study aims to collect and analyze the requirements for a system that allows the monitoring of adherence to
evidence-based clinical guideline recommendations in individual patients and, based on these requirements, to design and
implement a software prototype that integrates guideline recommendations with individual patient data, and to demonstrate the
prototype’s utility in treatment recommendations.

Methods: We performed a work process analysis with experienced intensive care clinicians to develop a conceptual model of
how to support guideline adherence monitoring in clinical routine and identified which steps in the model could be supported
electronically. We then identified the core requirements of a software system to support recommendation adherence monitoring
in a consensus-based requirements analysis within the loosely structured focus group work of key stakeholders (clinicians,
guideline developers, health data engineers, and software developers). On the basis of these requirements, we designed and
implemented a modular system architecture. To demonstrate its utility, we applied the prototype to monitor adherence to a
COVID-19 treatment recommendation using clinical data from a large European university hospital.

Results: We designed a system that integrates guideline recommendations with real-time clinical data to evaluate individual
guideline recommendation adherence and developed a functional prototype. The needs analysis with clinical staff resulted in a
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flowchart describing the work process of how adherence to recommendations should be monitored. Four core requirements were
identified: the ability to decide whether a recommendation is applicable and implemented for a specific patient, the ability to
integrate clinical data from different data formats and data structures, the ability to display raw patient data, and the use of a Fast
Healthcare Interoperability Resources–based format for the representation of clinical practice guidelines to provide an interoperable,
standards-based guideline recommendation exchange format.

Conclusions: Our system has advantages in terms of individual patient treatment and quality management in hospitals. However,
further studies are needed to measure its impact on patient outcomes and evaluate its resource effectiveness in different clinical
settings. We specified a modular software architecture that allows experts from different fields to work independently and focus
on their area of expertise. We have released the source code of our system under an open-source license and invite for collaborative
further development of the system.

(J Med Internet Res 2023;25:e41177) doi: 10.2196/41177
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Introduction

Background
Clinical practice guideline recommendations are intended to
optimize patient care by assisting the decision-making of health
care professionals within specific clinical circumstances [1-3].
Thus, clinical practice guideline recommendations are among
the most important potential clinical decision support (CDS)
tools [4,5]. Considering and implementing such
recommendations during patient management is expected to be
associated with improved patient outcomes, especially in the
case of evidence-based recommendations that were developed
based on systematic reviews and appraisal of the available
evidence [6-8]. However, a gapless implementation of clinical
practice guideline recommendations in daily routine work
requires health care professionals not only to be aware of the
existence of the respective guideline recommendations, to
understand and support their content, but also to correctly
recognize all situations in which specific recommendations
should be applied [9].

Meeting the latter requirement becomes particularly demanding
in the interdisciplinary treatment of patients with complex
conditions that affect multiple organ systems, as it is often the
case in critical care medicine [10-12]. Ensuring that all health
care professionals have active knowledge about all guideline
recommendations that apply in such situations and that they
correctly recognize every situation in which these
recommendations should be applied can prove difficult. Thus,
treatment in critical care medicine is at a comparably high risk
of deviating from guideline recommendations [10].

Besides the multitude of simultaneously applicable guideline
recommendations in critical care, another aspect that can
strongly affect guideline recommendation adherence is the high
frequency of changes in recommendations [11]. The COVID-19
pandemic presented an exemplary situation in which the
dissemination and implementation of guidelines via conventional
processes struggled to keep pace with the rapid development
of recommendations and the speed at which recommendations
were updated and changed over time [13,14].

To counter such difficulties and assist in the implementation of
clinical guideline recommendations using computerized CDS,
various machine-readable guideline recommendation formalisms
have been developed [15-22]. However, these formalisms focus
on representing finalized guideline recommendations and do
not consider the systematic development process from which
evidence-based guideline recommendations are derived. We
have recently developed a Fast Healthcare Interoperability
Resources (FHIR)–based formalism for the
computer-interpretable representation of the whole guideline
recommendation development process by developing systematic
reviews of primary studies, rating the certainty of the available
body of evidence, and finally applying evidence to decision
frameworks to derive the final recommendation, called Clinical
Practice Guidelines on Evidence-Based Medicine on FHIR
(CPG-on-EBMonFHIR; [23]). This formalism is geared toward
separate evidence-based guideline recommendations, which are
often simple rules linking a specific condition to a specific
action, as they are usually based on studies that focus on specific
interventions and limited options rather than complex clinical
pathways because of the logical complexity that can be studied
in randomized trials.

Objectives
We aimed to (1) collect and analyze the requirements for
providing CDS via automated monitoring of individual
evidence-based guideline recommendation adherence, (2) design
and implement a prototype that fulfills the requirements, and
(3) test the prototype’s applicability on real patient data.

Methods

Overview
To derive the requirements for a software system to monitor
adherence to clinical guideline recommendations, we first
performed a work process analysis of the clinical processes that
are to be supported by the system (Figure 1). After identifying
and structuring these processes, we determined which
subprocesses can be supported electronically and identified the
requirements for how these subprocesses can be supported by
a software system. On the basis of these requirements, we
designed a modular system architecture that we implemented
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as an open-source prototype. To demonstrate the utility of the
prototype implementation, we applied it to monitor adherence

to a COVID-19 treatment guideline recommendation based on
clinical data from a large European university hospital.

Figure 1. Flowchart of the study and the derived artifacts at each step.

Work Process Analysis, Identification of Electronic
Support Potential, and Requirements Analysis
To derive the requirements for the system, we first conducted
a needs analysis for the users of the system, the clinical staff.
This needs analysis was conducted as a work process analysis
in which 5 experienced intensive care clinicians contributed to
the flowchart modeling of how adherence to guideline
recommendations would be monitored in clinical practice. The
modeling was performed based on an iterative feedback process
as follows:

1. Clinicians provided their input in personal or web-based
meetings on how they would approach monitoring of
guideline adherence in clinical practice.

2. The input was collected and consolidated by one of the
participating clinicians, and a flowchart model was created
to reflect the consensus of the group.

3. The model was then reviewed and discussed by clinicians
in meetings or via email, and any necessary revisions were
made based on the feedback provided.

4. The revised model was reviewed again by the clinicians,
and the process continued until all clinicians agreed with
the final outcome and had no further desired modifications.

5. The final model was used as the basis for the needs and
requirements analysis, design, and development of the CDS
system.

During the development of the conceptual model, there were
some disagreements among the 5 clinicians involved in the
process. These disagreements arose when discussing the steps
and level of detail that should be included in the model based
on their experience and individual clinical practice. However,
these disagreements were reconciled through open and
constructive dialog among the clinicians. The goal was to reach
a consensus to ensure that the conceptual work process model
accurately reflected general clinical practice.

On the basis of the work process model, we identified which
parts of this process could be supported electronically and
developed a flowchart model of how clinicians would interact
with an electronic system to achieve the goal of monitoring
patient-specific guideline recommendation applicability and
adherence. The identification of support potential and process
modeling was again performed in an iterative feedback process

among the same group of clinicians, together with a health
software architect.

To identify the requirements of the software system for
monitoring individual recommendation applicability and
adherence, we performed a comprehensive needs analysis for
the system by involving key stakeholders:

1. Clinical staff, as they are the primary users of the system.
2. Clinical practice guideline developers, as they create and

maintain the guideline recommendations that are used by
the system.

3. Health data engineers familiar with hospital IT
infrastructure, as the system is required to process data from
electronic health records (EHRs).

4. Software developers, as they are required to build, test, and
maintain the system.

Stakeholders were recruited by convenience from participants
at the senior level of their respective field within the COVID-19
Evidence Ecosystem project of the Federal Network of
University Medical Centers in Germany [24]. They were
approached individually and requested to participate. No
compensation was offered to participants. We required at least
2 participants per stakeholder group.

Software Design and Prototype Implementation
The software prototype was implemented using an agile, rapid
application development approach. The architecture followed
a microservice pattern to allow efficient separation of concerns
and scalable and exchangeable deployments of the system within
heterogeneous clinical IT infrastructures. Each container exposes
a RESTful application programming interface (API) specified
according to the OpenAPI 2.0 standard [25]. Backend modules
were implemented in Python 3.8 (Python Software Foundation)
and the frontend modules using RShiny (RStudio) [26].

Demonstration of Prototype Utility
To demonstrate the utility of the prototype, we connected it to
anonymized clinical data from a large university hospital
(Charité Universitätsmedizin Berlin, Germany) and integrated
a recent strong evidence-based guideline recommendation for
the treatment of patients with severe or critical COVID-19 [27].
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Ethics Approval
The use of anonymized clinical data for research was approved
by the local ethics committee (Ethikausschuss 4 am Campus
Benjamin Franklin, Charité Universitätsmedizin Berlin,
Chairperson Prof R Stahlmann, Application Number
EA4/008/19, approval date: February 6, 2019, amendment date:
May 14, 2020).

Results

Work Process Analysis
To ensure that our system effectively supports the work
processes of intensive care physicians, we conducted a

comprehensive needs analysis with a group of key stakeholders.
This included clinical staff made up of experienced intensive
care physicians, as they are the primary users of the system,
clinical practice guideline developers, health data engineers
familiar with hospital IT infrastructure, and software developers.
Together, they created a flowchart outlining the process of
monitoring adherence to guideline recommendations (Figure
2A). The core insight of the work process analysis was that to
evaluate and monitor guideline recommendation adherence,
clinicians always work at the ward level and examine each
patient individually to see whether a guideline recommendation
applies and whether it is fulfilled.

Figure 2. Conceptual process models of recommendation adherence monitoring in current clinical practice and using an electronic support system. (A)
Conceptual work process model illustrating the steps involved in monitoring adherence to clinical guideline recommendations within the current clinical
workflow. (B) Conceptual digital process model demonstrating the integration of an electronic decision support system to improve adherence monitoring
in clinical practice.

Identification of Electronic Support Potential
On the basis of the work process model, the clinical staff,
together with a health software architect, identified which steps
could be supported or covered by an electronic system. We
identified nearly all steps as susceptible to being taken over by
a software system (Figure 2A). The same group then determined
how this process should be supported electronically and

developed a corresponding model of the digitized work process
(Figure 2B). The most important insight of this analysis was
the necessity to display the raw patient data that underlies the
system’s decision on recommendation applicability and
adherence because clinicians using a software-based decision
support system to monitor recommendation adherence want to
be able to examine the raw patient data that underly the system’s
decision on recommendation applicability and adherence to
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ensure that these data and decisions are correct, as EHR data
may contain errors.

Requirements Analysis
For a computer system that should support the defined work
process (Figure 2A), we identified 4 core requirements in a
series of focus work group feedback rounds.

Requirement 1: The System Needs to Be Able to Decide
Whether a Guideline Recommendation Is Applicable
and Whether a Guideline Recommendation Is
Implemented for a Specific Patient
The task of checking whether a guideline’s recommendation is
applicable and whether it is implemented for an individual
patient or not requires the system to be able to process both the
semantical (ie, what is the meaning of the words used in the
recommendation) and logical (ie, which of the words used in
the recommendation define who the recommendation applies
to and which words define what is to be done or not to be done)
content of the recommendation. Therefore, the system needs to
be provided with guideline recommendations in a format that
is semantically correct, complete, and unambiguous.

Here, we focus on evidence-based guideline recommendations,
which makes the decoding of the logical content of the
recommendations particularly easy: in the development process
of evidence-based recommendations, it is standard practice to
decompose the clinical question in consideration according to
the PICO (population or patients, intervention, comparison,
outcomes) framework [28]. Therefore, in these
recommendations, the patients to which the guideline
recommendation is applicable (P in PICO) and the intervention
(I in PICO) that is recommended are distinctly defined at its
best beginning with the systematic reviews supporting
evidence-based guideline recommendations.

Regarding the decoding and interpretation of the semantical
content of guideline recommendations, we developed a
FHIR-based format for the representation of clinical practice
guideline recommendations to provide an interoperable,
standards-based guideline recommendation exchange format
that fulfills the previously mentioned requirements [23].
Moreover, a variety of formalisms for representing guideline
recommendations in a computer-interpretable manner exist
[29-31], and any of these could be used, provided that they are
able to represent guideline recommendations semantically
correct, complete, and unambiguous.

Requirement 2: The System Needs to Be Able to Integrate
Clinical Data From Different Data Formats and Data
Structures
Despite a multitude of initiatives for standardization, patient
data are often only available in proprietary and nonstandardized
data formats and data structures that differ between countries,
hospitals, or even wards in the same hospital. Therefore, to
make the system applicable across various existing IT
infrastructural settings, the second core requirement is that the
data must be accepted in a standardized, interoperable format,
into which all proprietary data formats can be converted. Among
the data formats that fulfill these requirements are the

Observational Medical Outcomes Partnership common data
model [32] or FHIR-based formats (eg, the US Core Profiles
[33] or the German Corona Consensus data set [34]).

Requirement 3: The System Needs to Automatically
Adopt Changes in Clinical Guideline Recommendations
Clinical guideline recommendations are subject to change as
medical knowledge advances. Considering the vast number of
new findings being published in the medical literature every
day and the subsequent frequency of guideline recommendation
updates, any efforts to manually implement updated guideline
recommendations in a software system can be expected to delay
updates and pose a source of error [11].

One aspect that complicates error-free manual implementation
of guideline recommendations in a software system is that such
a task requires the expertise of at least 2 different and highly
specialized fields: the expertise of the medical subspecialty
providing the guideline recommendation and the software
development expertise necessary for implementation into a
system. Having both at one’s disposal for every single new or
updated guideline recommendation is difficult and expensive.

Therefore, the system must adopt changes in the guideline
recommendations without requiring changes in the software
code of the system. Instead, once changes in guideline
recommendations are released by responsible medical societies
or other appropriate sources, these changes should be
automatically adopted by the system without the requirement
of any manual changes in the system’s software.

Requirement 4: The System Needs to Provide User
Interfaces Optimized for Distinct User Groups
Different users of a CDS system require different user interfaces
depending on the specific work processes that are to be
supported by the system. For example, medical or nursing staff
working on individual patients require a system that is highly
integrated with the standard patient data visualization used
during the treatment process (eg, the critical care information
system used in the ward) to allow the seamless integration of
decision support into individual patient care. In contrast,
cross-section staff such as quality officers or supervising staff
require more comprehensive overviews of multiple patients
simultaneously, with less integration with other patient data, as
their work processes that are to be supported by the system are
more disconnected from individual patient care. Therefore, the
fourth core requirement is that the user interface of the system
must be customizable to meet the specific requirements that
allow integration into the work processes of the respective
groups of users that are to be supported.

Prototype Implementation

Overview
Considering the advantages of a modular system in which each
module corresponds to a specific specialty, we decided on a
software architecture with 4 main modules that correspond to
the previously described 4 main requirements, each of which
requires the involvement of only 1 of the 3 stakeholder groups
besides the software developers (Figure 3; Table 1). Each
module is implemented as a separate microservice and exposes
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a REST API according to the OpenAPI 2.0 standard. To
facilitate deployment and management, microservices are set
up as Docker containers and can be orchestrated using Docker
Compose. In the prototype implementation, the APIs are the
fixed interfaces where the data requirements are set and
expected. However, depending on the use case, they may need
to be adapted to suit specific needs, for example, using a
different data model for clinical data. Although these modules
are independent of each other, they are designed to work in

concert. However, in principle, they could be integrated with
other services: the guideline interface could be used by any
service requiring guideline recommendations in the
computer-interpretable FHIR format. Likewise, the clinical data
interface can be used by other services that require clinical data
according to the implemented data model. The adherence
evaluator can provide its results to different user interfaces, for
example, depending on the clinical process that is to be
supported.

Figure 3. Architecture of the guideline recommendation evaluator for the automated integration of clinical guideline recommendations with real-time
clinical data. Numbers indicate the requirement that is associated with the module.

Table 1. Overview of the prototype’s modules and their matching requirement.

Main stakeholder groupDescriptionModule nameRequirement

Software developersReads and interprets guideline recommendations, requests required data from hospital
database, and executes the conditions defined by the recommendations on the data

Adherence evalua-
tor

#1

Health data engineersProvides patient data in a standardized format and acts as converter or gateway to
proprietary hospital databases

Data interface#2

Clinical practice guide-
line developers

Provides guideline recommendations in a computer-interpretable representation from
a local or central repository

Guideline interface#3

Clinical staffProvides visualization and interactivity of the guideline recommendation evaluation
results to end users and can be optimized for different end user groups

User interface#4

Guideline Adherence Evaluation
The prototype implementation uses a core module to input
guideline recommendations in a FHIR-based declarative format
and builds executable event-condition-action rules based on the
criteria specified in the recommendations. These rules are then
executed against standardized patient data to determine whether
the patients’data align with the recommendations. The module,
implemented in a Python package (Multimedia Appendix 1
[35-43]), selects 2 sets of criteria in the guideline
recommendation, 1 for the patient population, which are
addressed by the recommendation (eg, critically ill patients with
COVID-19 requiring oxygen supply) and 1 for the recommended
intervention for these patients (eg, daily administration of 1 mg
dexamethasone for 10 days). The population and intervention
parts are specified in a structured way in the relevant FHIR
resources, and the individual semantic terms are coded using
international standardized medical terminologies such as
SNOMED CT, LOINC, ICD-10, ATC, or UCUM. These

concepts must be mapped to the codes used in patient data to
evaluate the applicability of the individual population and
intervention criteria. Each individual criterion (eg, COVID-19;
specific drug administration) is then evaluated and combined
to yield patients that fulfill the population and intervention part
of the recommendation. This allows for the evaluation of the
applicability and adherence of guideline recommendations to
individual patients. A more detailed description of the guideline
adherence evaluator is provided in the Multimedia Appendix
1.

Clinical Data Interface
The role of the clinical data interface is to provide structured
patient data from individual hospital EHR systems in a common
data model for consumption by the adherence evaluator module.
This interface needs to be implemented individually for each
hospital EHR system to convert patient data from the local,
mostly proprietary data models, into a common data model,
thereby allowing the integration of guideline recommendations

J Med Internet Res 2023 | vol. 25 | e41177 | p. 6https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

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


with patient data independent of the underlying local data model.
In the prototype, we used a tabular format that incorporates
standardized terminology for various clinical variables.
However, the data could likewise be provided in an open
standardized data model, such as the Observational Medical
Outcomes Partnership common data model or openEHR-based
or FHIR-based format. The relevant factor is that clinical data
need to be provided in a common data model that is independent
of the local data models of individual clinics’ EHR systems,
which is understood by the adherence evaluator module. The
minimal data requirements for evaluating adherence to a specific
guideline recommendation depend on the specific medical
concepts addressed within the recommendation. Adherence can
be evaluated automatically only if all relevant clinical data can
be retrieved from the EHR system in a structured format. In our
prototype implementation, an extract, transform, and load
connector was implemented for 3 different EHR systems to
provide data that could be consumed by the adherence evaluator.
Our prototype implementation uses a predefined list of patient
data and must be adapted to the characteristics of individual
hospital systems for use with real-time clinical data. A more
detailed description of the clinical data interface is provided in
the Multimedia Appendix 1.

Guideline Interface
The role of the guideline interface is to provide guideline
recommendations in a machine-readable format to the adherence
evaluator. As recommendations are represented in a declarative,
computer-interpretable format using a structured representation
of the population and intervention parts of the recommendation,
with all criteria coded using international standardized
terminologies, the adherence evaluator can use the same
software code to evaluate adherence to the guidelines, regardless
of the contents of the recommendations, provided that the data

used in the recommendations are available in the hospital’s
EHR systems. As the representation of the recommendations
is consistent and uses standardized terminologies, the adherence
evaluator can input the recommendations, generate
computer-executable event-condition-action rules based on the
recommendations contents, and evaluate these on patient data
without the need for additional explicit software code. The
guideline interface communicates in a unidirectional fashion
with the adherence evaluator, sending only the guideline
contents to the adherence evaluator. Updates to the guideline
contents are provided to the guideline interface by the
appropriate organization (eg, medical societies) that publishes
the guidelines; therefore, no communication from the adherence
evaluator to the guideline interface is necessary.

User Interface
For our exemplary prototype, we designed and implemented a
user interface aimed at assisting supervising medical staff in
their task to review whether specific guideline recommendations
are applicable and adhered to in individual patients who are
treated in the wards for which they are responsible (Figure 4).
The user interface designed for this specific task allows the user
to select the guideline recommendation to check and then, along
with an overview of the patients currently treated in the ward,
gives a condensed evaluation to which of the patients this
specific recommendation is applicable and in which of the
patients it is adhered to. Furthermore, the user interface allows
the user to view the patient data on which the guideline
recommendation evaluation was performed to allow the clinician
to review the evaluator’s results. The user interface is
implemented as a dashboard website using RShiny [26], but it
is easily exchangeable by any other user interface framework
or implementation because of the REST API interface of the
user interface backend through which it receives data.
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Figure 4. Prototype implementation of the user interface. The user can select a guideline recommendation of interest (top right) and view the
patient-individual applicability and adherence of the recommendation on all current patients on a selected ward (left), where recommendation adherence
is marked by check marks on green background. To allow the user to understand and review the results of the guideline recommendation evaluation,
the user can select individual patients to show the original patient data required to assess the recommendation’s applicability and adherence (right).
ARDS: acute respiratory distress syndrome; ICU: intensive care unit.

Data Protection
The software was implemented as a containerized microservice
architecture for effortless on-premises deployment within the
IT infrastructure of individual hospitals. This ensures that the
patient data do not leave the hospital’s network and that the
data are therefore subject to the same regulation, such as the
General Data Protection Regulation in the European Union, as
the existing EHR system from which the patient data are used.
As long as the CDS system developed here is used within or on
top of existing EHR systems in the hospital, no further General
Data Protection Regulation constraints other than those already
governing the use of patient data for routine clinical practice
are in place. As the system is intended to be run on-premises
within the hospital’s IT network, the data are protected by the
hospital’s existing security measures such as firewalls and
intrusion detection systems. In our prototype implementation,
the only interface to access data is the user interface backend,
which provides user-level authentication to ensure that only
authorized users can access the output of the system. Depending

on the actual deployment scenario, each microservice can be
augmented by an authentication scheme, and user access should
be integrated with the organizational active directory or single
sign-on system to authenticate users and grant access according
to their roles and permissions within the organization.

Demonstration of Prototype Utility
To demonstrate the utility of our prototype implementation, we
have specified a recent evidence-based recommendation for the
administration of dexamethasone to critically ill patients with
COVID-19 from the guideline for inpatient treatment of patients
with COVID-19 as a machine-readable guideline
recommendation [44-46]. We connected the prototype to the
critical care information systems and clinical information
systems (CISs) of Charité Universitätsmedizin Berlin using a
site-specific implementation of the clinical data interface. An
exemplary time-dependent analysis of the applicability and
adherence to guideline recommendations is shown in Figure 5
[47,48].
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Figure 5. Individual applicability and adherence to a guideline recommendation for treating patients with severe or critical COVID-19 using steroids.
Top: shown are the number of patients to which the guideline recommendation is applicable (purple) and which have been treated according to the
guideline recommendation (orange) between March 2020 and May 2021. Bottom: shown are the number of patients that were treated according to the
guideline recommendation as a fraction of patients to which the guideline recommendation is applicable. Vertical gray lines indicate date of the first
press release of the detected dexamethasone efficacy in the RECOVERY trial (dashed line [47]) and the initial publication of the trial results (solid line
[48]).

Discussion

Principal Findings
In this study, we demonstrated the system architecture and
prototype implementation of a CDS system that automatically
integrates clinical guideline recommendations with real-time
clinical data to assist health care professionals by visualizing
whether guideline recommendations apply to individual patients
and whether the guidelines recommendations have been
followed in individual patients. We described our stepwise
approach for the development of the system, including the core
requirements that shaped our software architectural design as
well as our prototype implementation and demonstrated the
prototype’s utility using a COVID-19 treatment guideline
recommendation on clinical data.

To evaluate our architecture and prototype, we implemented a
recent clinical guideline recommendation on the treatment of
patients with severe or critical COVID-19 and integrated the
recommendation with data from a large university hospital to
analyze guideline recommendation adherence over time (Figure
5 [47,48]). The integration of the machine-readable guideline
recommendation with clinical data could accurately detect the
first and second waves of COVID-19 intensive care treatments
[49] and the successful implementation of the guideline
recommendation for the second wave, as seen by >70% of
relevant patients treated according to the recommendation. The
non-100% guideline recommendation implementation in our
specific data set is primarily because a large proportion of
patients with COVID-19 treated in this university medicine
center were transferred from other hospitals and were treated

with steroids in accordance with the guideline recommendations
before arriving at the intensive care unit of our hospital [50].
Such a situation in which the recommended treatment has
already taken place but was recorded in a different patient data
management system could be solved by increased interoperable
data exchange between different health care providers.

An automated integration of guideline recommendations with
clinical data, as done by our developed systems, has several
advantages: the system can provide a certain kind of decision
support during individual patient treatment by pointing to
applicable guideline recommendations, which the treating health
care professionals might either not be aware of or which are
known but whose applicability might go unnoticed. In addition,
the monitoring of guideline recommendation adherence across
groups of patients provides possibilities for their use as quality
and performance indicators [51,52] that can easily be monitored
in real time using a system, as we propose here. Another similar
aspect could be the application of the system to monitor the
process implementation of new guidelines and to provide clinical
insights into the applicability of guideline recommendations
that are useful for guideline updates. Independent of official
clinical guidelines, the system can also easily be used to monitor
hospital-specific treatment standards by formulating them as
machine-readable guideline recommendations and providing
them via the guideline interface to the adherence evaluator.

One of the key considerations in the design of our system is the
separation of the contents of the clinical guidelines from the
CDS software that integrates them with patient data. This
approach has several advantages, including the separation of
concerns; guideline developers can focus on the development
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of guidelines, whereas software developers can focus on the
development of software. This allows for rapid updates of the
guidelines, particularly for living guidelines that are
continuously updated. However, this approach also has
drawbacks. For example, rapidly changing guidelines may cause
confusion for clinical staff if the system reports that patients
are not being treated according to the current guideline simply
because a new version of the guideline has been released and
the treatment recommendation has changed. In addition, if the
guidelines contain new decisions, items, or conditions that have
not been covered by the execution engine code, the execution
engine will not be able to process these updated guidelines.

We designed our system to require machine-readable guideline
recommendations; however, guideline recommendations are
available only in narrative, human-readable formats. Thus,
individual guideline recommendations must first be converted
into a machine-readable format which adds an extra amount of
work. However, the specification of guideline recommendations
in a machine-readable format enforces a precise and accurate
formulation of guideline recommendations, which prevents
ambiguities, as these cannot (easily) be resolved or understood
by a software system. In addition, in contrast to converting
human-readable recommendations into machine-readable
recommendations, the generation of precise human-readable
formulations of a guideline recommendation formulated in a
machine-readable standard is a comparably simple task.
Therefore, specifying guideline recommendations from the start
in a machine-readable format has multiple advantages, and we
consider it a desirable change in the current practice of
high-quality evidence-based guideline recommendation
development. An alternative approach to using a
machine-readable guideline recommendation specification could
be the application of recent advances in natural language
processing methods to allow the computer to understand and
process human-readable guideline recommendations [53,54].
However, any errors unknowingly introduced by such an
approach (eg, because of imperfect understanding of the
guidelines by natural language processing algorithms) could
have severe consequences for patient health and outcomes.
Therefore, we believe that the manual and explicit statement of
guideline recommendations in a standardized machine-readable
format, as used by our system, is currently the most suitable
choice.

In our prototype implementation, we used an
EBMonFHIR-based and CPG-on-FHIR-based representation
of clinical guideline recommendations that covers the entire
development process of evidence-based guidelines, from the
underlying systematic review of available evidence on the rating
of the individual evidence to the final recommendation in a
computer-interpretable manner [23]. Computer-interpretable
links to the development process are particularly useful in
meeting the requirements of the system to adapt to updated
guideline recommendations (requirement 3), as updates to
recommendations based on new evidence or reappraisal of
existing evidence can be automatically passed to the system
without the need for new and manual conversion of
human-readable guideline recommendations into representation
formalism. Although requirement 3 could, in principle, be met

by any guideline recommendation formalism that is semantically
correct, complete, and unambiguous, the CPG-on-EBMonFHIR
representation offers an advantage, especially with guideline
recommendations that are updated regularly, such as
recommendations from living guidelines. In addition, the
CPG-on-EBMonFHIR representation could allow users of the
software system to evaluate the certainty of the evidence and
the evidence to decision process underlying individual
recommendations. We did not include this functionality in the
prototype implementation; however, it may become part of a
later extension stage of the system implementation. Although
a key idea behind the system is that guidelines can be updated
efficiently and independently of human intervention, we have
not performed a formal analysis of compute time dependencies
for updates to the guidelines, as our focus was on developing
the system requirements and demonstrating the technical
feasibility of the system. However, if the guidelines are
formulated in the FHIR-based standardized format, they can be
updated, in principle, with time lags arising only from
conceptually new recommendations or human processes and
not from technical limitations.

This project aimed to create a system that specifically supports
intensive care physicians’ work processes. However, we
understand that different specialties or user groups may have
unique approaches and techniques for managing various
conditions and therefore may require different interfaces and
work process integrations. To address this issue, the proposed
system was designed with a modular architecture. This allows
for the development of diverse user interfaces for various user
groups, specialties, and disease models while maintaining the
core functionality of checking guideline recommendations
against patient data. This approach eliminates the need to build
a new system for each application. Here, we developed a single
prototypical user interface for demonstration purposes in the
form of a dashboard website to demonstrate its feasibility.
However, in clinical practice, it might be desirable to integrate
the suggestions of guideline recommendations into the CIS
implemented in the ward. For example, the system could be
integrated into an EHR system user interface by highlighting
laboratory values that fall outside of ranges supported by
evidence-based recommendations and then providing the actual
narrative recommendation and its underlying evidence on
demand to the user. Owing to the separation of the user interface
and backend in our system, these integrations can be readily
implemented depending on the CIS, for example, as
SMART-on-FHIR CDS hooks [55,56], if the CIS provides a
SMART-on-FHIR interface.

In terms of the range of applicability of our system, we believe
that it has the potential to be used in various medical specialties
and clinical settings. The system is based on the use of
evidence-based guideline recommendations, which are
applicable across many different areas of medicine. Specifically,
the system was designed to support the implementation of
evidence-based guideline recommendations in critical care
medicine, where the complexity and multiplicity of
simultaneously applicable recommendations can make it
challenging for health care professionals to correctly recognize
every situation in which these recommendations should be
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applied. However, the system architecture is modular and
independent of a particular user interface, which means that it
can be adapted to support the implementation of guideline
recommendations in other specialties and settings, such as
primary care. Therefore, the range of applicability of the
software can be broadened to other specialties and care settings.
The main focus of the system is guideline-based CDS, and the
actual implementation and integration of the system into specific
clinical workflows are left to concrete implementation projects.
In general, any guideline recommendation that can be checked
using electronically recorded data can be used by a system such
as the one demonstrated here.

We designed our software system to retrieve guideline
recommendations from a centralized repository that could be
hosted by medical societies or national standardization
organizations. This allows societies or organizations to develop
guideline recommendations independently of our system,
thereby focusing on their expertise. Once new or updated
guideline recommendations are published by medical societies
or organizations on their servers, they can be automatically
retrieved using our system and integrated with clinical data.
However, a checkpoint in this process should be established,
where health care professionals of individual hospitals first
review new or updated guideline recommendations retrieved
from the central repository before releasing them for
implementation in their hospital. This helps mitigate risks that
arise if the central guideline recommendation server is
compromised by malicious attackers and ensures that the
guideline recommendations implemented in the hospitals are
in accordance with the hospitals’ policies.

The primary goal of the study was to derive the requirements
for a system for automated guideline-based CDS and to develop
a prototype and evaluate its technical feasibility. Although we
have not yet conducted a formal evaluation of the system’s
impact on clinical practice and patient outcomes, we believe
that the system has the potential to improve patient care by
assisting health care professionals in making informed decisions
based on the latest evidence-based guideline recommendations.
Studies have consistently shown that the implementation of
guideline-based CDS systems can potentially improve the
quality of care [57], increase guideline adherence [58,59], and
positively impact the care process [60,61]. However, it should
be noted that larger trials are needed to confirm these findings
and that it is crucial to improve the interoperability of CISs to
establish a widespread use of CDS systems, such as those
developed by us [59]. The system developed in this study could
help overcome some of the challenges commonly encountered
in the implementation of guideline-based CDS systems.
Specifically, the system’s ability to automatically process
updated machine-readable guidelines as they are published in
appropriate repositories and integrate them with standardized
patient data could improve the timeliness and completeness of
decision support, which, in turn, could lead to more accurate
and consistent patient care and potentially better patient
outcomes. However, further research is needed to confirm this
potential impact and assess the system’s effectiveness of the
system in different clinical settings.

Comparison With Prior Work
Developing a system similar to ours, which integrates guideline
recommendations with real-time clinical data, is a complex task
that requires expertise from a variety of different fields. In
addition to guideline experts, it also requires input from clinical
experts, as well as specialized expertise in areas such as
implementation, clinical data management, and IT infrastructure.
The COVID-19 pandemic provided a unique opportunity for
us to develop such a system and enabled us to bring together a
wide range of expertise within the framework of a well-funded
federal project, including the EBM-on-FHIR initiative, the
German Association of the Scientific Medical Societies, which
maintains the central German guideline register, and Cochrane
Germany, to successfully develop and implement our system,
thanks to the collaborative efforts of all stakeholders involved.
Other initiatives aimed at improving the implementation of
evidence-based guidelines in clinical practice include the CDS
Connect project, led by the Agency for Healthcare Research
and Quality of the US Department of Health [62], which focuses
on developing and promoting the use of standards-based,
computable clinical guidelines and knowledge artifacts in CDS
systems. Another initiative is the Guideline Definition Language
of the openEHR foundation, which allows expressing the
decision logic for integration with the openEHR reference model
[63]. These initiatives have similar goals to our system but focus
on the development and sharing of computable knowledge
artifacts, whereas our system focuses on the automated
integration of evidence-based guidelines with patient data.
Another initiative, on which we have built on, is the
CPG-on-FHIR project, which provides an extensive
methodology on how to represent guidelines in a
computer-interpretable fashion [64], leveraging the Clinical
Quality Language for creating reusable computable knowledge
artifacts; however, to our knowledge, no system has been
developed to integrate these guidelines with patient data.
However, an execution engine for Clinical Quality Language
artifacts is currently being developed [65].

Limitations
The study and CDS system developed here have certain
limitations that should be considered when evaluating its
usefulness and applicability in clinical practice.

First, the system is currently focused on evidence-based
guideline recommendations, which are simple rules linking
specific conditions to specific actions, as they are typically
derived from clinical studies with specific interventions and a
limited number of options. Complex multistep clinical paths,
consisting of decision points and possible actions that require
user feedback, are not currently supported by the system.
However, the CPG-on-FHIR standard on which we built the
CPG-on-EBMonFHIR representation can represent complex
multistep guidelines, and our system may be developed to
support these more complex clinical workflows in the future
[23,64].

Second, the system was designed to work with evidence-based
guideline recommendations that are represented in a
machine-readable format. However, evidence-based guideline
recommendations have been developed for human-readable

J Med Internet Res 2023 | vol. 25 | e41177 | p. 11https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

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


narrative statements. Representing them in a machine-readable
format, such as EBMonFHIR or CPG-on-FHIR, poses a series
of challenges and requires a significant amount of manual work
and expertise from several groups of experts, such as guideline
developers, knowledge engineers, and clinical experts [66]. In
addition, not all guideline recommendations are suitable for
representation in this format, which may limit the applicability
of the system in certain situations. However, we believe that
with ongoing international efforts to standardize health care
data and interoperability with projects such as EBMonFHIR
and the increased usability of artificial intelligence–based
support tools for knowledge acquisition and representation,
computable evidence will be available at scale in the future,
which will minimize the need for manual translation of narrative
guidelines into computer-interpretable representations.

Third, the system can only handle recommendations that can
be evaluated using data from the hospital’s EHR system, which
may limit its applicability in situations where other types of
data or information are needed to make clinical decisions (eg,
clinician instrumentation, patient preferences, or infrastructural
settings).

Fourth, the system cannot consider uncertainties in the
recommendations, which may impact its ability to provide
appropriate guidance in certain cases. Furthermore, if the data
used by the system are incorrect, this may lead to false alarms,
which could negatively affect the trust of clinical staff in the
system.

Fifth, the system currently cannot ask for feedback or input
from human users. It is fully automated, which may lead to a
lack of flexibility in certain cases.

In conclusion, although the CDS system described in this paper
has the potential to improve adherence to guideline
recommendations in clinical practice, the limitations described
earlier should be considered when evaluating its usefulness and
applicability in real-world settings.

Conclusions
In this study, we designed a system that integrates guideline
recommendations with real-time clinical data to evaluate
adherence to individual guidelines and to develop a functional
prototype. The proposed system has advantages for both the
individual treatment of patients, as clinical guidelines condense
the current state of medical knowledge into treatment
recommendations and for the quality management and
monitoring of patient treatment standards in hospitals, which
has the potential to improve the implementation of
evidence-based guidelines and ultimately improve patient
outcomes. However, further studies are required to quantify the
specific impact of the system on patient outcomes. In addition,
further research is needed to evaluate the resource effectiveness
of the system and its potential for implementation in different
clinical settings and specialties. We have specified a modular
software architecture where each module corresponds to a
particular area of expertise, allowing experts from different
fields (guideline developers, software engineers, medical data
engineers, and health care professionals) to work independently
and focus on their area of expertise. We have released the source
code of our system under an open-source license (see Data
Availability) and invited for cooperation and collaborative
further development of the system [67].

Acknowledgments
The COVID-19 Evidence Ecosystem project was funded under a scheme issued by the Network of University Medicine (Nationales
Forschungsnetzwerk der Universitätsmedizin) by the Federal Ministry of Education and Research of Germany (Bundesministerium
für Bildung und Forschung; grant number 01KX2021). The CODEX+ project was funded under a scheme issued by the Network
of University Medicine (Nationales Forschungsnetzwerk der Universitätsmedizin) by the Federal Ministry of Education and
Research of Germany (Bundesministerium für Bildung und Forschung; grant number 01KX2121).

Data Availability
The complete code for the clinical guideline recommendation system was published under an open-source license (AGPL version
3.0) [68]. Application programming interface–level documentation can also be found [69].

Conflicts of Interest
CS received a public grant from the Federal Ministry of Education and Research (BMBF, grant titled NUM-Ceosys).

Multimedia Appendix 1
Technical details of the prototype implementation.
[PDF File (Adobe PDF File), 434 KB-Multimedia Appendix 1]

References

1. Institute of Medicine (US), Committee to Advise the Public Health Service on Clinical Practice Guidelines. In: Field MJ,
Lohr KN, editors. Clinical Practice Guidelines: Directions for a New Program. Washington, DC, USA: National Academies
Press; 1990.

2. Institute of Medicine (US) Committee on Quality of Health Care in America. Crossing the Quality Chasm: A New Health
System for the 21st Century. Washington, DC, USA: National Academies Press; 2001.

J Med Internet Res 2023 | vol. 25 | e41177 | p. 12https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=jmir_v25i1e41177_app1.pdf&filename=5ba6790d01215a2d58ab7faf9f2eb5b4.pdf
https://jmir.org/api/download?alt_name=jmir_v25i1e41177_app1.pdf&filename=5ba6790d01215a2d58ab7faf9f2eb5b4.pdf
http://www.w3.org/Style/XSL
http://www.renderx.com/


3. Institute of Medicine (US) Committee on Standards for Developing Trustworthy Clinical Practice Guidelines. In: Graham
R, Mancher M, Wolman DM, Greenfield S, Steinberg E, editors. Clinical Practice Guidelines We Can Trust. Washington,
DC, USA: National Academies Press; 2011.

4. Djulbegovic B, Guyatt G. Evidence vs consensus in clinical practice guidelines. JAMA 2019 Aug 27;322(8):725-726 [FREE
Full text] [doi: 10.1001/jama.2019.9751] [Medline: 31322650]

5. Djulbegovic B, Guyatt GH. Progress in evidence-based medicine: a quarter century on. Lancet 2017 Jul
22;390(10092):415-423. [doi: 10.1016/S0140-6736(16)31592-6] [Medline: 28215660]

6. Trogrlić Z, van der Jagt M, Lingsma H, Gommers D, Ponssen HH, Schoonderbeek JF, et al. Improved guideline adherence
and reduced brain dysfunction after a multicenter multifaceted implementation of ICU delirium guidelines in 3,930 patients.
Crit Care Med 2019 Mar;47(3):419-427. [doi: 10.1097/CCM.0000000000003596] [Medline: 30608279]

7. Kavanagh BP, Nurok M. Standardized intensive care. Protocol misalignment and impact misattribution. Am J Respir Crit
Care Med 2016 Jan 01;193(1):17-22. [doi: 10.1164/rccm.201502-0314CP] [Medline: 26393290]

8. van Steenkiste J, Larson S, Ista E, van der Jagt M, Stevens RD. Impact of structured care systems on mortality in intensive care
units. Intensive Care Med 2021 Jun;47(6):713-715 [FREE Full text] [doi: 10.1007/s00134-021-06383-5] [Medline: 33774712]

9. Cabana MD, Rand CS, Powe NR, Wu AW, Wilson MH, Abboud PA, et al. Why don't physicians follow clinical practice
guidelines? A framework for improvement. JAMA 1999 Oct 20;282(15):1458-1465. [doi: 10.1001/jama.282.15.1458]
[Medline: 10535437]

10. Trogrlić Z, van der Jagt M, Bakker J, Balas MC, Ely EW, van der Voort PH, et al. A systematic review of implementation
strategies for assessment, prevention, and management of ICU delirium and their effect on clinical outcomes. Crit Care
2015 Apr 09;19(1):157 [FREE Full text] [doi: 10.1186/s13054-015-0886-9] [Medline: 25888230]

11. Fischer F, Lange K, Klose K, Greiner W, Kraemer A. Barriers and strategies in guideline implementation-a scoping review.
Healthcare (Basel) 2016 Jun 29;4(3):36 [FREE Full text] [doi: 10.3390/healthcare4030036] [Medline: 27417624]

12. Zhang Z, Hong Y, Liu N. Scientific evidence underlying the recommendations of critical care clinical practice guidelines:
a lack of high level evidence. Intensive Care Med 2018 Jul;44(7):1189-1191. [doi: 10.1007/s00134-018-5142-8] [Medline:
29564478]

13. Stamm TA, Andrews MR, Mosor E, Ritschl V, Li LC, Ma JK, et al. The methodological quality is insufficient in clinical
practice guidelines in the context of COVID-19: systematic review. J Clin Epidemiol 2021 Jul;135:125-135 [FREE Full
text] [doi: 10.1016/j.jclinepi.2021.03.005] [Medline: 33691153]

14. Ash JS, Sittig DF, Campbell EM, Guappone KP, Dykstra RH. Some unintended consequences of clinical decision support
systems. AMIA Annu Symp Proc 2007 Oct 11;2007:26-30 [FREE Full text] [Medline: 18693791]

15. Tu SW, Campbell JR, Glasgow J, Nyman MA, McClure R, McClay J, et al. The SAGE Guideline Model: achievements
and overview. J Am Med Inform Assoc 2007 Sep;14(5):589-598 [FREE Full text] [doi: 10.1197/jamia.M2399] [Medline:
17600098]

16. Tu SW, Musen MA. Modeling data and knowledge in the EON guideline architecture. Stud Health Technol Inform 2001;84(Pt
1):280-284. [doi: 10.3233/978-1-60750-928-8-280] [Medline: 11604749]

17. Boxwala AA, Peleg M, Tu S, Ogunyemi O, Zeng QT, Wang D, et al. GLIF3: a representation format for sharable
computer-interpretable clinical practice guidelines. J Biomed Inform 2004 Jun;37(3):147-161 [FREE Full text] [doi:
10.1016/j.jbi.2004.04.002] [Medline: 15196480]

18. Samwald M, Fehre K, de Bruin J, Adlassnig KP. The Arden Syntax standard for clinical decision support: experiences and
directions. J Biomed Inform 2012 Aug;45(4):711-718 [FREE Full text] [doi: 10.1016/j.jbi.2012.02.001] [Medline: 22342733]

19. Seyfang A, Miksch S, Marcos M. Combining diagnosis and treatment using ASBRU. Int J Med Inform 2002 Dec
18;68(1-3):49-57. [doi: 10.1016/s1386-5056(02)00064-3] [Medline: 12467790]

20. Ciccarese P, Caffi E, Quaglini S, Stefanelli M. Architectures and tools for innovative health information systems: the Guide
Project. Int J Med Inform 2005 Aug;74(7-8):553-562. [doi: 10.1016/j.ijmedinf.2005.02.001] [Medline: 16043084]

21. Silva A, Oliveira T, Gonçalves F, Novais P. Enhancing decision making by providing a unified system for
computer-interpretable guideline management. Expert Systems 2019 May 29;38(5):e12412 [FREE Full text] [doi:
10.1111/exsy.12412]

22. Sutton RT, Pincock D, Baumgart DC, Sadowski DC, Fedorak RN, Kroeker KI. An overview of clinical decision support
systems: benefits, risks, and strategies for success. NPJ Digit Med 2020 Feb 06;3:17 [FREE Full text] [doi:
10.1038/s41746-020-0221-y] [Medline: 32047862]

23. Lichtner G, Alper BS, Jurth C, Spies C, Boeker M, Meerpohl J, et al. Representation of evidence-based clinical practice
guideline recommendations on FHIR. J Biomed Inform 2023 Mar;139:104305. [doi: 10.1016/j.jbi.2023.104305] [Medline:
36738871]

24. What is CEOsys? CEOsys. URL: https://covid-evidenz.de/what-is-ceosys/ [accessed 2022-04-08]
25. Fielding RT. Architectural styles and the design of network-based software architectures phd. University of California.

2000. URL: https://www.ics.uci.edu/~fielding/pubs/dissertation/fielding_dissertation.pdf [accessed 2021-09-29]
26. Chang W, Cheng J, Allaire J, Sievert C, Schloerke B, Xie Y, et al. shiny: web application framework for R. The

Comprehensive R Archive Network. 2021. URL: https://CRAN.R-project.org/package=shiny [accessed 2021-09-29]

J Med Internet Res 2023 | vol. 25 | e41177 | p. 13https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://europepmc.org/abstract/MED/31322650
https://europepmc.org/abstract/MED/31322650
http://dx.doi.org/10.1001/jama.2019.9751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31322650&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(16)31592-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28215660&dopt=Abstract
http://dx.doi.org/10.1097/CCM.0000000000003596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30608279&dopt=Abstract
http://dx.doi.org/10.1164/rccm.201502-0314CP
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26393290&dopt=Abstract
https://europepmc.org/abstract/MED/33774712
http://dx.doi.org/10.1007/s00134-021-06383-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33774712&dopt=Abstract
http://dx.doi.org/10.1001/jama.282.15.1458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10535437&dopt=Abstract
https://ccforum.biomedcentral.com/articles/10.1186/s13054-015-0886-9
http://dx.doi.org/10.1186/s13054-015-0886-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25888230&dopt=Abstract
https://www.mdpi.com/resolver?pii=healthcare4030036
http://dx.doi.org/10.3390/healthcare4030036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27417624&dopt=Abstract
http://dx.doi.org/10.1007/s00134-018-5142-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29564478&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0895-4356(21)00077-9
https://linkinghub.elsevier.com/retrieve/pii/S0895-4356(21)00077-9
http://dx.doi.org/10.1016/j.jclinepi.2021.03.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33691153&dopt=Abstract
https://europepmc.org/abstract/MED/18693791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18693791&dopt=Abstract
https://europepmc.org/abstract/MED/17600098
http://dx.doi.org/10.1197/jamia.M2399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17600098&dopt=Abstract
http://dx.doi.org/10.3233/978-1-60750-928-8-280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11604749&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1532046404000334
http://dx.doi.org/10.1016/j.jbi.2004.04.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15196480&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1532-0464(12)00022-6
http://dx.doi.org/10.1016/j.jbi.2012.02.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22342733&dopt=Abstract
http://dx.doi.org/10.1016/s1386-5056(02)00064-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12467790&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2005.02.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16043084&dopt=Abstract
https://onlinelibrary.wiley.com/doi/abs/10.1111/exsy.12412
http://dx.doi.org/10.1111/exsy.12412
https://doi.org/10.1038/s41746-020-0221-y
http://dx.doi.org/10.1038/s41746-020-0221-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32047862&dopt=Abstract
http://dx.doi.org/10.1016/j.jbi.2023.104305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36738871&dopt=Abstract
https://covid-evidenz.de/what-is-ceosys/
https://www.ics.uci.edu/~fielding/pubs/dissertation/fielding_dissertation.pdf
https://CRAN.R-project.org/package=shiny
http://www.w3.org/Style/XSL
http://www.renderx.com/


27. Kluge S, Janssens U, Welte T, Weber-Carstens S, Schälte G, Spinner C, et al. S3-Leitlinie Empfehlungen zur stationären
Therapie von Patienten mit COVID-19. Report No: 113 - 001LG. Arbeitsgemeinschaft der Wissenschaftlichen Medizinischen
Fachgesellschaften. 2021 May. URL: https://www.awmf.org/leitlinien/detail/ll/113-001LG.html [accessed 2021-09-09]

28. Schardt C, Adams MB, Owens T, Keitz S, Fontelo P. Utilization of the PICO framework to improve searching PubMed
for clinical questions. BMC Med Inform Decis Mak 2007 Jun 15;7:16 [FREE Full text] [doi: 10.1186/1472-6947-7-16]
[Medline: 17573961]

29. Peleg M. Computer-interpretable clinical guidelines: a methodological review. J Biomed Inform 2013 Aug;46(4):744-763
[FREE Full text] [doi: 10.1016/j.jbi.2013.06.009] [Medline: 23806274]

30. Isern D, Moreno A. Computer-based execution of clinical guidelines: a review. Int J Med Inform 2008 Dec;77(12):787-808.
[doi: 10.1016/j.ijmedinf.2008.05.010] [Medline: 18639485]

31. Riaño D, Peleg M, Ten Teije A. Ten years of knowledge representation for health care (2009-2018): topics, trends, and
challenges. Artif Intell Med 2019 Sep;100:101713. [doi: 10.1016/j.artmed.2019.101713] [Medline: 31607346]

32. Observational Medical Outcomes Partnership (OMOP) Common Data Model (CDM). URL: https://ohdsi.github.io/
CommonDataModel/ [accessed 2022-03-24]

33. FHIR US core. HL7 International. URL: https://www.hl7.org/fhir/us/core/ [accessed 2022-03-24]
34. Sass J, Bartschke A, Lehne M, Essenwanger A, Rinaldi E, Rudolph S, et al. The German Corona Consensus Dataset

(GECCO): a standardized dataset for COVID-19 research in university medicine and beyond. BMC Med Inform Decis
Mak 2020 Dec 21;20(1):341 [FREE Full text] [doi: 10.1186/s12911-020-01374-w] [Medline: 33349259]

35. SNOMED International. URL: https://www.snomed.org/ [accessed 2022-03-16]
36. McDonald CJ, Huff SM, Suico JG, Hill G, Leavelle D, Aller R, et al. LOINC, a universal standard for identifying laboratory

observations: a 5-year update. Clin Chem 2003 Apr;49(4):624-633. [doi: 10.1373/49.4.624] [Medline: 12651816]
37. International statistical classification of diseases and related health problems (ICD). World Health Organization. URL:

https://www.who.int/standards/classifications/classification-of-diseases [accessed 2022-03-22]
38. Anatomical Therapeutic Chemical (ATC) classification. World Health Organization. URL: https://www.who.int/tools/

atc-ddd-toolkit/atc-classification [accessed 2022-03-22]
39. The Unified Code for Units of Measure. URL: https://ucum.org/trac [accessed 2022-03-16]
40. OAuth 2. URL: https://oauth.net/2/ [accessed 2021-09-29]
41. Clinical Practice Guidelines (CPG) on EBMonFHIR. GitHub. URL: https://ceosys.github.io/cpg-on-ebm-on-fhir/ [accessed

2022-03-15]
42. Alper B, Mayer M, Shahin K, Richardson J, Schilling L, Tristan M, et al. Achieving evidence interoperability in the computer

age: setting evidence on FHIR. BMJ Evid Based Med 2019 Jul;24(Suppl 1):A15 [FREE Full text] [doi:
10.1136/bmjebm-2019-ebmlive.28]

43. Vandvik PO, Brandt L, Alonso-Coello P, Treweek S, Akl EA, Kristiansen A, et al. Creating clinical practice guidelines we
can trust, use, and share: a new era is imminent. Chest 2013 Aug;144(2):381-389. [doi: 10.1378/chest.13-0746] [Medline:
23918106]

44. Malin JJ, Spinner CD, Janssens U, Welte T, Weber-Carstens S, Schälte G, et al. Key summary of German national treatment
guidance for hospitalized COVID-19 patients : key pharmacologic recommendations from a national German living guideline
using an Evidence to Decision Framework (last updated 17.05.2021). Infection 2022 Feb;50(1):93-106 [FREE Full text]
[doi: 10.1007/s15010-021-01645-2] [Medline: 34228347]

45. S3-Leitlinie - Empfehlungen zur stationären Therapie von Patienten mit COVID-19. Arbeitsgemeinschaft der
Wissenschaftlichen Medizinischen Fachgesellschaften. 2017 May 21. URL: https://register.awmf.org/assets/guidelines/
113-001LGl_S3_Empfehlungen-zur-stationaeren-Therapie-von-Patienten-mit-COVID-19_2022-09_1.pdf [accessed
2021-09-10]

46. Kluge S, Janssens U, Spinner CD, Pfeifer M, Marx G, Karagiannidis C, Guideline group. Clinical practice guideline:
recommendations on inpatient treatment of patients with COVID-19. Dtsch Arztebl Int 2021 Jan 11;118:1-7 [FREE Full
text] [doi: 10.3238/arztebl.m2021.0110] [Medline: 33531113]

47. Dexamethasone reduces death in hospitalised patients with severe respiratory complications of COVID-19. University of
Oxford. 2020 Jun 16. URL: https://www.ox.ac.uk/news/
2020-06-16-dexamethasone-reduces-death-hospitalised-patients-severe-respiratory-complications [accessed 2021-09-13]

48. RECOVERY Collaborative Group, Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, et al. Dexamethasone in
hospitalized patients with COVID-19. N Engl J Med 2021 Feb 25;384(8):693-704 [FREE Full text] [doi:
10.1056/NEJMoa2021436] [Medline: 32678530]

49. Karagiannidis C, Windisch W, McAuley DF, Welte T, Busse R. Major differences in ICU admissions during the first and
second COVID-19 wave in Germany. Lancet Respir Med 2021 May;9(5):e47-e48 [FREE Full text] [doi:
10.1016/S2213-2600(21)00101-6] [Medline: 33684356]

50. Wiesner B, Bachmann M, Blum TG, Forchheim S, Geiseler J, Kassin A, et al. Aufgaben der Weaning-Zentren im
Pandemiefall COVID-19. Pneumologie 2020 Jun;74(6):358-365 [FREE Full text] [doi: 10.1055/a-1153-9710] [Medline:
32294763]

J Med Internet Res 2023 | vol. 25 | e41177 | p. 14https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.awmf.org/leitlinien/detail/ll/113-001LG.html
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/1472-6947-7-16
http://dx.doi.org/10.1186/1472-6947-7-16
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17573961&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1532-0464(13)00084-1
http://dx.doi.org/10.1016/j.jbi.2013.06.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23806274&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2008.05.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18639485&dopt=Abstract
http://dx.doi.org/10.1016/j.artmed.2019.101713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31607346&dopt=Abstract
https://ohdsi.github.io/CommonDataModel/
https://ohdsi.github.io/CommonDataModel/
https://www.hl7.org/fhir/us/core/
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/s12911-020-01374-w
http://dx.doi.org/10.1186/s12911-020-01374-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33349259&dopt=Abstract
https://www.snomed.org/
http://dx.doi.org/10.1373/49.4.624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12651816&dopt=Abstract
https://www.who.int/standards/classifications/classification-of-diseases
https://www.who.int/tools/atc-ddd-toolkit/atc-classification
https://www.who.int/tools/atc-ddd-toolkit/atc-classification
https://ucum.org/trac
https://oauth.net/2/
https://ceosys.github.io/cpg-on-ebm-on-fhir/
https://ebm.bmj.com/content/24/Suppl_1/A15.1
http://dx.doi.org/10.1136/bmjebm-2019-ebmlive.28
http://dx.doi.org/10.1378/chest.13-0746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23918106&dopt=Abstract
https://europepmc.org/abstract/MED/34228347
http://dx.doi.org/10.1007/s15010-021-01645-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34228347&dopt=Abstract
https://register.awmf.org/assets/guidelines/113-001LGl_S3_Empfehlungen-zur-stationaeren-Therapie-von-Patienten-mit-COVID-19_2022-09_1.pdf
https://register.awmf.org/assets/guidelines/113-001LGl_S3_Empfehlungen-zur-stationaeren-Therapie-von-Patienten-mit-COVID-19_2022-09_1.pdf
https://europepmc.org/abstract/MED/33531113
https://europepmc.org/abstract/MED/33531113
http://dx.doi.org/10.3238/arztebl.m2021.0110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33531113&dopt=Abstract
https://www.ox.ac.uk/news/2020-06-16-dexamethasone-reduces-death-hospitalised-patients-severe-respiratory-complications
https://www.ox.ac.uk/news/2020-06-16-dexamethasone-reduces-death-hospitalised-patients-severe-respiratory-complications
https://europepmc.org/abstract/MED/32678530
http://dx.doi.org/10.1056/NEJMoa2021436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32678530&dopt=Abstract
https://europepmc.org/abstract/MED/33684356
http://dx.doi.org/10.1016/S2213-2600(21)00101-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33684356&dopt=Abstract
http://www.thieme-connect.com/DOI/DOI?10.1055/a-1153-9710
http://dx.doi.org/10.1055/a-1153-9710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32294763&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


51. Kumpf O, Nothacker M, Braun J, Muhl E. The future development of intensive care quality indicators - a methods paper.
Ger Med Sci 2020 Oct 30;18:Doc09 [FREE Full text] [doi: 10.3205/000285] [Medline: 33214791]

52. Artis KA, Dweik RA, Patel B, Weiss CH, Wilson KC, Gagliardi AR, et al. Performance measure development, use, and
measurement of effectiveness using the guideline on mechanical ventilation in acute respiratory distress syndrome. An
official American Thoracic Society Workshop report. Ann Am Thorac Soc 2019 Dec;16(12):1463-1472 [FREE Full text]
[doi: 10.1513/AnnalsATS.201909-665ST] [Medline: 31774323]

53. Becker M, Böckmann B. Personalized guideline-based treatment recommendations using natural language processing
techniques. Stud Health Technol Inform 2017;235:271-275. [Medline: 28423796]

54. Fazlic LB, Hallawa A, Schmeink A, Peine A, Martin L, Dartmann G. A novel NLP-FUZZY system prototype for information
extraction from medical guidelines. In: Proceedings of the 42nd International Convention on Information and Communication
Technology, Electronics and Microelectronics. 2019 Presented at: MIPRO '19; May 20-24, 2019; Opatija, Croatia p.
1025-1030 URL: https://ieeexplore.ieee.org/document/8756929 [doi: 10.23919/mipro.2019.8756929]

55. Mandel JC, Kreda DA, Mandl KD, Kohane IS, Ramoni RB. SMART on FHIR: a standards-based, interoperable apps
platform for electronic health records. J Am Med Inform Assoc 2016 Sep;23(5):899-908 [FREE Full text] [doi:
10.1093/jamia/ocv189] [Medline: 26911829]

56. CDS hooks. HL7 & Boston Children's Hospital. URL: https://cds-hooks.hl7.org/ [accessed 2021-09-09]
57. Arditi C, Rège-Walther M, Durieux P, Burnand B. Computer-generated reminders delivered on paper to healthcare

professionals: effects on professional practice and healthcare outcomes. Cochrane Database Syst Rev 2017 Jul
06;7(7):CD001175 [FREE Full text] [doi: 10.1002/14651858.CD001175.pub4] [Medline: 28681432]

58. Shiffman RN, Liaw Y, Brandt CA, Corb GJ. Computer-based guideline implementation systems: a systematic review of
functionality and effectiveness. J Am Med Inform Assoc 1999 Mar;6(2):104-114 [FREE Full text] [doi:
10.1136/jamia.1999.0060104] [Medline: 10094063]

59. Voigt W, Trautwein M. Improved guideline adherence in oncology through clinical decision-support systems: still hindered
by current health IT infrastructures? Curr Opin Oncol 2023 Jan 01;35(1):68-77. [doi: 10.1097/CCO.0000000000000916]
[Medline: 36367223]

60. Damiani G, Pinnarelli L, Colosimo SC, Almiento R, Sicuro L, Galasso R, et al. The effectiveness of computerized clinical
guidelines in the process of care: a systematic review. BMC Health Serv Res 2010 Jan 04;10:2 [FREE Full text] [doi:
10.1186/1472-6963-10-2] [Medline: 20047686]

61. Fossum M, Ehnfors M, Svensson E, Hansen LM, Ehrenberg A. Effects of a computerized decision support system on care
planning for pressure ulcers and malnutrition in nursing homes: an intervention study. Int J Med Inform 2013
Oct;82(10):911-921. [doi: 10.1016/j.ijmedinf.2013.05.009] [Medline: 23827767]

62. Welcome to CDS connect. Agency for Healthcare Research and Quality. URL: https://cds.ahrq.gov/cdsconnect/ [accessed
2023-01-16]

63. Guideline definition language (GDL). openEHR. URL: https://specifications.openehr.org/releases/CDS/latest/GDL.html
[accessed 2023-01-16]

64. FHIR clinical guidelines (v1.0.0) (STU 1). HL7 FHIR. URL: http://hl7.org/fhir/uv/cpg/index.html [accessed 2022-03-15]
65. Clinical quality framework. GitHub. 2023. URL: https://github.com/cqframework/cql-execution [accessed 2023-01-16]
66. Wong D, Peek N. Does not compute: challenges and solutions in managing computable biomedical knowledge. BMJ Health

Care Inform 2020 Jul;27(2):e100123 [FREE Full text] [doi: 10.1136/bmjhci-2019-100123] [Medline: 32723852]
67. Paton C, Karopka T. The role of free/libre and open source software in learning health systems. Yearb Med Inform 2017

Aug;26(1):53-58 [FREE Full text] [doi: 10.15265/IY-2017-006] [Medline: 28480476]
68. Lichtner G. Guideline Recommendation Evaluator (GREvaluator). GitHub. URL: https://github.com/CEOsys/grevaluator

[accessed 2023-04-20]
69. Lichtner G, Jurth C, Bienert T, von Dincklage F. CEOsys’s Documentation. URL: https://ceosys.readthedocs.io/ [accessed

2023-04-20]

Abbreviations
API: application programming interface
CDS: clinical decision support
CIS: clinical information system
CPG-on-EBMonFHIR: Clinical Practice Guidelines on Evidence-Based Medicine on Fast Healthcare
Interoperability Resources
EHR: electronic health record
FHIR: Fast Healthcare Interoperability Resources
PICO: population or patients, intervention, comparison, outcomes

J Med Internet Res 2023 | vol. 25 | e41177 | p. 15https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://europepmc.org/abstract/MED/33214791
http://dx.doi.org/10.3205/000285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33214791&dopt=Abstract
https://europepmc.org/abstract/MED/31774323
http://dx.doi.org/10.1513/AnnalsATS.201909-665ST
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31774323&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28423796&dopt=Abstract
https://ieeexplore.ieee.org/document/8756929
http://dx.doi.org/10.23919/mipro.2019.8756929
https://europepmc.org/abstract/MED/26911829
http://dx.doi.org/10.1093/jamia/ocv189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26911829&dopt=Abstract
https://cds-hooks.hl7.org/
https://europepmc.org/abstract/MED/28681432
http://dx.doi.org/10.1002/14651858.CD001175.pub4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28681432&dopt=Abstract
https://europepmc.org/abstract/MED/10094063
http://dx.doi.org/10.1136/jamia.1999.0060104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10094063&dopt=Abstract
http://dx.doi.org/10.1097/CCO.0000000000000916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36367223&dopt=Abstract
https://bmchealthservres.biomedcentral.com/articles/10.1186/1472-6963-10-2
http://dx.doi.org/10.1186/1472-6963-10-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20047686&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2013.05.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23827767&dopt=Abstract
https://cds.ahrq.gov/cdsconnect/
https://specifications.openehr.org/releases/CDS/latest/GDL.html
http://hl7.org/fhir/uv/cpg/index.html
https://github.com/cqframework/cql-execution
https://informatics.bmj.com/lookup/pmidlookup?view=long&pmid=32723852
http://dx.doi.org/10.1136/bmjhci-2019-100123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32723852&dopt=Abstract
http://www.thieme-connect.com/DOI/DOI?10.15265/IY-2017-006
http://dx.doi.org/10.15265/IY-2017-006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28480476&dopt=Abstract
https://github.com/CEOsys/grevaluator
https://ceosys.readthedocs.io/
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by G Eysenbach; submitted 19.07.22; peer-reviewed by J Vranken, NF Marrouche, S Kendale; comments to author 06.01.23;
revised version received 26.01.23; accepted 08.03.23; published 04.05.23

Please cite as:
Lichtner G, Spies C, Jurth C, Bienert T, Mueller A, Kumpf O, Piechotta V, Skoetz N, Nothacker M, Boeker M, Meerpohl JJ, von
Dincklage F
Automated Monitoring of Adherence to Evidenced-Based Clinical Guideline Recommendations: Design and Implementation Study
J Med Internet Res 2023;25:e41177
URL: https://www.jmir.org/2023/1/e41177
doi: 10.2196/41177
PMID: 36996044

©Gregor Lichtner, Claudia Spies, Carlo Jurth, Thomas Bienert, Anika Mueller, Oliver Kumpf, Vanessa Piechotta, Nicole Skoetz,
Monika Nothacker, Martin Boeker, Joerg J Meerpohl, Falk von Dincklage. Originally published in the Journal of Medical Internet
Research (https://www.jmir.org), 04.05.2023. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in the Journal of Medical Internet Research, is properly cited. The
complete bibliographic information, a link to the original publication on https://www.jmir.org/, as well as this copyright and
license information must be included.

J Med Internet Res 2023 | vol. 25 | e41177 | p. 16https://www.jmir.org/2023/1/e41177
(page number not for citation purposes)

Lichtner et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.jmir.org/2023/1/e41177
http://dx.doi.org/10.2196/41177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36996044&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

