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ABSTRACT

Inappropriate antibiotic use poses significant health threats on both local and
global scale. Therefore, for the aim of improving antibiotic usage, antibiotic manage-
ment programs are being implemented by health institutions worldwide. The main
objectives of these programs are to ensure that prescribing complies with certain
criteria, to monitor the trends of antibiotic consumption and to make corrective in-
terventions when necessary. In order to achieve these objectives, several types of
medical information must be evaluated simultaneously. However, software used for
the evaluation of this information in healthcare facilities is often insufficient to meet
the needs such as processing large data sets and managing relationships between
various data groups.

STEWARD, a web application to be utilized in antibiotic consumption monitoring,
is introduced in this thesis. The application has an easy-to-use interface and allows
users to perform in-depth investigations without the need for technical knowledge.
Moreover, it helps users evaluate antibiotic use accuracy by combining information
stored in several data sets. Since the application is developed using open source
technologies, it is free to use, and at the same time, advanced in terms of technical
capabilities. When synchronized with central data management systems of health
centers, it allows for real-time antibiotic consumption monitoring, which is particu-
larly valuable at patient level antibiotic stewardship.

The proposed application is field tested using the data of Istanbul American Hos-
pital. This way, the capabilities of the application have been affirmed and the tool
is shown to be able to operate integrally with existing healthcare systems. And fi-
nally, antibiotic consumption trends in Istanbul American Hospital are examined and

observations are presented.
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OZETCE

Uygunsuz antibiyotik kullanimi yerel ve kiiresel olgekte onemli saglik tehditleri
olugturmaktadir. Buna baglh olarak, antibiyotik kullanimim iyilegtirmek amaciyla
diinya genelinde saglik kuruluslari tarafindan antibiyotik yonetim programlar: yiirtitiillmektedir.
Bu programlarin temel iglevi regetelemenin belirli kriterlere uygun yapilmasini saglamak
ve antibiyotik tiiketim egilimlerini takip ederek gerektiginde iyilegtirici miidahaleler
yapmaktir. Bu iki iglevin yerine getirilebilmesi i¢in de birgok tibbi verinin bir arada
degerlendirilmesi gerekir. Ancak saglik kuruluslarinda bu verilerin degerlendirilmesinde
kullanilan yazilimlar genellikle farkli veri kiimeleri arasindaki iligkileri yonetme ve
biiytik veri kiimelerini igleme gibi ihtiyaclar kargilamada yetersiz kalmaktadir.

Bu tezde antibiyotik kullaniminin takip ve analizinde kullanilmak tizere geligtirilen
bir web uygulamasi olan STEWARD tamtilmaktadir. Uygulama, kullanimi kolay
bir arayiize sahiptir ve kullanicilarin teknik bilgiye ihtiya¢ duymaksizin detayli in-
celemeler yapmasina olanak saglar. Bununla birlikte, bircok iligkili veri kiimesinin bir-
likte degerlendirilerek antibiyotik kullaniminin uygunluguna iliskin ¢ikarimlar yapilmasina
yardimci olur. Uygulama tamamen acik kaynak kodlu yazilimlar kullanilarak gelistirildigi
icin kullanimi ticretsizdir ve ayni zamanda teknik oOzellikler yoniinden geligmistir.
Saglik kuruluslarinin veri tabanlar ile eslendiginde gercek zamanl antibiyotik kul-
lanim takibine olanak tanir.

Geligtirilen bu uygulama Istanbul Amerikan Hastanesi'nin verileri kullamlarak
sinanmisgtir. Boylece uygulamanin kabiliyetleri somutlastirilmis ve mevcut sistem-
lerle biitiinlesik sekilde calisabilecegi gosterilmigtir. Ayrica Istanbul Amerikan Has-

tanesi'ndeki antibiyotik tiiketim egilimleri incelenmis ve gozlemler sunulmusgtur.
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Chapter 1

INTRODUCTION

Antibiotic resistance is recognized as one of the biggest threats to global health,
food security and development today [WHO, 201§|. It can affect anyone regardless of
age and country, and as it spreads, antibiotics become less effective to treat infections,
which leads to longer hospital stays, higher medical costs and increased mortality.
Although antibiotic resistance is a natural phenomenon, misuse and overuse of an-
tibiotics accelerate the process. For these reasons Antibiotic Stewardship Programs
(ASPs) are being conducted at both national and hospital-level. The main purpose
of these programs is to ensure that prescription of antibiotics is performed according
to certain criteria.

To measure the impact of these programs and evaluate antibiotic consumption
trends, ASP personnel investigates antibiotic consumption data. Typically, the anal-
yses are conducted intermittently and retrospectively using general-purpose data anal-
ysis software. As the amount of the data to be examined grows and the required anal-
ysis detail deepens, this software becomes insufficient to process the data. Therefore,
even when the analysis is possible, it would still be problematic because of the time
it will take. These problems can be overcome by using software specially designed for
utilization in ASP investigations.

Designing such software requires good level of programming knowledge. Typically,
ASP professionals cannot design such software due to lack of technical ability. Al-
though there are several commercial antibiotic stewardship products, health centers,
especially in Turkey, cannot afford their high licensing costs. In this thesis, we present

the software we specially designed for monitoring antibiotic consumption in health
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centers. This software allows users to analyze antibiotic consumption in detail with-
out the need for technical knowledge, thanks to its simple user interface. With the
help of graphical representations and interactivity, it provides ease of use in antibiotic
consumption monitoring. Also, utilizing open-source technologies, it is free to use,
scalable, and advanced in terms of technical features.

Chapter [2] discusses the motivations behind ASPs and it broadly explains the
mechanisms of antibiotics and antibiotic resistance. It also examines ASPs and an-
tibiotic consumption monitoring systems from several perspectives. In Chapter [3]
special requirements for antibiotic consumption monitoring task, technological struc-
ture of the proposed tool and its technical /practical features are explained. Then, in
Chapter [ the proposed tool is field tested with the data obtained from American
Hospital of Istanbul. Real-life use cases of the proposed monitoring tool are presented
and antibiotic consumption trends in American Hospital are investigated. Finally, in
Chapter 5] the conclusions drawn from this thesis study and future research directions

are listed.



Chapter 2

ANTIBIOTIC STEWARDSHIP PROGRAMS AND
MONITORING TOOLS

By strict definition, the term “antibiotic” refers to an agent or substance that
is produced by or derived from a microorganism that kills or inhibits the growth
of another living microorganism while the term “antimicrobial” refers to an agent
or substance derived from any source (microorganisms, plants, animals, synthetic
or semi-synthetic) that acts against any type of microorganism, such as bacteria
(antibacterial), mycobacteria (anti-mycobacterial), fungi (antifungal), parasite (anti-
parasitic) and viruses (antiviral) [WHO, 2019]. However, note that, in this thesis the
term “antibiotic” refers to an antimicrobial agent with the ability to kill or inhibit

bacterial growth.

Antibiotic stewardship has been defined as “the optimal selection, dosage, and
duration of antimicrobial treatment that results in the best clinical outcome for the
treatment or prevention of infection, with minimal toxicity to the patient and minimal

impact on subsequent resistance” |[Doron and Davidson, 2011].

This chapter discusses the motivations behind antibiotic stewardship programs
(ASPs) and antibiotic consumption monitoring (ACM). It gives information about the
mechanisms of antibiotics and antibiotic resistance. Also, current monitoring prac-
tices, data requirements, different approaches in ASP interventions, different scopes
in ASP assessment and different types of software that can be used for ACM are

presented.
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2.1 Motivation

Since the discovery of first antibiotic in the first half of 1900s, antibiotics have saved
millions of lives. Starting with penicillin, many novel classes and mechanisms of
antibiotics have been developed for the prevention and treatment of infections caused
by various bacteria and fungi. On the other hand, starting with the very first use
antibiotics, bacteria and fungi started to develop immunity to these drugs, as well.
Parallel to the overuse and misuse of antibiotics over the course of decades, more
and more microorganisms have become immune to antibiotics. This phenomenon is
called antibiotic resistance (ABR) and has been identified as one of the biggest global
public health threats of the 21st century, causing at least 700,000 annual mortality
cases around the world [Hassouna and Deshpande, 2018|. It is estimated that ABR
will be entailed to the death of 10 million people in 2050 if the current trend remains
[O'Neill, 2016]. As “antimicrobials are ...the only class of drug therapy that affects
not only the patient to whom it is prescribed but other current and future patients as
well” |Schiff et al., 2001], health institutions have the responsibility to ensure correct
and efficient antibiotic use. Thus, aiming to prevent inappropriate use of antibiotics

and to combat resistance, ASPs have been promoted globally.

In addition to health-related problems, antibiotic resistance is forecasted to cause
a cumulative economic cost of 100 trillion USD in 2050s. However, there are several
studies concerning the financial impact of ASP interventions showing that a significant
portion of these costs can be curbed [Glowacki et al., 2003, McGregor et al., 2006,
Agwu et al., 2008].

The next section gives a broad description about the mechanisms of antibiotics
and ABR to set the ground for the explanation of key aspects of ASPs and monitoring

tools.
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2.2 Mechanism of Antibiotics and Antibiotic Resistance

Antibiotics are special molecules used in prevention and treatment of bacterial and
fungal infections in people, animals and plants. Antibiotics target specific parts or
processes of microorganisms to disarm. For example, some antibiotics are designed
to stop protein synthesis, some to prohibit DNA replication and some to spoil the
cell wall of infectious microorganisms [CDC, 2019]. Therefore, each antibiotic has a
different impact on different microorganisms. In other words, not all antibiotics are
effective on all kinds of infections.

The potency of antibiotics is different. Therefore, the amount of antibiotic to
be used in a treatment is determined by the characteristics of the antibiotic and the
infected organism. Excessive antibiotic use causes side effects in the infected organism
and harms beneficial bacterial flora. On the other hand, when an insufficient amount
of antibiotic is used, the surviving microbes reproduce and lead to the recurrence of
infection.

In addition, the duration of activity of antibiotics varies because antibiotic molecules
are destroyed in the body at different speeds. Therefore, some antibiotics lose their
effect in one day, while others lose it in eight hours. When the amount of antibi-
otic molecules in the blood falls under a certain threshold the antibiotic needs to be
retaken to continue treatment. And as soon as the infection is removed from the
organism, the antibiotic intake must be stopped.

The antibiotics can be administered in many ways depending on the conditions
of the infected organism and the severity of infection |[CDC, 2019]. The route of
administration of antibiotics plays a significant role in the rise of antibiotic resistance.
Table [2.1] explains the five antibiotic administration methods [Zhang et al., 2013].

To sum up, a successful treatment requires the right dose of the right antibiotic
administered at the right time for the right duration through the right route.

When these requirements are not satisfied, the chance for microorganisms to de-
velop antibiotic resistance increases. For instance, when an ineffective antibiotic is

used in the treatment, not only the microbes survive but also, they acquire adapta-
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Method Organisms Conditions
Inpatients (more often)
Intravenously Outpatients For more serious
(directly into a vein) Pets infections
Livestock
Inpatients
Orally For more common
Outpatients (more often)
(by mouth) infections
Animals
Intramuscularly
People Alternative to
(through injection
Animals oral method
into a muscle)
Topically People For skin, eye and
(directly to the skin) Animals ear infections
Sprayin For fruit trees
praying Plants
(applied by trucks or airplanes) and crops

Table 2.1: Different Routes of Antibiotic Administration

tions to fight back against this antibiotic. These adaptations can be passed to other
microorganisms via mobile genetic elements, making them resistant to this antibiotic,
as well [CDC, 2019]. This scenario also applies when an effective antibiotic is used

but the duration is not right.

2.3 Data Requirements for Antibiotic Stewardship Programs

Effective ASPs require proper quality indicators (QIs) that can be used to measure
appropriateness of antibiotic use in the treatment of bacterial and fungal infections.
Monitoring and improving these indicators are the main aims of these programs.

Bosch et al. lists nine QIs as follows: (1) take two blood cultures, (2) take cultures



Chapter 2: Antibiotic Stewardship Programs and Monitoring Tools 7

from suspected sites of infection, (3) prescribe empirical antibiotic therapy according
to local guideline, (4) change empirical to pathogen-directed therapy, (5) adapt an-
tibiotic dosage to renal function, (6) switch from intravenous to oral, (7) document
antibiotic plan, (8) perform therapeutic drug monitoring, and (9) discontinue antibi-
otic therapy if infection is not confirmed [Van Den Bosch et al., 2015]. Thus, the
information about these steps, namely, infection indicators such as laboratory test re-
sults and fever status, and detailed antibiotic administration data must be available to
the program personnel and to the monitoring tool. Considering this information, the
program personnel should detect the misuse and overuse cases, and take the necessary

actions.

2.4 Different Intervention Approaches of Antibiotic Stewardship Pro-

grams

There are two main intervention methods listed in the literature: restrictive and
persuasive [Davey et al., 2017]. The methods which directly restricts the prescription
of certain antibiotics or require approval from an infection specialist are categorized
as restrictive methods. The duration of use of these antibiotics may be specified in

by the infection specialist, as well.

On the other hand, the methods which aim to positively change the prescribing
behavior of the prescriber by providing information support are categorized as per-
suasive methods. This method, using the means of educational support, reminders,
auditions and feedback, aims to prevent unnecessary and inappropriate prescriptions
without explicitly restricting. There are also cases which restrictive interventions

contain persuasive components.

The proposed tool in this thesis is aimed to be utilized in persuasive interventions,

providing information support to the prescriber and helping ASP personnel in ACM.
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2.5 Different Scopes of Antibiotic Stewardship Programs

The ASPs can be examined in three main scopes, hospital level (including primary
care), national level and international level.

As discussed in Section [2.3] health centers should monitor and assess antibiotic
consumption according to certain quality indicators. Misuse and overuse cases should
be detected and analyzed so that purposeful interventions can be designed accord-
ingly, and antibiotic consumption is improved. Even though the objectives of an-
tibiotic stewardship programs are similar, the methods of implementation of these
programs may vary from one health center to another. Health centers may develop
and follow their own guidelines and employ different intervention approaches to im-
prove antibiotic consumption. In fact, the proposed tool is developed to be utilized in
the hospital level stewardship programs, and its primary aim is to provide information
support to stewardship managers regardless of what guidelines they follow.

However, monitoring and improving antibiotic consumption only in a few health
centers is not enough to eliminate the problems described in Section 2.1 Although
hospital level improvement of antibiotic use is the fundamental step to combat ABR,
promising outcomes can be achieved only if the stewardship requirements are fulfilled
nationwide or even globally. Therefore, national and international stewardship com-
mittees must monitor country-wide and world-wide antibiotic consumption trends
and make restrictive and persuasive interventions when necessary.

As an example, in Turkey in 2003, Ministry of Health started a national an-
tibiotic restriction program prohibiting the use of several broad-spectrum antibiotics
(i.e., carbapenems, glycopeptides, piperacillin/tazobactam, ceftazidime and cefepime)
without approval of infectious diseases specialists [Hassouna and Deshpande, 201§].
Moreover, for some other antibiotics, the maximum duration of utilization without
approval is limited to 72 hours. As a result of the restrictions, it is observed that the
consumption of restricted drugs is reduced in certain hospitals.

On the other hand, international level interventions can be exemplified as declara-

tions issued by political unions such as Political Declaration of the High-Level Meeting
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of the United Nations General Assembly on Antimicrobial Resistance, global reports,
reviews, guidelines and action plans prepared by international organizations such as
the World Health Organization and the World Organisation for Animal Health, and
global conferences, meetings, congress and forums gathered to raise awareness, ex-

change information and collaborate in combatting ABR [FAO et al., 2017].

2.6 Types of Monitoring Software

In this section, the potential types of software to be used for antibiotic consumption
monitoring are discussed. Advantages and disadvantages of each software type is
explained.

2.6.1 Desktop Applications

A desktop application can be described as a software that is designed to be run on
a desktop computer. Special desktop applications can be designed for antibiotic con-
sumption monitoring, however, designing desktop applications require a good level of
knowledge in computer operating systems. The main advantages of desktop applica-
tions can be listed as:

e can be directly connected to the database system,

e does not encounter problems caused by internet connection,

e being suitable for visually intensive applications.

The main disadvantages can be listed as:

e required to be installed on each computer,

e updating the applications is inconvenient as each computer must be separately

updated,

e often require I'T support for installment and update,
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e may require a fixed location for database connectivity,
e same application package does not work on different operating systems,

e performance problems caused by unsatisfied system requirements.

Desktop applications are most suitable for analysis of complex systems and visu-
ally intensive tasks. They constitute a good fit for antibiotic consumption monitoring
task as well, however, since desktop applications use the processing unit of the com-
puter that they are installed on, computationally demanding processes may cause

performance problems. Also, maintenance of the system is often burdensome.

2.6.2 Mobile Applications

Another type of software available to be employed in monitoring tool design is mobile
applications. A mobile application is the software designed to be run on mobile
devices such as smartphones and tablets. As the prevalence of smart mobile devices
in the community has increased substantially in the last decade, the number of tools
facilitating mobile software development has also increased. The main advantages of

mobile applications can be listed as:

can work online and offline,

easier to build than desktop applications,

faster than web applications with similar features,

often does not require I'T support.

The main disadvantages can be listed as:

e required to be installed on each mobile device,
e small screen size compared to computer screens can be restrictive,

e same application package does not work on different mobile systems,
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e performance problems may occur due to low processing power compared to

computers.

Mobile applications are most suitable for simple data collection and tracking tasks
where mobility is an advantage. Also, they are suitable for providing information
about policies and guidelines to the prescriber. There are a number of available mobile
applications aiming to provide decision support to improve antibiotic stewardship such
as Imperial Antibiotic Prescribing Policy (IAPP) and Sanford Guide to Antimicrobial
Therapy [Imperial College London, nd, Sanford Guide, nd|. However, mobile apps
are not a good fit for antibiotic consumption monitoring purposes because the small
screen size is restrictive for this task. The users often prefer to take advantage of
a larger screen using which they can get richer visual support and utilize multiple

information sources simultaneously.

2.6.3 Web Applications

Web applications are another type of software that can be utilized in antibiotic con-
sumption monitoring. A web application is a software that can be accessed and
manipulated online using a web browser. The application runs in a server computer
and users can connect to this computer via internet. The main advantages of web

applications can be given as:

e they do not need to be installed,

e accessible from any device connected to the internet, regardless of the operating

system,

e any update on the server becomes immediately effective for all users, no explicit

update required,

e computations are done on the server computer thus no performance issues de-

pending on the user’s device,

e casier to build than desktop and mobile applications.
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The main disadvantage can be given as:

e require internet connection.

Web applications are suitable for supporting ACM tasks since they can be ac-
cessed from any device with internet connection (e.g., desktop computers, tablets,
smartphones) currently available to the personnel. Also, because the computations
are handled at the server side, no performance problems arise due to potentially insuf-
ficient processing capacities of available devices. Since they do not require installment
and update, they do not bring additional burden to IT units. Also, the internet con-
nection requirement is not an obstacle since most, if not all, health centers in Turkey
have internet connection because of several requirements (e.g., to transfer health-
care statistics to the Ministry of Health of Turkey and to access centralized doctor
appointment system).

The advantages and disadvantages considered; web applications are the most fa-
vorable of these three potential application types to employ for ACM support in health
centers. Thus, we developed a web application to be utilized in antibiotic stewardship
activities, and the next chapter presents detailed information about the design and

features of this application.



Chapter 3

A REAL-TIME MONITORING TOOL FOR ANTIBIOTIC
CONSUMPTION

In this thesis, we present a web application which we designed to be utilized
in real-time antibiotic consumption monitoring. This way, we aim to help prevent
inappropriate antibiotic use in health centers by providing information support to
physicians and ASP personnel. Note that the proposed tool is designed to monitor
and analyze the antibiotic use of inpatients, and outpatients are out of the scope of
this project.

In very broad terms, the application processes the antibiotic consumption data
according to the inputs obtained from the user and presents graphs and tabular
information in an interactive way. System backend is developed using R programming
language. Elasticsearch search engine is used for database operations. The functional
components and the user interface are combined as a web application using the R
package named Shiny, and the web application is deployed to the Web via Shiny
Server software which is installed on a high-performance computer. Since the whole
set of software utilized in this web application is open source, the tool is completely
free to use.

Special requirements for antibiotic consumption monitoring task, design of the

application and its technical features are explained in detail in the following sections.

3.1 Special Requirements for Antibiotic Consumption Monitoring

Data management systems used in health centers often do not provide data processing
and visualization services for specific needs such as detailed antibiotic consumption

monitoring. They are mainly designed for handling daily operational procedures
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such as storing and displaying health records and generating essential medical and
financial reports and statistics. ASP personnel, on the other hand, need to analyze
antibiotic consumption trends utilizing multiple sources of information usually stored
on separate relational tables in the database. Therefore, they need special tools using
which multiple information sets can be examined simultaneously and in relation to

each other.

General-purpose data analysis and visualization tools like MS Excel are commonly
available at health centers, and they are widely used by ASP personnel. However,
these tools often require the data to be extracted from the database and formatted
properly. When the data to be analyzed is significantly large, extraction and format-
ting processes become burdensome. Moreover, these tools are prone to performance
issues depending on the size of the data. Some of these tools offer direct connection
to data management systems, as well, in which case no explicit data extraction and
formatting is required. However, a good level of technical knowledge in query lan-
guages and database operations is required for utilizing this feature, which most ASP

personnel does not have.

There are a variety of commercial tools available specially designed for conducting
and evaluating antibiotic stewardship, as well. With simple user interfaces, these tools
do not require technical knowledge. To name a few: MedMined by BD [MedMined,
nd|, TheraDoc by Premier HealthCare [TheraDoc, nd], Sentri7 by Wolters Kluwer
[Sentri7, nd] and PathFinder by Vecna [Vecna Healthcare, nd|. These products are
able to identify the major stewardship concerns such as antibiotic administration
route switches (e.g., from intravenous to oral), drug-bug mismatches, dosage adjust-
ments and resistance. Most of them are able to integrate with infection control tools.
Also, they are able to employ customizable alert mechanisms. However, they do not
necessarily save time. The increased information flow requires interpretation and
triaging, leading to substantial number of nonactionable alerts [Hassouna and Desh-
pande, 2018]. Moreover, the licensing costs of these tools are a high burden that most

of the health centers cannot afford.
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To sum up, there is a need for antibiotic consumption monitoring tools which are
specially designed to provide information support to physicians and ASP personnel.
Already available data management systems and general-purpose data analysis and
visualization tools are insufficient to fulfill this need. Although there are a variety of
commercial products specially designed to fulfill this need, health centers usually are
not able to afford them because of high license fees.

In this thesis, we present a real-time ACM tool, which employs a bunch of open
source software, namely, R Programming Language, Shiny Server and Elasticsearch
Search Engine. Utilizing these open source software makes the tool completely free

and at the same time advanced in terms of technical capabilities.

3.2 System Design

The proposed ACM tool in this thesis is a web application. Section [3.2.1] explains
how the proposed web application operates in detail, and Section presents the

capabilities and advantages of this web application.

3.2.1 Workflow

Workflow schema of the system is given in Figure The components of this work-

flow are explained below.

1. Information Transfer

Firstly, when developing an information transfer pipeline for an ACM tool, one
needs to have a good understanding of the database structures and data type
standards used for storing electronic health records (EHRs). The most com-
monly used EHR standards around the world are Health Level Seven (HLT)
standards which has been developed by the not-for-profit organization Health
Level Seven International. HL7 and its members provide a framework (and
related standards) for the exchange, integration, sharing, and retrieval of elec-

tronic health information. These standards define how information is packaged
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and communicated from one party to another, setting the language, structure
and data types required for seamless integration between systems [HL7 Inter-
national, nd]. Turkeys National Health Information System (NHIS) is imple-
mented based on HL7 standards, as well [Kose et al., 2008]. Therefore, aiming
to develop a monitoring tool to be used comprehensively, we ensured conformity

to these standards in the design of the proposed application.

In accordance with these standards, EHRs are stored in so called relational
databases instead of flat file databases. These two types of database systems

are described as follows.

A flat file database is basically a plain text file in which the lines store different
records and the lines are delimited by some special character separating different
record fields. In other words, a flat file database is a standalone table whose
information is stored in a simple and portable file, and it does not require special

software to be used.

A relational database, however, consists of multiple tables which are linked
to some others by record field references. Some fields (i.e., columns) of these
tables are “indexed” so that it allows quick search in the database. Relational
databases usually require special software for data access and data operations.
This software is called relational database management system (RDBMS), and

well-known examples are Oracle, MySQL and PostgreSQL.

The information transfer module of the proposed application is designed to
be compatible with the special structure of relational database systems. The

technical details of this module will be explained later in this section.

The application is designed to run in real-time, meaning when a new EHR (e.g.,
hospitalization of a new patient or administration of an antibiotic) is created,
it is immediately processed by the application and it becomes available in the
monitoring system. In other words, the time required for a new medical record

to be transferred to the monitoring system is negligible when the necessary
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conditions are met, thanks to the design of the system.

For real-time monitoring to be feasible, naturally, the information transfer must
be continuous and instantaneous. To ensure these, one can suggest connecting
the application to the data management system (DMS) directly, so that the
delays caused by information transfer will be minimized. However, since the
application requires continuous data flow from the DMS, it charges an additional
burden to the system. Considering the performance issues that it may cause;

direct connection scenario may not be preferred.

Alternatively, an intermediary database consisting only of the EHRs required
for the monitoring system can be created. This way, the application connects
to this mirror database which is synchronized with the main database, thus no

additional burden on the main DMS is charged.

If none of these scenarios are feasible for a health center, EHRs can be trans-
ferred to the monitoring system periodically, as a collection of files. For example,
the EHRs can be extracted from the DMS and transferred to the application on
a daily basis. Scheduling the information transfer at off-peak times like early
mornings is usually a good practice which prevents the performance issues with
the DMS. Applying this scenario, however, the ACM managers must be aware
of that some of the features of the application (e.g., antibiotic misuse alert)
will no longer function as originally intended, since the system does not run in

real-time.

Once the database connection is established, the application keeps track of new
and updated records. It processes and formats these records, and indexes into
an Elasticsearch database (illustrated as “Information Transfer(1)” in Figure
3.1). In the case of non-continuous information transfer, after the necessary
files received, the application inserts the records to Elasticsearch database all

at once (illustrated as “Information Transfer(1) (Alternative)” in Figure [3.1)).

Elasticsearch is a distributed, open source search and analytics engine for all
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types of data, including textual, numerical, geospatial, structured, and unstruc-
tured |Elastic, nd|. It is built on a Java-based search library called Apache
Lucene and it was first released in 2010 by Elasticsearch N.V. (now known as
Elastic). It is fast and scalable, and it is the central component of the Elas-
tic Stack, a set of open source tools for data ingestion, enrichment, storage,

analysis, and visualization.

In Elasticsearch, the documents (i.e., records) are stored in JSON (JavaScript
Object Notation) format, and an index basically is a collection of documents and
the relationships among them. The first step to use Elasticsearch is “indexing”
the data. Indexing is the process of formatting and inserting the data into
Elasticsearch. In addition, during this process, Elasticsearch generates a data
structure called inverted index, which constitutes the main technology that gives

Elasticsearch a substantial search speed.

The reason that Elasticsearch is used in this thesis is because it is fast and
scalable. Moreover, it runs in near real-time, in other words, the time required
between indexing a document and having it searchable is negligible. Also, it
is accompanied with other open-source technologies such as Logstash, and this

makes Elasticsearch easier to use.

In order to establish a fast and continuous data flow pipeline from database
of a health center into Elasticsearch, we suggest using Logstash. Logstash is
another product by Elastic, which is used as a data flow bridge between Elastic-
search and other databases. It provides a pipeline that collects and transforms

data, and indexes it into Elasticsearch [Elastic, nd].

The rest of this subsection presents an example configuration of Logstash with
the JDBC (Java Database Connectivity) input plugin to keep Elasticsearch syn-
chronized with a RDBMS such as MySQL. Note that this part is intensive in
terms of technical terminology and written to provide information about tech-

nical steps of synchronizing Elasticsearch with other databases. Non-technical
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readers may prefer skipping to the next subsection.

In this example scenario, basically, Logstash need to periodically visit the main
database (i.e., RDBMS of a health center), and track the records which are new
or updated since the previous visit. Although conceptually straightforward, this

task requires certain conditions to be met.

First of all, the “id” field of the main database and “.id” field of Elasticsearch
must be synchronized, so that Logstash can link the records in the main database
with the ones in Elasticsearch. This way, when Logstash detects a new record
or an update in the main database, it manipulates the corresponding document

in Elasticsearch.

Secondly, records in the main database are required to have a field which stores
the creation or update time. Utilizing this field, Logstash will track only the
records that are created or updated after the previous visit to the main database.
Without this condition, Logstash would need to check the whole set of records in
the database to identify the changes, and this would take a substantial amount

of time in each visit.

When these conditions are satisfied, Logstash can successfully track the changes

in the main database and synchronize Elasticsearch accordingly.

Consider a scenario where we utilize Logstash to synchronize Elasticsearch and

a table in some database with the following specifications:

name of the database: x_hospital_database,
name of the table: antibiotic_administration_table,

name of the update time field: update_time.

We will specify update_time field in the Logstash pipeline, so that Logstash
can filter the records whose update_time values are later than its last visit to

antibiotic_administration_table.

Note that the table needs to contain id field as explained previously in this
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section. Also, the table will, naturally, contain several other fields, yet these
fields are not mentioned since they do not play a role in the configuration of

Logstash.

We can configure the Logstash pipeline using the piece of code below |[Elastic,

2019, Marquardt, 2019].

input {
jdbc {
jdbc_driver_library => "<jdbc driver library path>"
jdbc_driver_class => "<jdbc driver class>"
jdbc_connection_string => "jdbc:<db type>://<db host>/x_hospital_database"
jdbc_user => <username>
jdbc_password => <password>
tracking_column => "update_timestamp"
use_column_value => true
tracking_column_type => "numeric"
schedule => "*/2 * x * * x"
statement => "SELECT *,
UNIX_TIMESTAMP(update_time) AS update_timestamp
FROM antibiotic_administration_table
WHERE UNIX_TIMESTAMP(update_time) > :sql_last_value
AND update_time < NOW(Q)
ORDER BY update_time ASC"

}
filter {
mutate {
copy => { "id" => "[@metadata] [_id]"}

remove_field => ["id", "@version", "update_timestamp"]
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}
}
output {
elasticsearch {
index => "x_hospital_es_index"
document_id => "\J%{[@metadata] [_id]}"
+
}

Note that, for illustration purposes, a MySQL statement is employed as the

statement parameter above, and the syntax may differ for other RDBMSs.

Here, tracking_column parameter is set as update_timestamp which is basi-
cally a numerical representation of update_time generated by the MySQL func-
tion UNIX_TIMESTAMP () [MySQL, nd]. In each visit to the database, Logstash
will synchronize the data in Elasticsearch and store the update_timestamp value
of the last accessed record as an internal variablei.e., .logstash_jdbc_last_run.
Then, in the next visit, it will use this value to detect the new changes in the

database.

WHERE condition in statement specifies the filtering criteria. :sql_last_value
returns the value of variable .logstash_jdbc_last_run allowing for the use of
this value in the criteria statement. The function NOW(), as the name implies,
returns the current date and time [MySQL, nd]. Then, as specified by the
statement, Logstash will get the records whose update_time is between “now”
and the time of the last visit. This data will be inserted into Elasticsearch,
and .logstash_jdbc_last_run variable will be updated. One may think that
update_time < NOW() piece of the criteria statement is redundant, however, it

prevents skipping the changes which occur during processing.

The schedule parameter specifies the time between the concurrent visits to the

database. It uses the Cron time string format, and the specified piece of string
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ie, x/2 * x * x *x implies that the system will initiate a visit to the database

every 2 minutes |Elastic, 2019).

In filter section of the code, we copy the values of id field of

antibiotic_administration_table into a metadata variable named “_id” (i.e.,
[@metadata] [_id]. These values will be used to match the records in Elastic-
search and the main database. Also,in this part, the fields id, @version and
update_timestamp are removed from the documents since these fields are un-

necessary to include in the Elasticsearch.

And finally, output section of the code tells Elasticsearch to index the specified

documents, matching document_ids stored in the specified metadata variable.

Note that, in the proposed configuration, when a document is deleted from the
main database, the deletion will not be propagated to Elasticsearch. To fix this
problem, one can employ a “soft delete” approach and include a binary valued
field in the main database to indicate whether a record is deleted or not. In this
scenario, when a record is deleted, the value of the deletion indicator field will
change, thus Logstash will update this record in the Elasticsearch. So that the

deletion information will be transferred to Elasticsearch.

2. User Inputs

One of the main advantages of ACM tools is that they provide user interfaces for
triggering various predefined actions. These actions may employ user-defined
parameters. Utilizing these parameters, for example, users can determine the
characteristics of the patient group to be monitored or adjust the style of the

visual components.

The proposed application offers a variety of actions which employ user inputs.
Users enter these inputs from any web browser using the interface generated
by the application. Some actions are designed to be explicitly triggered by

the user, while others are automatically triggered when predefined conditions
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are satisfied. When explicit triggering is required, usually a trigger button is
included in the interface. When an action is triggered, the user inputs are sent

to the application to be processed (illustrated as “User Inputs(2)” in Figure

31).

Input operations takes place on the user’s (the client’s) device, thus they are
called client-side operations. On the other hand, functional processes take place

on the server machine, thus they are called server-side operations.

Various types of inputs are utilized in the application such as date, free text,
numeric and set of options, each of which has special characteristics and visual
representations. These input types and actions are explained in detail in Section

0.2.20

. Query and Results

Most of the actions in the application, naturally, requires retrieval and pro-
cessing of the information stored in the Elasticsearch database. As an action
requiring information retrieval is triggered, the application sends a query, a
piece of text with special syntax, to the database (illustrated as “Query(3)” in
Figure . This query is dynamically created according to the corresponding

user inputs and specifications of the action.

When a query is submitted, Elasticsearch Search Engine collects the data and
processes it as described in the query. The resulting data is sent back to the

application in JSON format (illustrated as “Results(4)” in Figure [3.1)).

. System Output

As the application obtains the query result from Elasticsearch in JSON format,
the predefined procedures for the corresponding action start. Usually, it is
more convenient to transform the data into a tabular format since it is easier

to observe and manipulate the data this way. Then, this transformed data is
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either employed in a tabular format as is, or it is embedded into various charts

depending on user needs.

After the operations with the data are finalized, an HTML file enriched with
CSS and JavaScript components is generated by the server-side of the software
and it is sent to the client-side. Users’ browsers process this HTML file and

7

project the output to the screen (illustrated as “System Output(5)” in Figure

5).

5. System Orchestration
This section explains how the information flow in the system is regulated.

Web applications comprise at least an application server and a web server,
occasionally accompanied by a database. In this thesis, the term “application”

is used to refer to the combination of these three components.

A typical web application runs as follows. Users access to the system through
web browsers. They trigger actions using the interface. These action requests
are transferred to application server via web server. Then, application server

performs the requested action and sends results back to users via web server.

In the presented web application, the application server is basically a high-
performance computer running scripts written in R programming language.
These scripts store the procedures constituting the functionality of the applica-
tion. Various R packages (i.e., collections of R functions, data, and compiled
code in a well-defined format) are utilized in these procedures. These packages
provide a strong codebase for technically demanding tasks such as communicat-

ing with the database and generating interactive visualizations.

On the other hand, the web server of the proposed application is a computer
running Shiny Server which is an open source back end program specifically de-
signed to host Shiny apps. When necessary, Shiny Server provides a controlled

environment for shiny applications to be accessible only within the organization,
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which is essentially advantageous for the proposed application due to informa-
tion security concerns. Shiny Server hosts an application at a specified web
address and automatically starts the application when a user visits the address.
When the user leaves, Shiny Server automatically stops the application. It cre-
ates separate sessions for each user, so that multiple users can access and use

the application at the same time without interfering each other [Allen, 2014].

3.2.2  Features and Advantages

The application consists of three functional components: “Patient Tracking”, “System
Tracking” and “Alerts”. We will refer to these functional components as “tabs”.

Patient tracking tab is designed to monitor antibiotic administration records
and laboratory test results in the patient level. Users enter either a Patient ID or
an Episode ID whose records to be retrieved. Users also determine the date range to
be focused and thresholds below which the test results will be regarded as normal.
According to these inputs, the system displays episode information, antibiotic use
records and laboratory test results. Episode information can be described as the gen-
eral hospitalization information such as Patient ID, Episode ID, Hospitalization Unit,
Gender, Hospitalization Date and Discharge Date. Antibiotic use records include
Date, Time, Active Ingredient, Commercial Name and a value indicating appropri-
ateness of antibiotic use. Laboratory test records include Date, Time, Test Type,
Result and a value indicating if the corresponding result is in the normal range.

Antibiotic use records and test results are shown in both tabular and graphical
format. Tables allow filtering and sorting. Graphs help observing the trends in the
records easily.

System tracking tab is designed to monitor the antibiotic administration trends
in the system level. Users determine the characteristics (e.g., Gender, Hospitalization
Unit, Administered Antibiotic Classes) of the study group. The application collects
the antibiotic administration records and test results of the specified group, and gen-

erates graphs showing antibiotic use trends. The corresponding data is also displayed
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in the tabular format.

Alerts tab is designed as a daily reporting system which indicates the potential
antibiotic misuse cases. Prescribers/physicians can check this tab periodically and
reassess whether the specified antibiotic administrations are indeed appropriate. If
inappropriate, the physician discontinues the administration.

Users navigate between these tabs from the left sidebar (shown in Figure .
These tabs require signing in to be activated, since the information is only available
for the authenticated users due to information security concerns. You can observe
the login panel in the same figure.

Each tab has a special design with different input and output areas as discussed
above. Figure [3.3|shows the input panel of System Tracking tab with example inputs.

The main advantages of the system are explained below.

1. Enables real-time monitoring

Real-time monitoring feature has direct benefits on patient, community and
management /financial sides. The tool is not only for retrospective analysis,

but it also allows users to track patients’ laboratory test results, diagnoses and
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antibiotic consumption in a convenient way in real-time. Thus, it provides sup-
port for timely interventions such as suspension of unnecessary antibiotic use.
As discussed in Section [2.1] misuse and overuse of antibiotics lead to antibi-
otic resistance, which has fierce impacts on both the patient’s and the com-
munity’s health. Financial benefits of real-time monitoring is also significant.
By preventing unnecessary use of antibiotics, drug administration costs can be
reduced significantly. Also, as discussed in Section huge costs of antibiotic-
resistant infections, and the morbidity and mortality attributable to them can
be mitigated with the help of effective antibiotic stewardship and continuous

monitoring.

2. Enables in-depth monitoring

The application allows filtering on the data, so it helps users conduct in-depth
analyses to assess ASP performance in subgroups. One practical use case is
filtering antibiotic uses by active ingredients and investigating the rate of misuse
in the resulting subset. Figure [3.3| shows an example that the antibiotic uses
are filtered as their active ingredient is to be meropenem. This feature of the
application allows users to carry out analyses targeting specific subsets in the

data.

Another feature assisting in-depth monitoring is “investigate” feature. It allows
ASP managers to focus on a specific dimension of antibiotic consumption data
and compare the categories within this dimension. An example use case is
to investigate by gender, in which case the application displays antibiotic use
statistics for male and female patients separately on the same graph. This allows

ASP managers to easily compare ASP performances in selected subcategories.

Filter and investigate features can be used together to assess the performance
in various subgroups. An example use case for this is to filter the data on
active ingredients to be meropenem and investigate by units to observe the rate

of misuse of antibiotics containing meropenem in different units in the health
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center. This helps users in benchmarking the statistics and adjust the targets

of potential interventions accordingly.

. Fast & scalable

The application runs very fast thanks to its special design. Instead of using
traditional relational database systems, the data is indexed in an Elasticsearch
database. Nested indexing is preferred since it allows collecting all related in-
formation of a hospitalization episode within the same parent document. This
allows fast reach to the queried information. Even if the query is in the scope of
nested fields, all the information stored in the parent document is returned as
fast as if the information is kept in a single denormalized document. Moreover,
since Elasticsearch has a cache mechanism that recognizes previous queries, re-
sponse time becomes even smaller starting from the second time a certain query

1S run.

This tool is designed in a scalable manner because this project is aimed to
develop a comprehensive ACM tool that can be used in health centers of any
size. Unlike the traditional DBMS which may have performance problems in
large scales, the presented tool utilizes Elasticsearch Search Engine which is able

to handle big data operations without trouble.

. Visual support & interactivity

The tool does not merely return raw query results in the traditional tabular for-
mat, but it provides interactive time-series graphs and conditionally formatted

interactive tables for convenient use.

Laboratory test results are displayed as interactive time-series graphs. This
allows convenient recognition of the trends in the test results. In addition,
the cases with unnecessary antibiotic consumption are highlighted in the cor-
responding table for faster recognition. Similarly, the test results exceeding

specified thresholds are highlighted in corresponding tables, and these thresh-
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olds can be reset from the input panel. For culture tests, the positive test results

are highlighted. These tables allow sorting and filtering, as well.



Chapter 4

IMPLEMENTATION OF THE TOOL USING REAL-LIFE
DATA

In this chapter, we present the implementation of the proposed tool using the data
from American Hospital of Istanbul. The main aim of this chapter is to present real-
life use cases of the proposed monitoring tool. In addition, this chapter investigates
the antibiotic consumption trends, and provides observations and recommendations

on the ASP conducted in American Hospital of Istanbul.

American Hospital of Istanbul, which we will call as American Hospital from here
on, is one of the oldest and well-known hospitals in Turkey. It was established in
1920 as the first non-profit private hospital in Turkey [American Hospital, nd]. The
hospital today has 278 patient rooms, including 58 rooms reserved for intensive care
patients, 62 intensive care beds and 12 operating rooms. Annually, 220,000 patients
visit the hospital and more than 10,000 operations are carried out.

American Hospital started antibiotic stewardship activities (i.e., monitoring of
antibiotic consumption) in 2012. ABIS (Turkish abbreviation for antibiotic monitor-
ing system) program was established with the support of information technologies
department of the hospital. This system has allowed stewardship personnel to moni-
tor consumption automatically. With this system, antibiotic consumption within 24
hours (number of inpatients, number of limited antibiotics used during that day, pro-
phylactic antibiotic information lasting longer than 24 hours and discontinued before
24 hours) have been reported to the infection control team on a daily basis. The team
have documented monthly consumption amounts in Excel files and have assessed the

trends at infection control committee meetings.

In addition, considering the recommendations of the reference institutions, a work-
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ing group was established in 2017. An infectious diseases specialist, a pharmacist, an
infection control nurse and a person from the management have been included in this
working group. The group has convened at least quarterly to monitor antibiotic con-
sumption and have planned and conducted effective studies to reduce consumption.
It has worked in collaboration with infection control team and pharmacy department
to monitor consumption.

Also, clinical instructions have been established to guide healthcare workers in spe-
cific situations concerning antibiotic consumption. Monthly bulletins and conferences
have been organized to raise awareness. Meetings have been held with various depart-
ments with the aim of providing information about current antibiotic consumption
behaviors.

However, ASP personnel of American Hospital does not have a direct access to
laboratory test results and other medical information. Also, the antibiotic consump-
tion reports available to them are insufficient to disclose the antibiotic consumption
trends in low levels. Thus, the proposed tool has a potential to add significant value
to the stewardship activities of American Hospital.

The next section provides information about the American Hospital data set to
be utilized in the implementation, and Section presents some analyses. Note that
the data to be investigated in this chapter is provided as a set of external files, in

other words, no continuous data flow mechanism is established.

4.1 Data Description

This section describes the data obtained from American Hospital, which consists of
the following tables (i.e., data sets) stored in the relational database system of the

hospital.

1. Inpatients Table

The information stored in inpatients table (i.e., column names, descriptions,

column types, sample values and the number of distinct values) is explained in
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Column Name Description Type Example Distinct Count
PID (Patient ID) A unique code identifying each registered patient. Integer 781918, 780344 123,180
(Episode ID) A unique code identifying each hospitalization episode.
EID An episode includes all the actions starting from hospitalization to discharge. | Integer 7814354, 7744362 208,509
EID is the primary key of this table.
Gender Biological gender of the patient. Character | MALE, FEMALE 2
Unit ID A unique code identifying each hospital unit. Integer 1174, 140078567 29
Unit Description of each hospital unit. Character | KAT 1 A, KAT 4 B3 | 29
Hospitalization Date | Starting date of an episode. Date 2006-09-07 17:53:31 | -
Discharge Date Ending date of an episode. Date 2018-09-08 16:32:00 | -

Table 4.1: Inpatients Table
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Table 4.1, The data starts from January 1, 2005, in other words, the data in-
cludes the patients who were discharged on January 1, 2005 and after. The data
ends at June 19, 2019, in other words, the data includes the patients who were
hospitalized on June 19, 2019 and before. There are 123,180 distinct patients,
208,509 distinct hospitalization episodes, 29 distinct units (not necessarily serv-

ing at the same time) in the data set. The primary key of this table is “EID”.

2. Antibiotic Administration Table

The information stored in antibiotic administration table is explained in Table
[4.2] This table consists of the antibiotic administration records between January
1, 2005 and June 19, 2019. Records of outpatients are not included in this table.
The table is linked to the inpatients table by “EID” field, and the primary key
of this table is “SID”.

3. Laboratory Test Results Table

The information stored in laboratory tests table is explained in Table [£.3] This
table consists of the laboratory test records between January 1, 2005 and June
19, 2019, like other tables. Although there are several other tests conducted in
the hospital, only “C Reactive Protein” and “Procalcitonin” tests are included
in this table as these are the main tests to survey the presence of infections.
The table is linked to the inpatients table by “EID” field, and the primary key
of this table is “SID”, as well.

4. Culture Test Results Table

The information stored in culture tests table is explained in Table[4.4] Although,
this table originally consists of fifteen columns in total, we do not include all
of them in the application to prevent redundant memory use. The explanation
table includes the ones with the practical use in the application. The culture

test records in this table are between January 1, 2005 and June 19, 2019, and
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Column Name Description Type Example Distinct Count
(Episode ID) A unique code identifying each hospitalization episode.

EID Integer 7814354, 7744362 124,578
An episode includes all the actions starting from hospitalization to discharge.
(Action ID) A unique code identifying each parent action related to

AID Integer 2671389, 2672224 268,254
corresponding antibiotic consumption action.
(Subaction ID) A unique code identifying each antibiotic consumption action.

SID Integer 53259387, 53259381 985,129
SID is the primary key of this table.

GRID (Group ID) A unique code identifying each drug group. Integer 67, 1044 119

Active Ingredient | Name of the active ingredient of the corresponding antibiotic. Character | LEVOFLOKSASIN 112
(Medicine ID) A unique code identifying each medicine used in the hospital.

MID Integer 14050, 11743 307
The numbering is specific to hospital.

Name Explicit name of the medicine, consisting of brand name, dose and form. Character | TAVANIC 500 MG 1 FLAKON | 307

Date-Time Administration time of the corresponding medicine. Date 2018-01-01 12:35:49 -

Table 4.2: Antibiotic Administration Table
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Column Name Description Type Example Distinct Count
(Episode ID) A unique code identifying each hospitalization episode.

EID Integer 52006350, 47860875 20,147
An episode includes all the actions starting from hospitalization to discharge.
(Action ID) A unique code identifying each parent action related to

AID Integer 52028149, 52025079 53,635
corresponding culture test action.
(Subaction ID) A unique code identifying each culture test action.

SID Integer 2215362125, 2215093399 55,358
SID is the primary key of this table.

o KAN KULTURU (AEROP / ANAEROP),
Name Explicit name of the culture test type. Character 5
IDRAR
Aerobic Culture | Result of the aerobic culture test. Character | ECHERICHIA COLI UREDI -
Date Collection date of the corresponding test sample. Date 2018-02-04 -

Table 4.4: Culture Tests Table
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this table, also, is linked to the inpatients table by “EID” field, and the primary
key of this table is “SID”.

4.2 System Analysis

This section presents analyses, observations and recommendations by utilizing the
proposed tool on the American Hospital data.

To start with, Figure shows the long-term changes in the antibiotic consump-
tion trends in American Hospital. This figure is captured from “System Tracking”
tab. The date range is from January 1, 2005 to May 31, 2019. The values on the
figure are monthly aggregations, in other words, points on the graph illustrates the
rate of inappropriate antibiotic consumption on a monthly basis. No filtering is ap-
plied on the data. CRP threshold is set to 5 mg/L and PCT threshold is set to 1
ng/mL, meaning that the test results below these values will be regarded as normal.
The dashed line on the 5 percent level indicates that American Hospital aims to keep
inappropriate antibiotic consumption percentage below this threshold.

This figure shows that inappropriate antibiotic consumption (IAC) rates followed
a significantly decreasing trend between 2005 and 2013, and then, fluctuated around
10 percent level. Although after 2013 there are a number of months whose IAC rates
are close to 5 percent level, we do not observe a stable trend.

The following Figure 4.2 illustrates the changes in the monthly antibiotic con-
sumption amount. This information is especially important when observing the cases
with very low number of observations, because as the number of observations de-
crease, so as the confidence in statistical inferences. In this case, however, we see a
considerably high number of observations, thus any hypotheses on this data can be
tested with a high confidence.

From 2005 to January 2009, monthly antibiotic administration amount is around
3000 according to the figure. After January 2009, we observe a very sharp increase
in the consumption amount and the values vary roughly between 5000 and 9000. A

probable cause for this sharp increase could be a significant increase in the size of
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Figure 4.1: System Tracking Tab - TAC Rates

the hospital in 2009. Yet, it is not the case for American Hospital. Even though the
hospital has been through various structural changes, its capacity has not changed
significantly over time. See Table for the number of hospitalization episodes per
year. Note that there are a small number of episodes in 2019 since the data only
covers the first half of this year.

The reason behind this immediate increase is the following. Until 2009, American
Hospital had been tracking the use of selected few antibiotics. In other words, not
the whole set of antibiotics had been indicated in the DMS of the hospital, thus until
early 2009, the antibiotics dataset had not included those antibiotics which were not
introduced to the system. After 2009, American Hospital have started to track the
use of the whole set of antibiotics used in the hospital.

The following part of this chapter investigates the use of Carbapenems and Fluo-

roquinolones in the hospital.

Carbapenems belong to the beta-lactams class and they are used in the treatment

of several gram-positive and gram-negative infections [Drugs.com, nd|. Mainly, they

restrict the cell wall synthesis of the bacteria, leading bacteria to death. Carbapenems
are the broadest spectrum and the strongest antibiotics, thus they are often used
against more serious infections as a last resort. The four types of carbapenems are

meropenems, imipenems, ertapenems and doripenems.
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Figure 4.4: Amount of Meropenem Use

Fluoroquinolones are another class of broad-spectrum antibiotics. They inhibit the
activities of DNA replication enzymes of bacteria . Fluoroquinolones
occasionally cause serious side effects due to toxicity, and thus, they are not suggested
to be used in common infections that other antibiotics can treat. Common drugs in
this class are moxifloxacin, levofloxacin and ciprofloxacin.

Figure and [4.4] show the change in the compliance and the usage amount of
meropenems over time, respectively. The date range is from January 1, 2005 to May
31, 2019, and the values are monthly aggregations as in the previous example. CRP

threshold is set to 5 mg/L and PCT threshold is set to 1 ng/mL. The data is filtered
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by setting active ingredient to be meropenem using the input panel as illustrated in
Figure [3.3] Compliance rates show significant monthly fluctuations especially in the
first years included in the figure. One of the reasons for this is the low number of
observations in the data. As the number of observations increase, the magnitude of
fluctuations decreases considerably, showing the system follows an arguably stable

compliance trend.

As explained in the previous example case, American Hospital had not indicated
all antibiotics in the DMS until 2009, and until then, the number of observations in
figures does not reflect the real total usage amount. Therefore, the rest of the section

will focus on the data starting from 20009.

Focusing on the data after 2009, we observe a flat long-term trend in the incom-

pliance rates fluctuating around 8 percent.

Figure [4.4] shows an alarming increase in the use of meropenems between 2009

and 2017. After 2017, the increasing trend in the meropenem use seems to stop.

The figure shows an extreme decrease in the use of meropenems between late
2018 and early 2019. Such huge changes are usually the consequences of data-related
problems. Discussing this issue with the DMS responsibles and ASP personnel in
American Hospital, we investigated the root cause of this abnormality. First of all,
we concluded that this extreme decrease is indeed a consequence of incorrect data in
the DMS. The main driver of this incorrect data is the defective design of the an-
tibiotic labeling system. This system works as follows. The pharmacy unit personnel
manually label each drug according to whether it is an antibiotic or not. There are
various brands offering drugs with the same active ingredient, and these drugs are
used interchangeably in the hospital. Moreover, each brand may offer the same drug in
multiple dose and forms. For example, Meronem, Merosid and Merozan are the three
brand names of meropenem antibiotics used in the hospital and “Merozan 1 g flacon”
and “Merozan 500 mg flacon” are the two dosages versions of the brand Merozan. The
current system requires each of these drug names with distinct dosages to be specif-

ically labeled as antibiotics by the pharmacy unit. Otherwise records of these drugs
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may not appear in the antibiotic consumption reports and other antibiotic-related

studies, leading to deceptive inferences.

About the extreme decrease in the example case, ASP personnel reported that
some meropenem antibiotics were not indicated as antibiotic drug in DMS, thus ad-
ministration records of these antibiotics were not present in the antibiotic consump-
tion data. However, in reality, use of meropenem antibiotics did not experience such

a sharp decrease.

We recommend American Hospital to employ an automated system that detects
and labels antibiotics by their active ingredients. This way, without manual interven-
tion, any new drug containing these ingredients (e.g., meropenem) will be automati-
cally registered to the DMS as an antibiotic. The accuracy of this data is particularly

important for proper interventions and correct assessment of ASPs.

This example showed that data quality is very important and thus, it may lead to
false conclusions. However, we will investigate a couple of more cases using this data,
because one of the main objectives of this section is to exemplify the use cases of the

proposed application.

In the next example scenario, we investigate the change in the consumption
amount of selected fluoroquinolones, namely moxifloxacin, ciprofloxacin, and lev-
ofloxacin. In order to observe the consumption trends of these three drugs simul-
taneously, we utilize “filter” and “investigate” features in system tracking tab to-
gether. We filter the data as antibiotics containing maxifloxacin, ciprofloxacin, and
levofloxacin, and set the investigation parameter as active ingredient as shown in Fig-
ure [4.5] The date range is from January 1, 2009 to May 31, 2019, and the values are
monthly aggregations as in the previous examples. CRP threshold is set to 5 mg/L
and PCT threshold is set to 1 ng/mL.

Figure shows the consumption trends of selected fluoroquinolones. The figure
indicates ciprofloxacins, moxifloxacin and levofloxacin in blue, purple and green col-
ors, respectively. Comparing the total monthly fluoroquinolone consumption between

early 2010s and late 2010s, we observe a significant decrease. The average monthly
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fluoroquinolon consumption in 2010-2012 period was 767.19 whereas it decreased to

488.31 in 2017-2019 period.

Also, as is evident from the figure, the use of ciprofloxacins has decreased signifi-
cantly after 2016. Figure [4.7] shows the corresponding interrupted time-series graph,
and the red lines on the figure indicate the best fit lines of pre— and post—intervention

periods i.e., before and after the turning point in 2016.

Use of moxifloxacins, also, follows a steady decrease after 2012. The corresponding
time-series is illustrated in Figure 4.8, The same technique with ciprofloxacins is
employed here, as well. The figure shows that the increasing trend in the number of

moxifloxacin administration is reversed after 2012.

On the other hand, the use of levofloxacins shows a slightly increasing trend in

the long term (see Figure [4.9)).

The next example demonstrates the use of alerts tab of the application. In this tab,
the application displays the inappropriate antibiotic use cases on a selected date. The
main purpose of this tab is to list the potential misuse cases, to provide information
support to the medical experts. Physicians check this list on a daily basis, reassess the

cases in the list, and discontinue the ones which they specify as, in fact, inappropriate.

Figure shows the potentially inappropriate antibiotic use cases on a selected
date. The date is chosen as March 2nd, 2019, and no filter is applied on the data.
CRP threshold is set to 5 mg/L and PCT threshold is set to 1 ng/mL. The application
indicates five of the antibiotic uses as inappropriate on the selected date. Users can
filter these results using either the input panel or the filter boxes on top of the result
table. For example, users can filter the results by the corresponding unit, and check
the cases which they are responsible of. Figure [4.11] shows the results filtered by the
unit “KAT 6 B”.

The results show three potential misuse cases in the selected unit. By chance, all
of these records belong to the same patient. Utilizing the patient tracking tab, users

can examine the personal health records of this patient, as described below.

Figure shows the episode information of this patient. Previous hospitalization
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Figure 4.10: Alerts Tab
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Episode Information

PID EID Floor ID Floor Gender Hospitalization Date Discharge Date
182420 51635910 140000967 KATGB MALE 2015-01-06 2019-01-13
182420 52071718 140000967 KATGB MALE 2019-02-11 2019%-03-03

Figure 4.12: Patient Tracking Tab - Episode Information

episodes are also included in this table since we entered the patient ID from the input
panel and left episode ID input intentionally blank as shown in Figure In this
way, the application returns previous health records of the specified patient, as it is
usually valuable to consider the health history of patients. However, users can also
choose to display only the current episode by entering the corresponding episode ID

from the input panel.

Figure shows the laboratory test results of the specified patient. CRP results
are shown as blue dots and PCT results are shown as dark red dots. Left y axis of
the graph indicates CRP values and right y axis indicates PCT values. The group of
points on the left-hand side (i.e., between January 6th and January 13th) belong to
the first hospitalization episode, and the group of points on the right hand side (i.e.,
between February 11th and March 3rd) belong to the second hospitalization episode.
These test results are also shown in a separate table in detail (see Figure . In
this table, the test results exceeding the specified thresholds are highlighted with red

color.

Also, there are red, green and gray ribbons at the bottom of the graph. The
red ribbons indicate the dates with inappropriate antibiotic use while green ribbons
indicate the dates with appropriate use. The gray ribbons indicate that there is not
enough evidence for any conclusion for the corresponding dates. These ribbons are
in sync with the highlighting colors in the antibiotic use information table shown in
Figure[4.16] This table includes all the antibiotic use records for the specified patient

in detail.
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Figure 4.13: Patient Tracking Tab - Input Panel
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Figure [4.17| shows the culture test results of the specified patient. Both test result
belong to the previous hospitalization episode of this patient. Thus, the application
will not be able to employ culture test information in antibiotic use assessment.

Utilizing the information provided by these tables and graph, users can reassess
the antibiotic use cases specified in the alert tab and discontinue the use when nec-
essary. In our example case (see Figure , the application marks these records as
inappropriate since the test results are in normal levels (i.e., CRP < 5 mg/L and PCT
< 1 ng/mL) on March 2nd, 2019. Also, there is no culture result information to imply
otherwise. Therefore, the application interprets these antibiotic uses as potentially
unnecessary.

Since American Hospital data does not include health records other than test
results, the application merely considers the test results to determine the appropri-
ateness of antibiotic uses. However, in fact, laboratory test results alone do not
provide enough evidence to draw conclusions about the appropriateness of antibiotic
use. Ideally, other medical information such as fever and antibiotic resistance must be
considered in antibiotic use assessment, as well. Otherwise, the application is likely
to draw conclusions with high sensitivity and imperfect specificity. In other words,

the application is likely to give false alarms.
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Show entries Search:

Date Time AID SID Name Result Unit Normal Need AB
All All All All All All All All All
C Reaktif
1 2018-03-02 05:42:19 52299120 2234090094 i 41 mg/L 5 0
Protein (CRP)
Prokalsitonin
2 2015-03-02 05:42:19 52299120 2234090100 (PcT) 0.0 ng/mL 1 0
C Reaktif
3 2018-02-23 21:08:15 52226832 22293580925 i 47  mg/L 5 0
Protein (CRP)
Prokalsitonin
4 2018-02-23 21:08:15 52226832 2229358931 (PcT) 0.1 ng/mL 1 0
Prokalsitonin
(] 2019-02-18 08:30:56 52152895 2224033219 (PcT) 0.1 ng/mL 1 1]

Figure 4.15: Patient Tracking Tab - Lab Test Results Table
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Antibiotics Use Information

Show entries Search: I

Dat: Ti AID SID GRID Active MID N P
ate ime ame roper
Ingredient pe

All All All All All All All All All

MEROQSID
4 201%-03-01 20:54:57 52071724 2234081860 1025 MEROPENEM 64000  (1.V}) 1000
MG FLAKON

MEROSID
5 201%-03-01 11:52:48 52071724 2233535779 1025 MEROPENEM 64000  (1.V}) 1000
MG FLAKON

MEROQSID
6 201%-03-01 00:37:11 52071724 2233313628 1025 MEROPENEM 64000  (1.V}) 1000
MG FLAKON

Figure 4.16: Patient Tracking Tab - Antibiotic Use

Culture Test Results
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Showing 1 to 2 of 2 entries Previous Next

& Download Table

Figure 4.17: Patient Tracking Tab - Culture Test Results
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CONCLUSION

In this thesis, we introduce a new application for antibiotic consumption mon-
itoring. This application allows easy, fast, and in-depth investigation of antibiotic
consumption trends in health centers without the need for technical knowledge. Users
access to the system from their web browsers and set the specifications they are in-
terested in through the user interface of the application. The application displays the
information of interest embedded in interactive graphs and tables, providing ease of

interpretation.

The main contribution of this thesis study is providing a real-time antibiotic con-
sumption tracking tool which allows in depth investigations. Health centers running
antibiotic stewardship programs, as the common practice, keep track of daily (or
monthly) numbers of essential antibiotic use statistics in the aggregate level. These
numbers mainly contribute to long-term investigations in the hospital and national
level while they have little contribution to short-term and more practical stewardship
activities in health centers. The proposed application allows stewardship personnel
to study antibiotic consumption trends in various detail levels. This is especially
valuable since it helps users to conduct root cause analyses and perform timely and
accurate interventions. On the other hand, the tool is designed to provide patient
level information (e.g., laboratory test results and information about other medical
actions) to the prescribers, as well. The way it conveys this information is aimed to be
as easy and as quick to interpret as possible. This design choice makes the proposed
tool more useful than typical data management systems already employed in health

centers.

Another contribution with practical importance is providing an antibiotic con-
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sumption tracking tool which is free to use yet advanced at the same time. In Turkey,
health centers in general cannot afford investing in already available commercial an-
tibiotic stewardship products due to significant licensing costs. Thus, one of the design
criteria of the proposed application was utilizing open-source technologies. Removing
the financial barriers, the tool is intended to be desirable by health centers.

The proposed application is implemented using data from American Hospital of
Istanbul to show its capabilities in a real-life scenario. During the analyses, the ap-
plication helped us easily reveal that the data is incomplete. We contacted with
the hospital personnel and verified that there are indeed missing antibiotic admin-
istration records in the data. The personnel reported that the proposed tool would
be helpful in early detection and correction of such problems with the data. More
importantly, the tool allowed us to easily detect both favorable and dangerous long-
term trends in antibiotic consumption which are verified by the professionals, as well.
In addition, the tool showed its potential in providing information support to pre-
scribers/physicians with their prescribing decisions. Since it provides a list of patients
with potentially inappropriate antibiotic use in real-time, it can contribute to direct
antibiotic management in the patient level, as well.

The main natural limitation of the application is that it is highly dependent on the
information provided by the health center. In other words, as the variety and accuracy
of the information that flows into the tool decrease, the tool will be more likely to
produce misleading outputs. Thus, a comprehensive and accurate information supply

is arguably the most important requirement of the tool.

5.1 Future Work

Although the proposed tool is equipped with many functionalities and it fulfills the
scope of this thesis study, there is still margin for improvement as listed below.

The proposed tool was not designed to be utilized in infection control studies, so
it has no modules to investigate the trends in hospital infections. However, typically,

antibiotic stewardship and infection control activities are linked together. Thus, an
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infection control module can be added to the system or the tool can be integrated
with already available infection control tools.

Alerts can be emailed to responsible users, which further puts real-time utilization
of the tool into practice. Also, an automated periodical report generation module can
be valuable for the health centers which intend to track a list of predefined subgroups

of the data repeatedly.
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