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“At its best such a trial shows what can be accomplished with a medicine under
careful observation and certain restricted conditions. The same results will not
invariably or necessarily be observed when the medicine passes into general use”

— Sir Austin Bradford-Hill
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Abstract

In the realm of drug development, the primary reason for post marketing drug
withdrawal is adverse drug reactions (ADR). These are reactions that in most cases
are so rare that the pre-clinical trials are unable to detect them. Antimicrobials
represent the most common drug class associated with ADRs and hepatotoxicity
and cardiotoxicity remain the most prevalent types of injury.

It is seldom financially nor logistically feasible to conduct large enough randomized
controlled pre-clinical trials to detect rare ADRs, and carefully designed
observational studies most likely represent the highest level of scientific evidence.

In paper I, based on national registry data from Denmark 1997 to 2011, we
examined the risk of long-term cardiovascular death in a matched cohort of courses
of penicillin V, clarithromycin, and roxithromycin. We found no increased delayed
risk of cardiovascular death associated with clarithromycin or roxithromycin.

Paper II sought to estimate the risk of acute liver injury (ALI) associated with use
of fluoroquinolones using a matched cohort of fluoroquinolone- and amoxicillin
courses, sampled from all Swedish adults between 2006 to 2014. We found a
twofold increased risk of ALI associated with fluoroquinolone treatment.

In paper III we examined the risk of heart valve regurgitation associated with use
of fluoroquinolones in a matched cohort of courses of fluoroquinolones and
penicillin V, collected from all Swedish adults between 2006 to 2018. We found
that fluoroquinolone use was not associated with an increased risk of heart valve
regurgitation.

In paper IV we investigated the magnitude of the association between exposure to
flucloxacillin and the risk of ALI. Courses of flucloxacillin and clindamycin were
collected from all Swedish adults in the 2006 to 2018 time period. We concluded
that there was a seven-fold risk increase for ALI associated with flucloxacillin
exposure.

This thesis aimed to quantify the risk of rare adverse events associated with use of
antimicrobials by harnessing the national healthcare registers of Sweden and
Denmark. Hopefully these reports can have a positive influence on antimicrobial
prescription patterns by informing the clinicians on the potential risks (and risk
factors) associated with the prescribed treatments.



Populérvetenskaplig sammanfattning

Lakemedelsbiverkningar dr den frimsta orsaken till aterkallning av ett lanserat
lakemedel. De kliniska provningar som ligger till grund for att ett Idkemedel bedoms
vara sdkert att anvinda pa ménniskor &r av finansiella och logistiska skil sillan
dimensionerade for att uppticka séllsynta biverkningar. Ofta dréjer det till efter att
lakemedlet lanserats, och en storre méngd personer borjat anvdnda medicinen, innan
dessa ovanliga biverkningar patraffas. Detta dr ett kdnt fenomen och dnda sedan
mitten pa 1900-talet Gvervakar man dérfor biverkningar under en lang period efter
att ett lidkemedel lanserats pa marknaden. Antibiotika dr en av de grupper av
lakemedel som ofta orsakar biverkningar. Exempel pa biverkningar &r
leverpaverkan samt paverkan pé hjérta och karl.

De grupper av individer som liékemedelsforetag testar sina mediciner pa &r
framtagna pa ett sidtt som innebdr att individuella egenskaper (élder, kon,
bakomliggande sjukdomar, etc.) &r slumpmassigt fordelade pa den grupp som far
det faktiska ldkemedlet och den grupp som far ett effektlost jamforelsepreparat
(dven kallat placebo). Den senare gruppen kallas dven for kontrollgrupp och man
kallar dven detta slumpmissiga urval, eller lottning, bendmns randomisering.
Randomisering sker ofta med datorhjélp och ofta ocksa helt utan studieansvarigas
vetskap om vem som far vilket preparat. Om test- och kontrollgrupperna inom
lakemedelsstudien ar tillrackligt stora (ofta hundra- till tusentals individer) sa
kommer grupperna att vara helt jimforbara (ha samma genomsnittsalder, samma
fordelning av méin och kvinnor, osv.), vilket underlittar mdjligheten att slutsatser
om ldkemedlets effekter och eventuella biverkningar. Ovanliga biverkningar
déremot, som kanske drabbar en pad 100 000, blir ddremot i stort sett omdjliga att
uppticka i dessa likemedelsstudier eftersom man dé skulle behdva ha minst s
manga deltagare i studien. Detta dr inte rimligt att genomfora av finansiella och
logistiska skél; det skulle helt enkelt kosta alldeles for mycket.

Forst nér ett godként ldkemedel slédpps pa marknaden och kanske hundratusentals
till miljontals patienter borjar anvinda det, kan man uppticka dessa ovanliga
biverkningar. Det &r darfor som det &r viktigt att bevaka rapporter om biverkningar
kopplade till olika l&dkemedel, framfor allt de som nyligen lanserats. For att finga
upp dessa biverkningar kan man ocksa ta hjilp av olika hélsoregister dir det kan
finnas detaljerad information om alla uthdmtade likemedelsrecept, alla kontakter
inom sjukvarden och alla dddsorsaker. I Sverige och Danmark finns nationella
sédana register och tack vare att varje invanare i Sverige och Danmark har ett unikt
personnummer gar det att ldnka ihop alla dessa hilsoregister med varandra. Denna
lankning mojliggodr att man exempelvis kan fa fram alla recept som en person hdmtat
ut pa apotek, och samtidigt ta reda pd om samma person behovt besoka
akutmottagningen eller blivit inlagd pa sjukhus i anslutning till detta.
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Vara studier anvénder sig av dessa linkade hilsoregister for att se om vissa
antibiotika gar att koppla till olika typer av biverkningar. For att efterlikna
lakemedelsforetagens randomisering, anvédnde vi oss av avancerade statistiska
metoder och gjorde studiegrupperna sé lika som mojligt pa de métbara egenskaperna
(alder, kon, bakomliggande sjukdomar, osv).

I den forsta studien som ar baserad pa vuxna individer fran danska hélsoregister fran
aren 1997 till 2006, undersokte vi om anvéndandet av antibiotikan claritromycin
och roxitromycin 6kade risken for att dod i hjart- karlsjukdom. Som kontrollgrupp
anvinde vi oss av individer som behandlats med en annan antibiotika som heter
penicillin V. Vi kunde inte se att claritromycin och roxitromycin dkade risken for
hjért- kérldod. Vart andra delarbete bygger pa data fran svenska hélsoregister (2006
till 2014) och syftade till att undersdka om det fanns en 6kad risk for leverskador
kopplat med anvéndning av antibiotikan fluorokinoloner. I jimforelse med personer
som anvént sig av en annan antibiotika vid namn amoxicillin, kunde vi visa att de
personer som fatt fluorokinoloner hade dubbelt sa stor risk att drabbas av
leverskador. I det tredje arbetet jamforde vi risken for hjartklaffskador mellan de
vuxna individer 1 Sverige (dren 2006 till 2018) som fatt fluorokinoloner med
personer som fatt penicillin V. Vi fann att risken for hjértklaffskador var densamma
i dessa tva grupper och kunde darfor dra slutsatsen att det inte fanns ndgon
riskskillnad. Slutligen, i det fjarde arbetet, uppskattade vi risken for leverskador hos
personer som fatt forskrivet antibiotikan flukloxacillin jamfort med de som fatt
forskrivet en annan antibiotika, klindamycin. Aven hir anviinde vi svenska
registerdata fran aren 2006 till 2018 och kunde dra slutsatsen att de som fick
flukloxacillin 16pte sju génger storre risk att drabbas av leverskador.

Vaéra studier har med hjélp av skandinaviska hélsoregister samt moderna statistiska
metoder kunnat uppskatta risken for olika typer av biverkningar associerade med ett
antal antibiotika. Vi har inte bara kunnat bekrifta misstankar pa biverkningar, sa
som leverskador vid fluorokinolon- och flukloxacillinanvidndning, men &ven kunnat
avfirda den misstinkta associationen mellan hjart- kérlbiverkningar och
anvindandet av antibiotika s& som claritromycin och roxitromycin samt
fluorokinoloner.

Forhoppningsvis kan resultaten fran dessa studier hjédlpa behandlande ldkare och
ansvariga myndigheter att fatta vélgrundade beslut kring antibiotikafGrskrivning
och behandlingsrekommendationer.
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Introduction

Adverse drug reaction (ADRs), defined by the WHO as a reaction that “is noxious,
is unintended, and occurs in doses normally used in man”, has been estimated to be
a leading cause of death in a number of reports based on European and North
American data (1-4). The European Commission reported in 2008 that an estimated
197,000 deaths were caused by ADRs, carrying an estimated cost of approximately
80 billion euros (4). Although the process of developing new drugs is painstaking
and includes a rigorous, often years-long process before introducing it to the public,
it often cannot account for very rare events that clinical trials simply are not
designed to detect.

The US Food and Drug Administration (FDA) and European Medicines Agency
(EMA) are examples of organizations that play an important role in monitoring post-
marketing signals for drugs approved for human use. Reports on suspected drug
reactions are communicated to these agencies via prescribers, patients, and drug
companies (5). These signals are subsequently disseminated to the public and the
scientific community, prompting vigilance and encouraging further research to
elucidate potential correlations between the use of drugs and suspected ADRs.

Although randomized controlled trials (RCTs) upon which drug-development
studies are based, remain the gold standard, they are not without limitations. For
example. RCTs are not infrequently limited in size (difficult to detect rare ADRs),
limited in temporal scope (reduced ability to capture long-term ADRs), and often
do not include children or elderly, frail, or pregnant subjects (less generalizable) (6).

The Swedish and Scandinavian healthcare registers provide a unique opportunity to
conduct observational studies, particularly those focusing on investigating drug
safety issues. Large observational studies, based on the general population, play a
significant role in providing high quality evidence for estimating treatment effects,
with relatively less constraints on size, follow-up time, and cohort selection
compared to RCTs.

The studies presented herein use Scandinavian healthcare registers to investigate the
risk of ADRs related to use of antimicrobials.
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Background

In the 1950s, thalidomide was introduced to the market as a sedative and antiemetic,
primarily used to alleviate morning sickness during pregnancy. The drug was widely
used but subsequently discovered to be teratogenic and responsible for causing
phocomelia, a devastating birth defect characterized by severe limb deficiencies. In
response to this tragedy, the WHO established the Programme for International
Drug Monitoring (PIDM) in 1968, emphasizing the importance of drug safety on a
global scale (1).

O O
N
O

Figure 1: The two enantiomers of Thalidomide

It has been reported that ADRs account for almost 5% of hospital admissions
throughout the European Union (7). The global incidence of non-fatal ADRs was
estimated to be almost 35 million in the 2017 Global Burden and Diseases, Injuries,
and Risk Factors study (8). A recent review of drug safety concluded that 133 drugs
had been withdrawn from the market between 1990 and 2020 due to safety concerns,
out of which 36 (27.1%) and 25 (18.8%) were due to hepatoxicity and cardiotoxicity
respectively (9). The timing of drug withdrawals following reported incidents range
from years to decades (10).
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Figure 2: Global antibiotic use in 2000 and 2010. From Van Boeckel et al. (2014). Reproduced with
permission. (11)

Antimicrobials are commonly associated with ADRs, although other drug classes
such as non-steroidal anti-inflammatory drugs (NSAIDs), antidiabetics,
antineoplastics, and anticoagulants have well-known potential to cause serious
adverse effects (12).

Study drug overview

Fluoroquinolones are widely used broad spectrum antibiotics with excellent
bioavailability and tissue penetration. They are used in a wide range of clinical
situations but primarily used to treat infections caused by Gram negative bacteria
such as members of the Enterobacterales family (E.coli, Klebsiella pneumoniae,
etc.). Their antimicrobial property hinges on their ability to inhibit (causing bacterial
cell death) two essential bacterial enzymes: Topoisomerase IV and DNA gyrase
(13). There are several clinically relevant members of the fluoroquinolone class, and
the prescription patterns differ between the Scandinavian countries. See table 1 for
the use of fluoroquinolones in Denmark and Sweden. The pharmacologic effect of
fluroquinolones is not exclusive to microbial cells, however. There is substantial
interaction with host cells, explained in further detail below.
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Table 1: Prescriptions / 1,000 individuals in 2023 (Source: Socialstyrelsen (Swe) /
Sundhedsdatastyrelsen (Den). In Denmark, a total of 11.6 fluoroquinolone prescriptions / 1,000
individuals was recorded but only details on ciprofloxacin were available.

Drug ATC Denmark Sweden
Ciprofloxacin JO1MAO02 9.9 15.8
Norfloxacin JO1MAO06 - -
Moxifloxacin JO1MA14 - 0.4
Levofloxacin JOTMA12 - 0.3
Ofloxacin JOTMAO1 - -

Macrolides are a moderately broad spectrum group of antibiotics used to treat
infections caused by both Gram negative and Gram positive bacteria (13). Common
clinical scenarios include respiratory tract infections, genital- and urethral
infections, etc. Macrolides bind to and inhibit the protein synthesis activity of the
50s ribosomal subunit, unique to prokaryotic cells, causing bacterial cell death (14).
The most common side-effect of macrolide usage is gastrointestinal disturbance,
although several serious side-effects have been described such as the prolongation
of cardiac repolarization, described below (13).

Flucloxacillin is an oral beta-lactam antibiotic of the subgroup isoxazolylpenicillins
used primarily for its anti-staphylococcal properties. Staphylococcus aureus is a
Gram positive bacteria that is a major cause of skin- and soft tissue infections
(SSTI), bone- and joint infections, and infections related to surgical procedures.
Beta lactam antibiotics interfere with the bacterial cell wall, causing bacterial cell
death. Adverse reactions related to beta lactam use are not uncommon and has been
reported as occurring in up to 10% of users (15). Most adverse effects are
hypersensitivity reactions such as rash and anaphylaxis. There is evidence of a
propensity for flucloxacillin to cause severe liver injuries often with characteristics
indicating an immunoallergic origin, explained in further detail below (13).

Cardiovascular events related to use of macrolides and fluoroquinolones

In recent years there have been several drug withdrawals due to reports on ADRs
causing a multitude of severe cardiovascular events. Most (in-)famously, in the past
decades, two of the most used COX-2-inhibitors on the market were withdrawn due
to post-marketing analyses reporting an increased risk of myocardial infarction
associated with their use, especially in patients with underlying cardiovascular
disease (16, 17). Two members of the antimicrobial class of fluoroquinolones,
temafloxacin and grepafloxacin, were recalled shortly after marketing due to reports
of sudden cardiac death, presumably caused by the well-described property of QTc-
prolongation associated with this drug class (18-20). Another class of antibiotics,
the macrolides, is also described as a prolonger of the QTc-interval, and several
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reports and warnings have been communicated regarding this issue (20-22). More
recently, evidence of severe cardiovascular events such as aortic rupture, aortic
aneurysm, aortic dissection, and heart valve regurgitation associated with
fluoroquinolone use, have prompted both the EMA and the FDA to issue warnings,
especially if used by patients with predisposing cardiovascular conditions (23-26).

The types of cardiovascular ADRs associated with these drugs depends on, and
varies with, the biological effect the drug has on the human cells. For instance, QTc-
prolongation in the case of macrolides is related to the effect it exerts on potassium
channels in cardiac cells, whereby the repolarization is delayed, potentially causing
life threatening arrhythmias such as Torsade de Pointes (TdP) (18, 22). This
potassium channel is encoded by the Human Ether-a-go-go-Related Gene (hERG).
In addition to the effect on potassium channels, the macrolides are metabolized via
the cytochrome P450 liver enzyme, in particular the subtype CYP3A4, and has the
potential to cause interactions with drugs that are metabolized by the same enzyme
(27-30). Consequently, co-administration of macrolides with drugs that also affect
the hERG-associated potassium channel could potentially increase the risk of life-
threatening arrhythmias.

Fluoroquinolones on the other hand, are known to have potential detrimental effects
on connective tissues, classically described as Achilles tendon rupture and
tendinopathy (31). The pathologic mechanism underlying this condition is believed to
involve the remodelling of the extracellular matrix and the downregulation of type I
collagen, which is abundant in tendons and other connective tissues (24, 31-33). The
main structural components of the vascular tree (including the heart valves) include
elastin and various types of collagens which provide tensile strength and elasticity
(34). The destabilizing potential of fluoroquinolones on these components may thus
predispose users to aortic aneurysm/dissection, and heart valve-regurgitation (35).

Hepatotoxicity related to use of fluoroquinolones and flucloxacillin

Numerous summary reports and reviews of ADRs have identified hepatotoxicity as
the leading cause for the withdrawal of drugs from the market (36, 37). The rationale
behind the hepatotoxic potential of different drugs is less difficult to comprehend
than more intricate effects some medications have on biological processes,
considering that a large proportion of drugs are metabolized by the liver (13).The
process by which the drugs cause hepatic cellular damage, however, is more
complicated.

Liver metabolization of drugs is mediated by cytochrome P450, a gene family
comprised of hundreds of enzymes (38). As a result, there is significant enzyme
polymorphism which further complicates the predictability of certain ADRs related
to drug use. Some hepatotoxic reactions, however, are quite predictable such as the
dose-dependent relationship between acetaminophen and hepatocellular damage

18



(39). A dose exceeding the capacity of enzymatic activity, leads to the formation of
harmful compounds, with subsequent cell death (38, 39). Many cases of drug
induced liver injury (DILI), however, are idiosyncratic, meaning they occur
independent of dose and duration.

The injuries are often classified as hepatocellular, cholestatic, or mixed, depending on
biochemical and biopsy characteristics (38). In addition to direct hepatotoxic effects,
several compounds trigger allergic or immunological reactions that can lead to acute
liver injuries of varying severity (40). This is often established by the presence of
eosinophils and immunoglobulin complex deposits in biopsy material (40).

However, the diagnosis of DILI poses a significant challenge, primarily due to the
absence of specific diagnostic tests. Establishing a causal link between the use of a
drug and acute liver injury (ALI) is often a diagnosis of exclusion, although some
tools have been developed to provide objective assessments in cases of suspected
DILI. One such method of assessing causality is the Roussel-Ouclaf Causality
Assessment Method (RUCAM) which relies on several datapoints, including liver
enzyme tests (41-43). Unfortunately, this method has proven to be not only
cumbersome even when used by experienced physicians, but also lacking in
reproducibility, which limits its usability and leads to its infrequent application in
clinical practice (44).

As a result, the recognition and diagnosis of DILI in a real-world clinical setting is
at the discretion of the treating physician and their clinical acumen. The
unpredictability, variability in severity, and diagnostic difficulty presents significant
challenge in trying to establish true incidences for hepatotoxic ADRs.

Fluoroquinolones are primarily metabolized via the kidneys although an estimated
1/3 undergoes non-renal breakdown (13). The historical perspective on the
hepatotoxic potential of fluoroquinolones have classified the reactions as
exceedingly uncommon. Contemporary publications, however, have reported a
significant potential for hepatotoxicity, prompting a re-evaluation of their safety
profile (45-47). The mechanism of injury is not fully understood but
histopathological analyses of suspected cases have displayed immunoallergic
properties indicating a type of hypersensitivity reaction (45).

Flucloxacillin is a semi-synthetic compound derived from penicillin (13). It has a
well-known potential for causing elevated liver enzymes as well as more severe
hepatotoxic reactions such as cholestatic hepatitis (13, 48-50). Research indicates
that the adaptive immune system plays a significant part in this process, with a
potential link to the HLA-B-*57:01 allele (51). The presence of flucloxacillin-
specific IgE antibodies activated CD4+ and CD8+ T lymphocytes have been
observed in patients with flucloxacillin-related acute hepatic injury, which further
suggests an immunologic process (52). One hypothesis is that flucloxacillin binds
to, and modifies hepatocytes, leading to the formation of molecules that sets of an
immunological response (53).

19



General drug safety aspects

Over the past several decades, the landscape of drug safety has been refined through
the implementation of regulatory enhancements for both pre- and post-marketing of
new compounds. This includes the implementation of mandatory randomized
controlled trials aimed to create comparable and unbiased study groups. Another
example is the concept of Good Clinical Practice (GCP), designed to help ensure
the integrity and safety of drug trial participants (54).

Despite the progress made, there are inherent weaknesses in the current
pharmacovigilance system, particularly in the early phases of drug development.
The extrapolation of study group data to the general population is particularly
challenging. For instance, the diversity of comorbidities and concomitant
medications in the general population is rarely reflected in the study group
selection, which often consists of generally healthy participants. This was
particularly evident in the case of the withdrawal of several COX-2-inhibitors, in
which myocardial infarction disproportionally affected users with underlying
cardiovascular disease. Finally, the detection of very rare events also poses a
significant challenge, primarily because the relative size of the study groups rarely
provides sufficient statistical power.

Causality assessment/
Regulatory action

Post-marketing surveillance

[3)
t t 1

Launch 1% reported adverse Withdrawal
year drug reaction

Interval 1: Time lapse between launch year and first adverse drug reaction report
Interval 2: Time lapse between first reported adverse drug reaction and first withdrawal
Interval 3: Time lapse between first reported adverse drug reaction and first withdrawal

Figure 3: Example of post-marketing surveillance process (36). Creative Commons Licence:
http://creativecommons.org/licenses/by/4.0/; no changes were made.

Considering the current state of drug development, there is a need for a robust
system that can reliably detect and interpret the post-marketing signals associated
with drugs released to the general public.
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The role of observational, pharmacoepidemiologic studies

Pharmacoepidemiologic studies play an important role in interpreting the effects of
drugs in a real-world setting. However, spurious results based on poorly designed
studies in this field run a significant risk of incorrectly identifying or excluding
causal relationships between drug exposure and outcomes.

Potential pitfalls

There are several ways that poor design can influence the results of an observational
study. Some examples include:

e Small study sample sizes can lead to lack of power and a lessened ability
to detect true associations.

e Poor data quality. Incorrect information or low-quality information can
lead to misclassification of both exposure and outcome (see later chapters).
An example of this is recall bias when conducting case-control studies of
retrospective design, wherein an individual experiencing a negative
outcome is more likely to report exposures or behaviours than those who
did not experience the outcome.

e Non-representative study cohort. Conducting a study using a cohort that
does not reflect the demographic and clinical characteristics of the general
population utilizing the drug of interest may lead to several issues, including
lack of generalization. Unbalanced study populations can lead to
conclusions in either direction depending on the specific characteristics that
are over- or underrepresented. For instance, disproportionally including
healthy or frail individuals can skew the results and lead to incorrect
conclusions.

e Lack of confounding control. Using inappropriate or simplistic statistical
methods can mask a true effect or, conversely, create a false association.
For instance, failing to use multivariate analysis to adjust for confounding
factors.

e Unbalanced study groups. Lack of comparable (on Dbaseline
characteristics) case- and control groups may lead to invalid conclusions.

Therefore, signalled risks of adverse drug effects that arise from spontaneous
reporting systems, case reports, or observational studies, must be approached with
nuance and scrutiny trough well-designed pharmacoepidemiologic studies to
distinguish true causal relationships from mere associations. Moreover, reproducing
these studies across diverse populations increases the robustness of the results and
ensures that reported associations can be either established or decisively excluded.
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Scandinavian registers

The Scandinavian healthcare registers are comprised of data representative of the
total population, providing an optimal environment for answering
pharmacoepidemiologic questions such as relationships between a drug exposure
and a certain outcome. The registers are linkable via a unique personal identifier
which enables the collection of all filled prescriptions, hospital visits and healthcare
contacts, causes of death, and demographic variables (age, sex, etc.). This data can
subsequently be harnessed to define exposure, outcome, and help establish
covariates that are then used to create comparable study groups.

The constraints of cost, follow up-time, participant numbers, and generalizability
that limit clinical trials become less problematic when aggregating data from
healthcare registers, which contain extensive personal data collected over long
periods of time.

Navigating bias

The primary issue when conducting register-based studies concerns bias and
confounding, which largely stems from the lack of randomization inherent in their
design. A randomization process provides an unbiased allocation of individuals in
the treatment and control groups, ensuring that baseline characteristics remain
evenly dispersed between the groups. It is therefore imperative to implement
methodological strategies to mitigate these issues effectively. These strategies often
centre around applying data management and modern statistical methods designed
to simulate the effects of randomization by controlling for confounders and
minimizing different types of bias.

Risk signals associated with macrolides, fluoroquinolones, and
flucloxacillin

Macrolide antibiotics are widely used in an array of clinical scenarios and have
frequently been associated with acute cardiac events related to its effect on
potassium channels and its metabolism via the cytochrome P450-system. In recent
years, however, several publications have reported an increased risk of long-term
cardiovascular effects supposedly related to short term macrolide use (55, 56). A
randomized study in which participants with stable coronary heart disease were
administered a two-week clarithromycin course reported an increased risk of
cardiovascular mortality during a follow up of several years, compared to placebo
(55). Likewise, a British study of patients with pneumonia and acute COPD
exacerbations that received clarithromycin, reported an increased risk of
cardiovascular events during a follow up of one year (56). Contrary to this, no such
association was reported in a number of other publications (57-64).
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Fluoroquinolones belong to one of the most prescribed classes of antibiotics
worldwide (65). Established adverse effects of fluoroquinolone include
tendinopathies, and arrhythmic potential related to its effect on the QTc-interval (18,
20, 32, 66). Less established adverse reactions related to its use are hepatotoxic
reactions and effects on the vascular tree including the inner linings of the heart
including the heart valves (24-26, 45-47, 67). As early as the 1990s and 2000s, two
relatively new fluoroquinolones were taken off the market due to reports on severe
hepatotoxic reactions (19, 68, 69). In addition, several publications based on north
American cohorts have reported an increased risk of acute liver injury associated
with commonly used fluoroquinolones such as levofloxacin, ciprofloxacin, and
moxifloxacin (46, 47, 70).

More alarmingly, fluoroquinolone use has been associated with an increased risk of
aortic dissection and aneurysm as well as heart valve regurgitation (25, 26). The risk
of heart valve regurgitation was informed by EMA and FDA based on a publication
from 2019 which found an increased risk for this outcome among fluoroquinolone
users (26). Following this report, an observational study from Denmark reported no
such association (71).

While the hepatotoxic potential of flucloxacillin is well established, the details on
the magnitude, predisposing factors, and temporal patterns remain less clear. The
incidence has been estimated in several studies including in the UK outpatient
setting, although there remains a scarcity of population-based estimates (72).
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A1ims

The principal aim of this work centres around processing data from Scandinavian
healthcare registers, applying modern statistical methods to reduce confounding and
bias, to investigate cardiotoxic and hepatotoxic drug reactions related to use of
antimicrobials. In detail, the questions we asked were:

e s short-term use of the macrolides clarithromycin and roxithromycin
associated with an increased risk of long-term cardiovascular death?

e s fluroquinolone use associated with an increased risk of acute liver injury?

e s fluroquinolone use associated with an increased risk of mitral- and aortic
valve regurgitation?

e What is the magnitude of association between flucloxacillin exposure and
the risk of acute liver injury?
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Methods

The Scandinavian healthcare systems at a glance

The Scandinavian model of healthcare focuses on universal access, comprehensive
coverage, with a significant emphasis on public health. It is publicly funded through
taxes and provides high-quality care to all residents regardless of individual income
or insurance status. The establishment of national healthcare registers, dating back
several decades, reflects the early commitment of systematic data collection to
improve public health.

In addition, all residents are assigned a unique personal identification number which
unlocks the potential to cross-reference data between the registers.

Denmark . )
Patient registers
Sweden
Denmark L. .
Prescription registers
Sweden
Denmark :
Cause of death registers
Sweden

1950 1960 1970 1980 1990 2000 2010 2020

Figure 4: Timespan of data inclusion for Danish and Swedish healthcare registers.

The use of personal identifiers in Sweden and Denmark

In Sweden, the use of a personal identification number (“personnummer”, PIN) was
introduced in 1947. It contains the date of birth (YYMMDD) combined with a three
digit “birth number”, to which a fourth digit (control digit) was added in 1967. In
general, an individual will keep the same PIN during their entire life and will not
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change in case of moving in and out of the country. However, there are some rare
exceptions. Until 2015 there have been about 83,000 instances where changes have
been made to an assigned PIN. Likewise, until 2015, there have been approximately
23,000 cases of re-used PINs. The single most common reason for these exceptions
is due to immigration (73). The estimated total number of PINs assigned between
1969 and 2007 is 13,500,000 (74).

The Danish Civil Registration System (CRS) applies a similar identification number
(CPR) to all inhabitants, dating back to 1968 (1972 for inhabitants of Greenland)
(75). The CPR is assigned for life and never changes except for in very rare instances
(administrative errors, identity theft, change of sex, etc.). In case of CPR changes,
the CRS maintains a link between the old and new CPR making it possible to keep
tracking the individual. A CPR number is never reassigned to another individual
(76). As of 2014 approximately 9,5 million unique CPR numbers have been
assigned to residents of Denmark and Greenland (76).

Sources of data in Sweden and Denmark

In general, the Swedish and Danish register share more similarities than differences,
but for the sake of clarity and examination, the registers are described separately in
the following section.

Sources of data in Sweden

The Total Population Register (TPR)

The TPR (Swedish: Register over totalbefolkningen) is maintained by the
government agency Statistics Sweden (SCB) and contains individual information
on birth, death, name change, country of birth, marital status, movement within and
out of the country, and family relationships (77).

The National Inpatient Register (IPR)

Also called the hospital discharge register, the IPR (Swedish: Patientregistret)
contains discharge diagnoses (according to The International Classification for
Diseases, ICD-7 to ICD-10) and related data for all patient visits since its inception
in 1964 (including psychiatric diagnoses since 1973) (78). The data collection was
initially limited in geographical scope, until 1987 when all counties were included
(79). Since 1997 all surgical day care visits are also included. Private care visits
(including private surgical day care) are characterized by a notable low degree of
reporting and a consequence of this is a near 100% coverage of the inpatient register,
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whereas the outpatient register coverage is estimated to be about 80% (80). In
addition, since 2001, all emergency room- and hospital-based outpatient visits are
also included in the register.

The IPR contains a large number of variables related to a patient visit including
primary- and additional diagnoses (according to ICD), date of admission, date of
discharge, etc. Diagnoses are registered by the discharging physician which is
subsequently counter signed by a board-certified specialist.

The overall diagnostic accuracy in the IPR has been estimated to be in the range of
85-95%, with variation in positive predictive values (PPV) depending on diagnosis
(78). In recent years, numerous validation studies of the IPR have been conducted,
with encouraging results. For instance, one study reported a high accuracy of venous
thromboembolism (VTE)-diagnoses with a reported PPV of 95% (81). Furthermore,
the diagnoses of cirrhosis, oesophageal varices, and hepatocellular carcinoma
(HCC) was reported as having PPVs in the range of 84-93% (82). Conversely,
psychiatric diagnoses within the IPR have been observed to have overall low PPVs,
assumingly due to diagnostic challenges (78).

The National Prescribed Drug Register (NPDR)

The NPDR (Swedish: Likemedelsregistret) contains data for all filled prescriptions
in Sweden from July 2005 and onward. The prescriptions recorded therein are
classified in accordance with the Anatomical Therapeutic Classification (ATC)
system. Additionally, a comprehensive list of individual variables is simultaneously
recorded for each filled prescription which includes date of dispensing, dosage and
amount, prescribing physician, and other pertinent details. Drugs that are used to
treat hospital-admitted patients are not registered in the NPDR.

The National Cause of Death Register (NCDR)

The NCDR (Swedish: Dddsorsaksregistret) contains data on underlying and
contributing causes of death according to ICD (version 6 to 10), since 1961 (with
retrospectively compiled data from 1952-1960) (83). To facilitate international
comparison of mortality statistics, the coding system of the NCDR adheres to WHO-
standards which are closely aligned to the Swedish classification system on the
three- (ICD-10) and four- (ICD-9) character level (83). The overall concordance
between the physician registered cause of death and retrospectively reviewed
medical records has been reported to be almost 90% (83, 84).
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Sources of data in Denmark

The Danish Civil Registration System (CRS)

The CRS (Danish: Det centrale personregister) was established in 1968 and holds
information on all people residing in Denmark. Individuals in the CRS are
designated as either “active” (currently alive and residing in Denmark or Greenland)
or “inactive” (dead, migrated, or disappeared). In addition, it holds information on
demographic characteristics such as sex, date of birth, and birthplace (76).

The Danish National Patient Register (DNPR)

The DNPR (Danish: Landspatientregisteret) was established in 1977, with
nationwide coverage since 1978, and holds personal and admission data on all
hospital contacts. Primary and secondary diagnoses according to the ICD (version
8 to 10) are registered by the discharging physician. Furthermore, details on type of
hospital contact (outpatient, emergency room, and inpatient), date of admission and
discharge, treatments and examinations, are also included in the register (85).
Outpatient- and emergency room contacts have been recorded in the register since
1995 (85).

The validity of the DNPR in general is high for most, but not all diagnoses (86).
Similarly to the Swedish registers, several validation studies have explored the
accuracy of several specific diagnoses within the DNPR. Diagnoses such as acute
stroke (PPV 79%), atrial fibrillation / flutter (92%), acute myocardial infarction
(100%), liver cirrhosis (85%), have been investigated with promising results (87-90).

The Danish National Prescription Register (NPR)

The NPR (Danish: Laegemiddelstatistikregisteret) contains detailed information on
all filled prescriptions since 1995 (91). Available data include (not limited to) drug
category according to ATC, dispensing date, dose and package size. As with its’
Swedish counterpart, the Danish prescribed drug register does not hold information
on drugs administered during hospital visits (91).

The Danish Register of Causes of Death (DRCD)

The DRCD (Danish: Dedsérsagsregisteret) holds electronic records for mortality
data in Denmark has been available since 1970. As of late 1990 it is the physician
verifying the death of a Danish resident, that also issues the death certificate in
which immediate and contributing causes of death is registered (92). All entries are
coded in accordance with the ICD-classification system. The coverage is near 100%
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with only about 0.3-0.6% of deaths not fully reported (92). Overall validity of the
diagnoses listed in the DRCD is not regularly reported, although validation of
specific diagnoses report relatively high sensitivity (92, 93).

Methodological considerations

In an ideal scenario, random assignment of treatment ensures an equitable
distribution of observed (and unobserved) characteristics, isolating treatment as the
sole differing factor. This approach allows for an unbiased estimation of a
treatments’ causal effect on a specified outcome.

When conducting quantitative pharmacoepidemiologic studies with the goal to
estimate causal effects of exposure on an outcome, however, we must find
alternative methods to try to mimic the randomized process to address the issues
with confounding and bias.

Traditional approaches such as stratification and multiple regression models serve
as foundational techniques to control for confounding. Stratification involves
dividing data into subgroups based on different confounders to allow for effect
estimation within homogenous blocks, or strata. Multiple regression involves
including confounding variables (covariates) in a statistical model to estimate the
influence they have on the outcome.

Subsequent sections will build upon these concepts, beginning with methodological
frameworks that can be used for causal inference. This will be followed by an
exploration of different sources of bias and confounding that can distort the
estimation of causal effects. Finally, we will go through modern statistical
approaches used to minimize the influence of these biases.

The Bradford-Hill criteria

A conceptual tool for causality assessment, are the Bradford-Hill criteria (described
below) (94). They are a set of nine principles set forth by Sir Austin Bradford Hill
in 1965, which can be used as a framework to assess evidence and argue for
causality in observational studies (94). Although not all criteria need to be fulfilled
to suggest a causal relationship, they can be used to systematically evaluate the
evidence.

The strength of association relates to the magnitude of risk or odds increase for
the outcome in the exposed compared to the unexposed. The higher the risk, the
higher the probability of a causal effect. The consistency refers to finding similar
results across several studies, or populations which would support causality.
Specificity refers to a one-to-one relationship between cause and effect and is
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considered less useful due to the complexity in diseases. The criterion of
temporality is non-negotiable and simply refers to the idea that the effect must
follow the exposure; or as Sir Bradford-Hill states: “which is the cart and which is
the horse?” (94). A dose-response curve, or biological gradient, would strengthen
the argument for causality, likewise would plausibility and coherence as they refer
to the biological plausibility of a suggested causal effect of the exposure.
Experiment is seldom a realistic criterion to fulfil as it implies conducting human
trials to assess causality. Finally, analogy refers to allowing for the extrapolation of
causal inferences from similar associations found in other studies.

The counterfactual model

Also known as the potential outcome framework, seeks to provide a way to consider
what would happen to the same individual in different scenarios, i.e. the outcome of
a person that received treatment (factual scenario) if they did not experience the
treatment (the unobserved counterfactual scenario). Under certain conditions and
assumptions, the causal effect can be estimated by the difference between these
scenarios (95).

Average Treatment Effect (ATE) and Average Treatment effect on the
Treated (ATT)

Both the ATE and ATT rely on idea of potential outcomes — the factual outcomes
we observe versus the counterfactual outcomes we do not. The ATE estimates the
mean effect of treatment across the entire population, assessing the impact if
everyone received treatment versus if no one did. In contrast, the ATT estimates the
mean effect in those who actually received treatment, comparing their outcomes
with a comparable group who did not receive the treatment (such as a matched or
balanced group that received a comparator drug) (95). Propensity score-matching
(PSM) and entropy balancing (EB) are examples of methods that can be used to
estimate the ATT; explained in further detail later.

Internal and external validity

Internal validity refers to the degree to which the study allows for an accurate
conclusion regarding a causal effect. In other words, it is directly related to the study
design and the approaches made to: control for confounding variables, minimize
systematic errors, and ensure reliable capture of exposure and outcome (96-98).

External validity answers the question of how representative the results are to the
general population, or at least across diverse populations and circumstances (98).
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High external validity allows for extrapolation of the study results beyond the
confinements of the conducted study, ensuring its utility in real-world settings.

Sources of bias

Bias in an epidemiologic study refers to systematic errors that distort the true effect
of an exposure on an outcome and can occur at any stage of the process (design,
data collection, analysis) (95). Confounding occurs when the effect of the exposure
on an outcome is mixed with the effect of another factor, which is correlated to both
the exposure and the outcome but not on the causal pathway between them (95).

Confounding by indication

This occurs when allocation of treatment is related to the outcome of interest,
complicating the ability to distinguish the effects of medication from the effects of
the underlying condition (99). Confounding by indication is a common challenge in
pharmacoepidemiologic studies especially since there rarely are any available data
on the clinical reasoning behind treatment decisions (100). Consequently, it is
difficult to discern if the observed outcome is solely due to the medication or, in
fact, due to the underlying illness that led to the drug prescription in the first place.
A closely related form of confounding by indication is confounding by severity in
which the severity of the underlying disease determines the level of treatment. This
type of confounding is especially insidious because it can affect several factors (and
different levels) on the causal pathway (100).

An example of confounding by indication is the reported association between
Acetaminophen use and exacerbations of asthma in asthmatics (101). Here, use of
Acetaminophen is related to asthma because it is often the preferred analgetic and
antipyretic instead of non-steroidal anti-inflammatory drugs (NSAIDs) since the
latter is discouraged in asthmatics (102). This could lead to an incorrect conclusion
that there is a causal association between Acetaminophen and asthma exacerbations.

Protopathic bias (reverse causation)

This type of bias has a temporal element because it occurs if study drug treatment
is initiated based on a symptom of the studied outcome, before the actual outcome
itself is diagnosed (103). It increases the risk of incorrectly inferring a causal
relationship between the treatment and the outcome (104).

For instance, if a new drug is introduced and prescribed to patients experiencing
pain — a symptom that may precede the onset of multiple sclerosis (MS) — and some
of these patients are later diagnosed with MS, there is a potential for protopathic
bias (105). If the researchers do not recognize the possibility of pain being a
precursor for MS, they might incorrectly infer a causal relationship between the drug
and MS.
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Misclassification bias

When analysing observational data, one must consider the risk of them being
incorrectly specified. Misclassification bias is a type of information bias which
occurs when there are errors in the measurement or classification of exposure or
outcome (95). In an exposure — outcome study this type of bias can be differential
or non-differential depending on whether the misclassification is equally likely to
occur in all study groups (cases/exposed and controls/unexposed) (106).

Following is an example of the effect of non-differential misclassification disease (95):

Table 2 (true distribution)

Exposed Unexposed
Case 40 20 60
Control 60 180 240
100 200 300

Table 2 reflects the “true” distribution of cases among the exposed and unexposed.
The risk ratio is (40 / 100) / (20 / 200) = 0.4 / 0.1 = 4, whereas the risk difference is
(40/100) - (20/200)=0.4-0.1=10.3.

Now, consider instead a perfect disease detection with sensitivity 100%, but less

than perfect specificity at 80%. Results shown in table 3.

Table 3 (100% sensitivity, 80% specificity)

Exposed Unexposed
Case 52 (40+((1-0.8)*(100-40))° 56 (20+((1-0.8)*(200-20)) 108
Control 48 144 292
100 200 300

In this example the risk ratio is (52 / 100) / (56 / 200) = 0.52 / 0.28 = 1.9, and the
risk difference will be (52 /100) - (56 / 200) = 0.52 - 0.28 = 0.24.

°80% specificity means that 20% of the non-diseased individuals (0.2 * 60 and 0.2
* 180 respectively) will be incorrectly classified as diseased, thereby subtracted
from the row of controls and added to the row of cases.

In conclusion the non-differential misclassification in exposure or outcome
produces a bias toward (or, in extreme cases beyond) the null (95, 106, 107).
Differential misclassification, however, can affect the bias in either direction, away
from, or towards the null (106, 108). Misclassification may cause a variation in
relative risk, which is a function of sensitivity and specificity as demonstrated in the
example above (108).
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Approaches to reduce bias and confounding

Rigorous efforts must be made to mitigate potential sources of bias stemming from
the inherent complexities of register-based, observational data. The following
section will explore the methodological approaches used in our work to temper the
effect of potential biases.

Active Comparator, New User (ACNU)-design

In a randomized controlled trial, the indication for treatment is uniformly distributed
between the study cohorts. In contrast, the subjects of the control arm in an
observational study are considerably less likely to have a treatment indication.
Unless observed and taken into consideration, this scenario introduces confounding
by indication, especially if using a non-user cohort as the control group. A common
approach to mitigate this risk is using the ACNU-design (109).

The active-comparator design can be used to compare the risk of an outcome in the
drug of interest, with another drug used for the same or similar indications in clinical
practice (110). This approach ensures a greater overlap of patient characteristics
(including unmeasured characteristics such as frailty and lifestyle), and aligns the
indications for treatment between the study cohorts (109, 110).

Selecting an appropriate comparator drug requires considerable deliberation and
ideally, it should (main points) (100):

e Have the same or similar chance of being prescribed by a physician in a
given clinical scenario

e Have the same or similar therapeutic effect on the disease it intends to treat
or alleviate

e Not be known to have an increased propensity to cause the outcome in
question

e Not differ in cost or availability

The concept of comparator drug design is particularly effective in reducing bias
when combined with the new-user design, or incident-user design (111, 112). This
approach hinges on identifying patients who have initiated drug treatment during a
specified time-period (110). The start of treatment for each patient is referred to as
the index date, which also serves as the start of follow-up. Patient baseline
characteristics are ascertained in this moment which should also be preceded by a
period of study drug non-use (washout period) (110, 111). A potential weakness in
the new-user design is that only users within the specified time-period are included,
limiting the study sample size (110). In the strictest form, only incident courses are
included, and all other courses excluded (113).
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Prevalent new user

An alternative to the new user design, which exclusively encompasses patients who
have not previously received either the study drug or the comparator, is the prevalent
new user design (114). The prevalent new user design includes all treatment
initiations, regardless of previous use of either study drug or comparator drug, and
therefore avoids severely restricting the sample size due to prevalent use. This
method is particularly advantageous when investigating drugs that are frequently
prescribed on multiple occasions, such as antibiotics. An extension of this method
is the episode-based approach in which, for example, multiple filled prescriptions
(or treatment courses) can be included given certain criteria that ensures no overlap
of treatment courses (see figure 5 on next page for a typical description).
Furthermore, in certain circumstances, it could be of interest to divide the cohort
into users that are treatment naive (true new users) and those who are prevalent users
and perform separate analyses of these groups (113, 115).

Cohort restriction

When performing multivariate regression analysis or other methods such as
propensity score-analyses and entropy balancing-methods, we are limited to using
variables that are measurable and ascertainable from the observational data. In many
scenarios there are unmeasured confounders, or at least variables that are not easily
produced.

Age-restriction and frailty

Frailty refers to a condition associated with increased physical vulnerability and
decreased ability to uphold homeostasis after experiencing physiological stress
(116). It is a condition often observed in elderly and terminally ill patients, and that
is not explicitly obtainable in observational data. When presented with illness in a
frail patient, it is not uncommon to abstain from treatment or other therapeutic
interventions, including primary and secondary prophylaxis (116, 117).
Subsequently, including frail or severely ill patients can not only confound the
initiation of treatment but also the risk of experiencing the outcome. One common
approach to address this situation, is to restrict the inclusion of patients either by age
or by some other proxy for frailty, such as diagnoses indicating severe comorbidities
or end-stage illness (118, 119).
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High pre-treatment risk of the outcome

The practise of restricting study populations to mitigate the potential for specific or
residual confounding extends beyond assessment of age and frailty. Another
commonplace approach is to restrict the cohort on several other factors that can
influence the risk of experiencing the outcome. Patients that are exposed to, or suffer
from, risk factors that are known to be associated with the outcome are therefore
often excluded. This restriction criteria includes patients that have previously
experienced the outcome of interest. These techniques aim to minimize and/or
homogenize the baseline risk between the study groups to enable a clearer
interpretation of the relationship between treatment and outcome. Furthermore, the
application of these criteria will likely improve the ascertainment of incident cases,
as opposed to prevalent cases, improving the evaluation of new occurrences of the
outcome.

Implications and trade-offs

However, the cost of attempting to increase the internal validity of the study by
using restrictions, can be loss of external validity, or generalization, due to too
severe restriction of study population (120). Various techniques can be used to
address this tension between external and internal validity. A common technique is
to test the robustness of the findings performing sensitivity analyses, including or
excluding high risk individuals, etc.

Propensity scores (PS)

A hallmark of the RCT is the randomisation process which, in effect, provides an
unbiased estimate of the effect of treatment on the study population (121). As
discussed earlier, when designing an observational study, alternative techniques are
needed, to mimic the RCT in attempting to estimate a causal effect. One popular
method used to balance baseline covariates is the propensity score-method,
introduced by Rosenbaum and Rubin in 1983 (122). They define the propensity
score as the probability of treatment assignment given a set of variables (baseline
covariates) (121, 122). The propensity score will thus be a summary score, or
probability for treatment assignment, for a certain distribution of baseline
characteristics that can be used to match exposed and unexposed individuals,
thereby balancing on a large set of covariates simultaneously (121). By stratifying,
adjusting, or matching on the propensity score it is therefore possible to estimate the
treatment effect in an unbiased fashion.

One of the main advantages of propensity score-methods compared to traditional
multivariate regression, is the methods’ ability to handle dimensionality (123).
Whereas multivariate regression struggles with reliable estimations in situations
with a few outcomes and a large number of covariates, the propensity score method
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reduces the dimensionality by collapsing the covariates into one value and enables
the analysis to proceed even when outcomes are limited (123).

A common method to calculate the propensity score is to use logistic regression on
treatment status (index drug) using ascertained baseline characteristics as
covariates. Several other methods for estimating the propensity score have been
described, such as recursive partitioning, random forest, and neural networks (124,
125). After estimating the propensity scores there are several ways to apply this to
reduce the effects of confounding in the observational data. Examples include
propensity score-matching, propensity score-adjusting, propensity score-
stratification, and inverse probability weighting (IPW) (122, 126, 127). We will
focus on exploring propensity score-matching since this is the primary method used
in this thesis.

Matching on propensity score

Propensity score-matching (PSM) follows the estimation of the propensity score and
is a method used to match cases and controls on their respective propensity score,
creating a matched pair conditioned on their distribution of covariates (122). The
most common form of matching is one-fo-one, where each case is matched to one
control based on the propensity score. Other approaches such as many-to-one or
one-to-many can be considered, for instance if there is a need for expanding the
study sample (128). We now explore the method for creating matched pairs.

Nearest-neighbour-matching (NNM) involves selecting a case and matching it
with a control having the nearest propensity score. The selection process can be
either greedy or optimal, with or without replacement, and with or without the use
of calipers (121, 129, 130). With replacement means that after a match is found, the
case or control is returned to the pool of available subjects to be matched again if
possible. Greedy matching means that the selected case will be matched with the
best possible control, without considering if there is a better match. Optimal
matching does the opposite, that is, it matches with the intent to create matching
pairs with as little total between-pair distance as possible. Another option to this
matching is the use of calipers. If used, a caliper distance is set, representing the
accepted difference threshold in propensity score between cases and controls (130).
Within the caliper, the control that is nearest the case will be chosen and one picked
at random if there are multiple matches with identical propensity scores (130). If no
match can be made within the specified caliper distance, the “unmatchable” control
will be excluded from the study sample (131). If, however, a caliper is not defined
there is no restriction on the accepted difference in propensity score between cases
and controls, which could lead to a poorly matched cohort (121).

Assessing balance

A common way to assess balance of the covariates in the matched cohort is the use
of standardized mean difference (SMD). It represents the differences in means (or
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proportions if binary) of a covariate between treatment groups, divided by the
pooled standard deviation of the covariate across the groups (121). A SMD < 0.1
(10%) is often considered to indicate a negligible difference of the covariate
between the groups (121, 132).

Covariate selection

Given that the propensity score reflects the likelihood of receiving treatment, it is
implied that only those covariates (baseline characteristics) which influences
treatment should be included in the model (121). This approach, however, has been
demonstrated to produce larger standard errors and introduce bias, especially in
small study samples (133-136). The optimal approach is, in short, not entirely
conclusive.

A recent study performed Monte Carlo-simulations to estimate the effect of
restricting covariate inclusion to: all covariates, only confounders (associated with
both treatment and outcome), only variables predictive of outcome (137). Although
there was covariate imbalance (due to exclusion of these covariates in the model)
when restricting the included covariates to confounders only, this method resulted
in a greater number of matched pairs and subsequently greater precision in
estimating treatment effect (137). There was, however, no discernible difference in
measurable bias between the different simulations (137). Another publication
concluded (also based on simulations), as theorised by Rubin and Thomas, that only
variables unrelated to exposure but related to outcome should be included in the
model as this approach led to increased precision (130, 133, 138).

Including too many covariates can introduce problems with overfitting and issues
with common support. The risk of overfitting increases in situations where the
covariate to observation ratio is high, which reduces the ability for estimating the
propensity for treatment due to noise in the statistical model (139). Lack of common
support means that there is reduced overlap in propensity scores between cases and
controls, leading to problems with matching and subsequently lack of
generalizability (140). Balance checking methods such as SMD described above,
complemented with visual representations of propensity score-distribution in among
cases and controls, can assist in diagnosing imbalances in covariate characteristics.
In addition it is of importance that the included variables are ascertained at baseline
and not post-treatment (121).

In conclusion, there is no definitive consensus on the best approach. Still, the
process of covariate selection is fundamentally anchored in subject-matter
expertise, ensuring careful consideration of included variables.

The use (or not) of matching variables in Cox regression

The decision to include matching variables in the Cox regression model can be
considered in situations where there is residual covariate imbalance between the
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matched cohorts or if there are confounding variables unaccounted for in the model.
Otherwise it has been shown that ignoring the matching variables in logistic models,
has little to no effect on the estimates (on average), and yield the effect of the
exposure on the exposed population (141).

Entropy balancing (EB)

A newer method of estimating causal inference in observational studies with binary
treatment, is the entropy balancing method introduced by Jens Hainmueller in 2012
(142). Like propensity score-methods, entropy balancing seeks to balance the
baseline characteristics of the case and control groups. It does this by executing a
re-weighting scheme that minimizes the moments (mean, variance, kurtosis, etc.) of
the distributions of selected covariates between the groups (142).

Traditional methods (including propensity score-estimation) start with calculating a
probability of treatment given a set of covariates (i.e. propensity score) and
subsequently checks the balance between cases and controls on the included
covariates. The entropy balancing method turns this process around by setting the
goal of balance as a first step. This is done by specifying which characteristics
(covariates) should be balanced and what that balance should look like (moments).
It then assigns weights for each observation based on these restrictions and moments
to create a perfect balance between the cohorts, while maintaining efficiency
(keeping the weights as close as possible). The weighted cohorts can subsequently
be used in any statistical model to estimate treatment effects.

Entropy balancing has been shown to produce reduced model dependency in
simulations with finite data, compared to a range of more traditional methods such
as propensity scores-matching and weighting, difference in means, etc (142).
Furthermore, entropy balancing possesses the property of double robustness, which
ensures that an estimation of treatment effect is consistent if either the treatment
model is correctly specified or if the outcome model is accurately adjusted, though
not necessarily both (143).

Some limitations need to be taken into consideration, however. Weighting issues
can occur if either the constraints are too extreme or in situations where the
constraints are consistent but the underlying data are lacking in overlap (142).
Finally, it is recommended to analyse the distribution of observational weights, as
there could be extreme weights that may need to be pruned to avoid over-reliance
of a few heavily weighted observations which in turn could unduly influence the
estimated treatment effect (142, 144).
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Disease risk score (DRS)

Another type of summary score is the disease risk score which can be used to divide
the cohort into groups allowing for stratified or interaction analyses. The DRS is an
aggregate of multiple risk factors into a single score that represents an estimation of
the individual’s risk of experiencing the outcome, independent of treatment
assignment (145, 146). This independence makes the score particularly suitable in
scenarios where there are multiple treatment options (146, 147).

Calculating the DRS involves modelling the probability of an outcome based on
various predictors, removing the influence of treatment by setting treatment to zero
(148, 149). The DRS is the total sum of the products of the coefficients and covariate
values, which can be estimated in either all subjects or in the untreated subjects only
(148). In certain cases, the “all subject’-approach has demonstrated superior
performance (146).

Study design for papers -1V

The following table contains an overview of the included papers:

Paper | Cohort setting Exposure Outcome Method

| All adults 40-74 Penicillin V versus Cardiovascular death | Prevalent new user®,
years, Denmark 1997 | clarithromycin and within 1 year PS-match 1:4
to 2011 roxithromycin

I} All adults 40-85 Amoxicillin versus Acute liver injury Prevalent new user*,
years, Sweden 2006 | fluoroquinolones within 60 days PS-match 1:1
to 2014

] All adults 18-75 Penicillin versus Heart valve Prevalent new user*,
years, Sweden 2006 | fluoroquinolones regurgitation within PS-match 1:1
to 2018 30 days

v All adults 18-85 Clindamycin versus | Acute liver injury Prevalent new user*,
years, Sweden 2006 | fluclocaxillin within 45 days Entropy balance
to 2018

* Episode-based approach (i.e. multiple courses can be included depending on certain criteria)

Paper I

The aim of this study was to investigate whether short-term use of roxithromycin
and clarithromycin is associated with an increased risk of long-term cardiovascular
death.

Study design

A historical cohort was created from the source population of all Danish adults aged
40-74 years in the time period 1997 to 2011. We used an Active Comparator
Prevalent New User (ACPNU)-design, with penicillin V as the comparator drug.
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All filled drug prescriptions for penicillin V, clarithromycin, and roxithromycin
(ascertained from the Danish National Prescription Agency), by individuals
included in the cohort were collected. Baseline characteristics, including medical
history and drug use, for each course were collected from the Danish National
Patient Register and Danish National Prescription Agency at the time of inclusion
(baseline). Eligible courses after restrictions were subsequently matched on the
propensity score. Two separate cohorts were created; one with penicillin V courses
matched 1:4 with clarithromycin courses, and one with penicillin V courses matched
1:4 with roxithromycin courses.

Cohort restriction

Baseline restrictions were employed. Courses preceded by antibiotic use or
hospitalization < 30 days were excluded (no available data on in-hospital drug use).
As were courses filled by individuals suffering from serious disease (to reduce
confounding due to high pre-treatment risk of the outcome) and by individuals who
had no register activity < 2 years (to ensure valid ascertainment of baseline
covariates). Filled prescriptions for multiple antibiotics (including study drugs)
were excluded.

Courses were censored if the patient was hospitalized or filled an antibiotic
prescription during follow-up.

Follow-up

Follow-up started on date of filled prescription and ended on the date of
experiencing the outcome (death due to cardiovascular disease), reaching 75 years
of age, loss to follow-up (emigration or disappearance), hospitalization, filling a
prescription for any antibiotic, end of study (December 31, 2011), or 365 days after
start of follow-up, whichever came first.

Outcome

The main outcome was death from cardiovascular disease within one year (from
filled prescription), which in turn encompassed: ischemic heart disease, arrhythmic
disorders, cardiac arrest or heart failure, cerebral infarction, and atherosclerosis.

Paper I1
The aim of this study was to investigate if oral fluoroquinolone use is associated
with an increased risk of acute liver injury.

Study design

We created a historical cohort consisting of all Swedish adults aged 40-85 years,
from 2006 to 2014. An ACPNU-design was employed, using amoxicillin as the
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comparator drug. All filled prescriptions for the study drugs (oral fluoroquinolones
and amoxicillin) by individuals in the cohort were collected. At baseline (date of
filled prescription), we collected baseline characteristics (drug use and medical
history) from the National Drug Prescription register, and from the National
Inpatient Register. Courses remaining after restrictions were matched 1:1 on
propensity score, resulting in a matched cohort of courses of fluoroquinolones and
amoxicillin.

Restrictions

At baseline, several restrictions were made. We excluded courses preceded by
hospitalization or filling of any study drug past two months. If multiple antibiotics
were filled on the index date, the course was excluded. Courses initiated by patients
with a history of severe chronic disease or any of the outcome diagnoses were
excluded. Likewise, courses preceded by diagnoses indicating acute hepatitis in the
past two months were excluded (to avoid any lingering effects that could increase
the risk of experiencing the outcome). To ensure that baseline characteristics were
accurately ascertained, courses filled by individuals without register activity the past
year were excluded.

Courses were censored if followed by hospitalization or switch to another antibiotic
during follow-up.

Follow-up

Follow-up started on the date of filling a study drug prescription and ended if any
of the following occurred: end of study (January 1, 2014), patient reaching 86 years
of age, hospitalization or death due to any of the outcome diagnoses, or 60 days
passed since start of follow-up (end of follow-up period), or emigration.

Outcome

The outcome was defined as any diagnosis indicating acute liver injury (toxic liver
disease, toxic liver disease with hepatic necrosis, toxic liver disease with acute
hepatitis, toxic liver disease with acute hepatitis not elsewhere specified, toxic liver
disease unspecified, acute and subacute hepatic failure, hepatic failure unspecified)
was registered in the Cause of Death- or Inpatient register.

Paper 111

The aim of this study was to investigate if use of oral fluroquinolones is associated
with an increased risk of aortic- or mitral valve regurgitation.
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Study design

A historical cohort was established comprising all Swedish adult individuals aged
18-75 years, identified within the time period of 2006 to 2018. All filled
prescriptions of oral fluoroquinolones and penicillin V made by the individuals of
the cohort were collected from the National Drug Prescription Register. We
employed an ACPNU-design with penicillin V as the comparator drug. Baseline
characteristics were ascertained on the date of filled prescription by collecting
individual data from the National Drug Prescription Register (drug use) and the
National Inpatient Register (medical history). After restrictions, the eligible courses
of penicillin V and oral fluoroquinolones were propensity score-matched 1:1.

Restrictions

At the time of filled prescription (baseline), several exclusions were made. We
excluded courses that were preceded by hospitalization or study drug prescriptions
the past 120 days. If a prescription was filled concurrently with other antibiotics, the
course was excluded. Courses filled by individuals with a history of valve disease
or suffering from severe chronic disease were also excluded. Finally, courses filled
by individuals with no register activity in the past year were excluded.

Courses were censored if interrupted by hospitalization or switch to another
antibiotic during follow-up.

Follow-up

The date of filled prescription for a study drug was designated the start of follow-
up, or index date. Follow-up ended if either of the following occurred: end of study
(December 31, 2018), participant reaching 76 years of age, hospitalization or death
due to any of the primary outcome diagnoses, reaching the end of follow-up period
(120 days after start of follow up), or emigration.

Outcome

The outcome of interest was heart valve regurgitation (mitral valve insufficiency,
aortic valve insufficiency or rupture of chordae tendinae) within 120 days of filled
prescription, recorded in either the Cause of Death Register or the National Inpatient
Register.

Paper IV

The aim of this study was to estimate the magnitude of association between
flucloxacillin use and the risk of acute liver injury.
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Study design

We created a historical cohort of all Swedish adults aged 18-85 years in the 2006 to
2018 time period. All filled prescriptions of flucloxacillin and oral clindamycin by
individuals in this cohort were collected from the National Prescribed Drug
Register. We used the ACPNU-design using oral clindamycin as the comparator
drug. Baseline characteristics were ascertained from the National Prescribed Drug
Register (drug use history) and the National Inpatient Register (medical history) at
the time of filled study drug prescription. After applying restrictions, the eligible
courses of oral clindamycin and flucloxacillin were entropy balanced.

Restrictions

Restrictions were employed at the time of filled prescription (baseline). Courses that
were preceded by hospitalization or filling of any study drug were excluded, as were
courses filled by individuals with severe chronic disease or any history of liver
disease. If multiple antibiotic prescriptions were filled on the index date, the course
was not included.

Courses followed by hospitalization or switch to another antibiotic during follow-
up, were censored.

Follow-up

Follow-up started on the date of filling a study drug prescription (index date) and
ended if any of the following occurred: end of study (December 31, 2018),
hospitalization or death due to any of the primary outcome diagnoses, participant
reaching 86 years of age, end of follow up reached (180 days from start of follow-
up), or emigration.

Outcome

Primary outcome of interest was defined as acute liver injury (toxic liver disease,
toxic liver disease with hepatic necrosis, toxic liver disease with acute hepatitis,
toxic liver disease with acute hepatitis not elsewhere specified, toxic liver disease
unspecified, acute and subacute hepatic failure, hepatic failure unspecified)
registered in either the National Inpatient Register or National Cause of Death
Register.

Statistical Analyses

Statistical analyses for all papers were primarily performed by using SAS version
9.4 (SAS institute). For paper IV we used R-studio 2023.06.0 Build 421 with
corresponding packages (ebal, cobolt, and GGplot2), to perform entropy balancing
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and for creating plots and visualization. Some graphical components in papers [-IV
were created using Microsoft PowerPoint.

All statistical tests were two-sided where a 95% confidence interval not overlapping
1.0, or equivalently having a p-value less than 0.05, was considered statistically
significant. Likelihood ratio tests were performed to test for differences and
interactions.

Poisson regression

Poisson regression is a fully parametric statistical method for modelling count data,
particularly for examining the frequency of events within a specified time frame,
often referred to as analysis of rates. It is adept at estimating the incidence rate or
absolute risk of an event within a certain period. Being fully parametric implies that
the data follow a specific distribution, namely the Poisson distribution (150). This
distribution is determined by a fixed set of parameters which determines the
probability of various counts (150).

The validity of Poisson regression is contingent on two key assumptions: the
independence of events (each event occurs independently of others) and
equidispersion (the event count's mean and variance are equal) (150). In cases of
overdispersion, where variance exceeds the mean, modifications such as time-
partitioned regression (piecewise Poisson regression) may be warranted (151).

In Poisson regression, time plays a critical role and is often treated as an exposure
variable that influences the rate of events. This is handled by incorporating the
log(time at risk) as an offset variable in the regression model, thus standardizing the
event rate with respect to time at risk (150).

Similarly, when addressing censoring, provided it is non-informative, the log(time
to censoring) can also be incorporated as an offset to account for the period
individuals are at risk (150). This method ensures that the event rates are
comparable, even when observation periods differ due to censoring.

Cox regression

Also known as proportional hazards regression is one of the most common models
used for analyzing time-to-event (survival) data. The Cox model aims to understand
how a set of covariates affects the instantaneous risk, or hazard, of a certain event
at a certain point in time in the study period (95, 150). It does this while
simultaneously considering that only a certain proportion of participants are at risk
(the risk set) of experiencing the outcome at certain time points. In other words, the
model accounts for participants that, for example, have experienced the outcome,
withdrawn, been lost to follow-up, or been censored (95).

In contrast to the fully parametric Poisson regression, the Cox-model is semi-
parametric, meaning it makes no assumption of the distribution of survival times
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nor is it concerned with the absolute risk (95). Instead, it focuses on estimating the
relative risk between individuals or groups, associated with a certain set of
covariates (95). So, while Cox-regression informs us about the relative risk, for
instance between exposed and unexposed, its semi-parametric nature does not
directly provide an estimate of the baseline hazard function (95). Consequently, the
model does not inherently give estimates of the probability of an event occurring at
a certain time point (152, 153).

The likelihood function is used to estimate the covariate coefficients by comparing
the instantaneous hazard for a participant experiencing the outcome (and its
covariate set) with the cumulative hazard for all participants of the risk set at that
specific moment in time (95).

The model works under the assumption that the effects of the covariates are
multiplicative with respect to the hazard function and constant over time, also
known as the proportional hazards assumption (95). This means that although the
absolute risk, or hazard, can change over time, the relative risk does not.

This assumption can be tested using several methods. Graphical methods such as
plotting the log(-log(survival)) against time for different strata can be used to check
that the lines are parallel (95). The Schoenfeld residual (the difference between an
observed covariate value and the expected covariate value) test, where the residuals
are regressed on time to estimate whether there is a correlation or not, is another
common way to assess proportionality (95). A Wald test can be used to evaluate if
the effect of a covariate, or an interaction between covariate and time, differs
significantly from zero (which should not be the case if the proportional hazards
assumption is to hold true) (154).

Paper I

Poisson regression was used to estimate rate ratios for cardiovascular death in
propensity score-matched (1:4) courses of clarithromycin and roxithromycin
compared to penicillin V. The propensity score was estimated using logistic
regression with covariates (ascertained at the time of filled prescription) such as
medical history, drug use, demographics (age, sex, geographic location), and
healthcare usage selected a priori. Courses in the two cohorts (clarithromycin vs
penicillin V and roxithromycin vs penicillin V) were matched 1:4 using the greedy
5 to 1 digit algorithm. Covariate balance was assessed using standardized mean
differences with values <0.1 indicating adequate balance.

A cardiovascular risk score (DRS) was calculated for each course by multiplying all
coefficients and predictors while setting the treatment variable to zero. The courses
were categorized according to distribution over deciles in three groups: low -
medium - high (1-5, 6-8, 9-10). In addition to disease risk score, subgroup analyses
included sex and age. Likelihood ratio test was performed to estimate homogeneity
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across the subgroup strata. Main follow-up period was 365 days from filled
prescription, with secondary analyses including the time periods 0-7, 8-89, and 90-
365 days. Additional secondary analyses included analysis of rate ratios for other
cardiovascular death and other non-cardiovascular death.

Paper 11

Cox regression was used to estimate hazard ratios for acute liver injury in propensity
score-matched (1:1) courses of oral fluoroquinolones and amoxicillin. Propensity
score estimates were calculated using logistic regression with covariates
(ascertained at the same time or just before a filled prescription) selected a priori,
including medical history, drug use, sex, age, geographic location, and healthcare
usage. Courses of oral fluoroquinolones and amoxicillin were matched on
propensity score in a 1:1 fashion using the greedy 5 to 1 digit algorithm. Covariate
balance was estimated using standardized mean differences where values <0.1 was
considered adequate covariate balance.

Subgroup analyses included sex and age (40-64 and 65-85 years) where test of
homogeneity across the strata was estimated using the likelihood ratio test. The main
analysis period was 1-60 days. The absolute rate difference for the main period was
estimated as [(hazard ratio — 1) x incidence in the amoxicillin group], presented as
number of cases per 1 million treatment episode (155). Secondary analysis included
hazard ratio for all-cause mortality in the two cohorts.

Paper 111

Cox regression was used to estimate hazard ratio for the risk of heart valve
regurgitation in propensity score-matched (1:1) courses of oral fluoroquinolones
and penicillin V. Propensity scores were estimated using logistic regression with a
priori selected covariates (medical history, drug use, sex, age, geographic location,
healthcare usage) ascertained at the date of filled prescription. Courses were
matched 1:1 using the greedy 5 to 1 digit algorithm and considered well balanced if
the standardized mean difference for each covariate was estimated to be <0.1.
Subgroup analyses included age (<65> years) and sex, where likelihood ratio tests
were employed to test homogeneity across the strata. The main analysis period was
1-30 days including secondary analyses for periods 31-60 and 61-120 days.

Supplementary analyses included estimation of hazard ratios for:
e all-cause mortality

e oral fluoroquinolones and penicillin V and the risk of valve surgery or death
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e risk of acute liver injury in oral fluoroquinolones and penicillin V using the
first prescription only

e risk of acute liver injury in oral fluoroquinolones and amoxicillin

e risk of acute liver injury in oral fluoroquinolones and penicillin V in the 1
to 365-day time period

The absolute rate difference for the main period was estimated as [(hazard ratio — 1)
x incidence in the penicillin V group], presented as number of cases per 1 million
treatment episode (155).

Paper IV

Cox regression was used to estimate hazard ratios for the risk of acute liver injury
in entropy balanced courses of flucloxacillin and oral clindamycin. 4 priori-selected
covariates (medical history, drug history, geographic location, sex, age, healthcare
usage) were assigned weights to achieve balance across the two cohorts. Inherently,
the method achieves perfect balance although for completeness, balance was
estimated using standardized mean differences.

Subgroup analyses included age (<75> years), sex, and number of exposures.
Homogeneity across strata was estimated using interaction analysis. The main
analysis period was 1-45 days with secondary analyses including 46-90, and 91-120
days.

Supplementary analyses included estimation of hazard ratios for:
e acute liver injury including only the first prescription

e acute liver injury excluding cases with the ICD-10 code for jaundice (R17)
in the outcome

e all-cause mortality

The absolute rate difference for the main period was estimated as [(hazard ratio — 1)
x incidence in the oral clindamycin group], presented as number of cases per 1
million treatment episode (155).
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Results

Paper I

From the source population of 3,380,262 Danish adults aged 40-74 years, a total of
8,911,449 antibiotic courses were identified. There were 415,297 courses of
clarithromycin, 1,150,387 courses of roxithromycin, and 7,345,765 courses of
penicillin V. After exclusions there remained a total of 6,282,248 antibiotic courses
(187,887 courses of clarithromycin, 698,899 courses of roxithromycin, and
5,395,462 courses of penicillin V).

Subsequently, 1:4 propensity score-matching was applied to create two separate
study cohorts. One cohort with 187,887 courses of clarithromycin matched with
751,524 courses of penicillin V, and one with 698,899 courses of roxithromycin
matched with 2,721,538 courses of penicillin V. Prior to propensity score-matching,
users of clarithromycin and roxithromycin were more likely to be of female sex and
having a history of respiratory disease. After matching, covariate balance was within
acceptable limits (<0.1) according to estimation of standardized mean differences.

Key findings

We found no increase in the risk of cardiovascular death during a one year follow
up period among courses of clarithromycin compared to penicillin V. There were
78 events (incidence rate [IR] 0.8 per 1,000 person-years [pyrs]) of cardiovascular
death among clarithromycin courses compared to 259 events (IR 0.6 per 1,000 pyrs)
among the penicillin V courses, resulting in a rate ratio (RR) of 1.26 (95%
confidence interval [CI]: 0.96-1.59).

The risk was most pronounced in the 0 to 7-day “current use”-period, and attenuated
in the subsequent time periods, 8 to 89-days and 90 to 365 days.

Similar results were found among courses of roxithromycin compared to penicillin
V. We identified 211 events (IR 0.6 per 1,000 pyrs) of cardiovascular death
compared to 858 events (IR 0.6 per 1,000 pyrs) among penicillin V courses. This
yielded a RR of 0.99 (95% CI: 0.86-1.16).

We did not find support for an increased risk in the “current use” (0 to 7 days) period
in the roxithromycin cohort.
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Subgroup analyses

Use of clarithromycin among women was associated with an increased risk of
cardiovascular death within one year (RR 1.69; 95% CI: 1.14-2.48) compared to
men (RR 1.00; 95% CI: 0.71-1.40), with P=0.05 for the test of homogeneity. Test
for homogeneity across strata for age <65> (P=0.82), and cardiac risk score
(P=0.52) did not support any significant differences.

Among users of roxithromycin there were no significant differences in any of the
subgroups: sex (P=0.84), age <65> (P=0.11), or disease risk score (P=0.90).

Supplementary analyses

In addition to the main outcome cardiovascular death within one year, we also
evaluated the risk of other cardiovascular death (ICD-10 codes 110-199 except those
included in the main outcome definition) and non-cardiovascular death (all codes
except 110-199) within one year for both cohorts. We found no significant difference
in the risk of other cardiovascular death when comparing clarithromycin to
penicillin V (RR 0.86; 95% CI: 0.57-1.29) or when comparing roxithromycin to
penicillin V (RR 0.97; 95% CI: 0.79-1.21). There was a slight difference in non-
cardiovascular mortality when comparing clarithromycin with penicillin V (RR
1.10; 95% CI: 1.00-1.22) as well as when comparing roxithromycin with penicillin
V (RR 1.20; 95% CI:1.14-1.27).

Finally, several sensitivity analyses were performed. Analysis only including the
first course of antibiotic among courses of clarithromycin and penicillin V yielded
a RR of 1.16 (95% CI: 0.75-1.79) and a RR of 0.95 (95% CI: 0.70-1.23) among
courses of roxithromycin and penicillin V, in line with the main results. Likewise,
the conclusion remained the same when removing the censoring criteria for
hospitalization, RR 1.04 (95% CI: 0.87-1.26) and RR 1.0 (95% CI: 0.87-1.11) for
respective courses of clarithromycin and roxithromycin compared to penicillin V.

There was a slight difference in all-cause mortality in users of roxithromycin
compared to penicillin V (RR 1.12; 95% CI: 1.07-1.18) but not among users of
clarithromycin compared to penicillin V (RR 1.06; 95% CI: 0.98-1.16).

Paper 11

From the study population of all Swedish adults aged 40-85 years we identified
2,456,901 courses of oral fluoroquinolones (n=1,542,175) and amoxicillin (n=914,726).
After applying exclusion criteria and 1:1 propensity score-matching the remaining
cohort consisted of 419,930 courses of oral fluoroquinolones and amoxicillin
respectively. The most common oral fluoroquinolone was ciprofloxacin (79.3%)
followed by norfloxacin (17.4%), moxifloxacin (1.78%), levofloxacin (1.11%), and
ofloxacin (0.47%). Covariate balance in the matched cohort was estimated, and within
acceptable limits (<0.1), according to estimation of standardized mean differences.
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Key findings

During the 60-day follow-up period, we found a doubled risk (HR 2.32; 95% CI:
1.01-5.35) of acute liver injury associated with oral fluoroquinolone treatment (18
events; IR 2.98 per 10,000 pyrs) compared to amoxicillin (8 events; IR 1.27 per
10,000 pyrs). The timing of events was analysed by breaking up the follow-up
interval in 10-day periods, which revealed that most (67%) events occurred within
the first 30 days following start of treatment (filled prescription).
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Figure 6: Cumulative incidence of acute liver injury, fluoroquinolones vs amoxicillin day 1-60.

Subgroup analyses

We observed a trend toward a higher risk of the outcome among older patients;
however, the difference was not statistically significant (P=0.14 for the test of
homogeneity across age groups <65>). No difference in risk was found in subgroup
according to sex (P=0.42).

Supplementary analyses

We observed a difference in all-cause mortality between the two cohorts in the first
30 days (HR 0.70; 95% CI: 0.61-0.79) of follow-up, but not in the subsequent 30-
day period (HR 1.02; 95% CI: 0.85-1.22).

Paper 111

From the study population of all Swedish adults aged 18-75 years, a total of
9,830,008 courses of penicillin V (n=7,601,340) and oral fluoroquinolones
(n=2,228,668) were identified. After exclusions and 1:1 propensity score-matching,
there remained 794,588 courses of penicillin V and oral fluoroquinolones
respectively. The main antibiotic in the oral fluoroquinolone cohort was
ciprofloxacin (88%). We calculated standardized mean differences for the
covariates to assess balance, which were all within acceptable range (<0.1). A visual
estimation of covariate balance prior and post matching was included.
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Propensity Score distribution prior to matching
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Figure 7: Distribution of propensity scores prior, and post matching

Key findings

We found no support for an increased risk of heart valve regurgitation associated
with oral fluoroquinolone treatment compared to penicillin V (HR 0.70; 95% CI:
0.43-1.11) during a follow-up period of 30 days.

Subgroup analyses

No differences in sex or age group (<65>) were found; test of homogeneity P=0.83
and P=0.45 respectively.

Supplementary analyses

A small but statistically uncertain increased risk of all-cause mortality was detected
among users of oral fluoroquinolones compared to penicillin V (HR 1.14; 95% CI:
0.94-1.40). None of the sensitivity analyses changed the main conclusion of no risk
difference.
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Paper IV

From the study cohort of all Swedish adults aged 18-85 years during the 2006-2018
time period, a total of 4,298,093 courses of flucloxacillin (n=2,913,601) and oral
clindamycin (n=1,354,492) were identified. After exclusions a total of 1,443,622
courses of flucloxacillin and 583,847 courses of oral clindamycin were available for
entropy balancing. Although this method achieves perfects balance among the
included covariates, we included a plot to visualise the balance before and after the
method was applied. The range of weights for the two cohorts was visualised in a
violin plot.
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Figure 9: Covariate distribution in unadjusted and adjusted (unbalanced and balanced) cohorts
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Weight distribution by treatment group
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Figure 10: Violin plot visualising the weight distribution after entropy balancing. 2.5 percentile: 0.28
and 97.5" percentile: 2.1 (among courses of clindamycin). Courses of flucloxacillin all have the weight
1 (see section on Entropy balancing for explanation)

Key findings
A substantially increased risk of acute liver injury was identified among users of
flucloxacillin compared to oral clindamycin, during a follow-up period of 45 days.

There were 219 events among flucloxacillin users compared to 9 events among oral
clindamycin users, corresponding to a HR of 7.32 (95% CI: 4.14-12.95).

Subgroup analyses

We found no statistical support for any differences across strata according to age
(<70>), sex, or number of prescriptions (1, 2, 3+) according to test of interaction:
P=0.72 and P=0.15 for age and sex respectively, and P=0.10 and P=0.36 for number
of prescriptions (2, 3+).

Supplementary analyses

Supplementary analyses included: using only the first exposure, using a stricter
outcome definition (i.e. excluding jaundice, ICD-10 code R17), and using a less
restricted cohort (not excluding on “no-use”-courses). Neither of these sensitivity
analyses changed the main conclusion. A small but statistically non-significant
increased risk of all-cause mortality was noted in the flucloxacillin cohort (HR 1.07;
95% CI: 0.94-1.23).
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Discussion

Adverse drug reactions (ADRs) not only pose a significant risk to patient health but
also impart a considerable financial strain on healthcare systems. Several studies
have estimated the prevalence of ADR-associated hospital admissions to be in the
range of 2-12% and lead to estimated annual costs of hundreds of millions of euros
(156-159).

Despite the advantage of randomization in clinical trials across the various phases
of drug development, it is not uncommon for these trials to miss rare adverse drug
reactions (ADRs) due to reasons described earlier in this text, such as scale,
generalizability, and ability to follow patients over longer periods of time (160). To
address these gaps, surveillance- and reporting systems have been established both
internationally and on a national level to capture trends or signals for these rare
ADRs. These systems enable the continuous monitoring of drugs as they enter the
post-marketing phase and becomes available to the general public. In this context
the field of pharmacoepidemiology plays a pivotal role and the application of
pharmacoepidemiologic principles to analyse patterns, causes and effects within
real-world settings contributes significantly to assessing drug-safety (161).

The following chapter will discuss the methodological strategies employed to
minimize bias in the included papers and examine the principal limitations to each.
We will revisit some concepts that were introduced earlier and elaborate on how
they influenced the research design decisions in each respective papers.

Study design and methodological considerations

The use of active comparators

All papers (I-IV) made use of active comparators as part of the previously described
ACPNU-design. The main concept is to use a comparator drug not known to affect
the likelihood of the outcome of interest, while at the same time share treatment
indications with the principal study drug. Employing this method aims to reduce not
only unobserved confounders but also aims mitigate the risk of confounding by
indication, in which the very reason for initiating drug treatment is associated with
the outcome. This type of confounding introduces potential bias when comparing
the risk of outcome among users of the drug of interest with instances of no-use,

56



where the baseline risk is not comparable due to the absence of infection. It is
important to acknowledge that individuals with an infection can differ significantly
from individuals who are uninfected. Infections stimulate the immune response,
often leading to systemic inflammation and metabolic changes that can predispose
an individual to a range of subsequent health issues.

Due to the absence of direct indication data in healthcare registers, we utilized
national treatment recommendations to guide our selection of comparator drugs. We
systematically analysed the all-cause mortality and especially the dispersion of ICD-
codes that were registered as the primary cause of death, between the drug of interest
and its comparator to make sure that there were no substantial differences which
could indicate a significant difference in baseline risk between the cohorts.

In paper I we used penicillin V as comparator drug to estimate the risk of long-term
cardiovascular death relative to macrolide use. Penicillin V has no known
cardiotoxic effect and shares indications with macrolides in Denmark as both classes
of drugs are used for respiratory tract infections.

Paper 11, where the risk of acute liver injury related to fluroquinolone use was
investigated, used amoxicillin as comparator drug. The drug has no known risk of
acute liver injury and shares treatment indications with fluoroquinolones, albeit not
perfectly aligned. Overlapping indications include respiratory- and urinary tract
infections. An alternative comparator drug to amoxicillin was considered in
trimethoprim-sulfamethoxazole (TMP-SMX). However, it was ultimately deemed
unsuitable due to its relatively higher propensity for adverse drug reactions, which
could confound the results. In addition, TMP-SMX was not prescribed in sufficient
quantity to make for an adequately sized comparator cohort.

The comparator drug in paper III, where the risk of heart valve regurgitation
associated with fluroquinolone use was investigated, was penicillin V. Penicillin V
and fluroquinolones share indications mainly within respiratory tract-infections.
However, several factors influenced the choice of penicillin V as the comparator drug:
its non-association with the outcome of interest, the precedence of a Danish register-
based study using the same comparator, and the general alignment of treatment
guidelines between Denmark and Sweden. Confirmatory sensitivity analyses using
amoxicillin as comparator upheld the primary conclusions, reinforcing the validity of
our findings. Amoxicillin was considered as the primary comparator drug in this study
but due to its use as endocarditis prophylaxis in dental work, and its relatively (to
penicillin V) limited use, it was deemed as a less optimal candidate.

The choice of study drug in paper IV was more direct, comparing the risk of acute
liver injury in users of flucloxacillin with oral clindamycin. These study drugs are
in large completely interchangeable for most infections they are used to treat in the
Swedish setting, namely skin- and soft tissue infections (SSTI), and prosthetic joint
infections. Finally, clindamycin is not specifically linked to the risk of acute liver

injury.
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The prevalent new user design

A variation of the prevalent new user design (episode-based) was used for all papers
(I-IV). This approach allowed for an individual to contribute with more than one
episode of study drug use if the courses did not overlap, and the user did not
experience the outcome. As a result, the study drug-free interval (or washout period
depending on perspective) prior to filled prescription, varied from 30 days in paper
I to 60 days in paper II, 120 days in paper III, and 180 days in paper IV.

In paper I we wanted to investigate whether a course of macrolide use
(clarithromycin and roxithromycin) would increase the risk of long-term
cardiovascular death. To isolate the influence of macrolides on this long-term
outcome, we excluded courses that were preceded by any antibiotic use the past 30
days. This interval was chosen to mitigate the risk of confounding by severity, as
multiple courses of antibiotics in a short period of time could indicate a more
advanced and severe clinical course of infection which independently could
influence the risk of long-term cardiovascular death. Multiple courses of antibiotics
in the time period before start of follow up, would also make it difficult to elucidate
which exposure was the potential cause of a subsequent outcome. Moreover, the
literature suggests an acute and transient increased risk of cardiac toxicity,
especially during the first week of treatment, subsiding to “baseline” thereafter
(162). This supports the biological plausibility of an acute, pro-arrthythmic effect of
macrolides described earlier. By implementing a 30-day antibiotic free lead-in
period, we aimed to reduce the influence of such short-term effects, instead focusing
on the long-term cardiovascular risk of macrolide use. In addition, courses were not
allowed to overlap, to reduce the risk of misattributing the effect of prior treatment
courses with the current one.

In papers II-IV we let the period of no-use mirror the follow-up period so that the
courses naturally would not overlap. The period of no-use was restricted to use of
study drugs instead of all antibiotics such as in paper 1. This approach aimed to
minimize confounding especially related to recent or repeated use of the drugs of
interest, rather than confounding by antibiotic use in general, which may not be as
relevant for acute outcomes as the long-term outcomes that were investigated in
paper 1. Furthermore, imposing too severe restrictions on the study cohort (i.e. all
prior antibiotic use for extended durations) would often lead to a significant decrease
in statistical power as well as generalizability of our findings.

The risk window

Risk window refers to the period of drug intake and the subsequent period of risk
increase (163). The specification of the risk windows for papers I-IV were
informed by several factors. In all papers the start drug intake was assumed to be
anchored with date of filled prescription, also defined as the index date or start of
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follow-up. The period of drug intake was established based on the typical duration
of therapy as recommended in national guidelines, for the infections commonly
treated with the study drugs.

A proposed risk trajectory is a period of high risk associated with the duration of
drug administration (“current-use”-period), followed by a period of diminishing
risk, and ending with a period of “return to baseline”-risk where the effect of the
drug completely tapers off (164). The window must, of course, align with the
research question at hand, the existing literature, as well as the pharmacokinetic and
pharmacodynamic properties of the drug of interest.

In paper I we were less interested in the acute effects of macrolide use and instead
focused on the long-term risk of cardiovascular death. The studies that prompted the
investigation, reported an increased risk that extended months-to-years past a
completed course of treatment. Therefore, a follow-up period of 365 days was
deemed sufficient to capture late risk increased of the outcome. In complementary
analyses, however, we estimated the rate ratio in the time periods 0-7 days, 8-89
days, and 90-365 days; periods that were chosen to mirror the risk trajectory
described earlier.

Similar reasoning was used to define the risk windows in paper 1I-IV. Paper 11
explored the risk of acute liver injury associated with fluoroquinolone use, and a
primary risk window of 60 days reflected the current body of evidence as well as
the underlying mechanism of injury associated with its use. The timing of events
was further granularized by including analyses of 10-day-intervals. Paper III
defined the primary risk window to 30 days which also was supported by previous
reports on the timing of association of fluroquinolone related connective tissue
events (67). Two subsequent intervals of 31-60, and 61-120 days were included to
capture potential late-presenting effects of fluoroquinolone exposure. In study IV
we wanted to quantify the already known risk increase of flucloxacillin use on acute
liver injury. The process is well described and entails an acute immunoallergic effect
that takes place during or shortly after drug exposure. Therefore, the main risk
window was set to 45 days.

Identifying an elevated risk associated with the period of active drug exposure that
diminishes after discontinuation, supports a causal effect of the drug of interest on
the outcome. However, a persistent long-term difference in risk, might reflect not
only a causal effect but also pre-existing differences in baseline risk between the
compared cohorts. This observation underscores the importance of the steps that
need to be taken to ensure comparable cohorts with respect to baseline covariates.

The survival (time-to-event) methods

In paper II-1V Cox proportional hazards was used to estimate the hazard ratios for
the outcomes of interest. This method was preferred due to its ability to handle
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censoring effectively and allowing for hazard ratio estimation without the need to
specify the underlying risk over time (baseline hazard). If the proportional hazards-
assumption is not violated, the method is particularly suited for survival analysis,
where the interest lies in assessing the effect of the covariates on the hazard over
time. Moreover, the model is suitable in scenarios where the baseline hazard is
assumed to vary over time.

In paper II-IV we anchored time scale to the date of entry, defined as date of filled
prescription, to estimate hazard ratios. This approach ensured that the timing of drug
exposure and subsequent risk of the outcomes could be accurately captured.

In paper I, however, Poisson regression was used to calculate rate ratios for the risk
(incidence) of long-term cardiovascular death in the two cohorts. The primary
reason for the use of Poisson regression in paper I was due to technical constraints
at the time (2018), where attempting to perform Cox regression was met with
computational issues due to the sheer number of observations in the cohorts.

Although the increase in events during the first 7 days of treatment was notable, the
overall rate and the within-period (0-7, 8-89, 90-365 days) rates remained within
the boundaries the Poisson distribution and did not violate the mean-variance
equivalence.

The two methods can in many situations be used interchangeably given that the
assumptions for each hold true, but the interpretation of the results differs. The
hazard (ratio) derived from Cox regression refers to the instantaneous risk of an
event occurring at a certain moment in time, given that the individual has survived
up to that point (95, 150). This is inherently time relative as it reflects the change in
risk over the duration of the time period.

In contrast, the rate ratio from Poisson regression is an estimation of the overall risk
or incidence rate, reflecting an aggregated measure over time without capturing
time-varying risks (assuming Poisson distribution) (95, 150).

In short (and simplified): hazard ratios are valuable for understanding the timing of
the risk and rate ratio for assessing the overall risk burden.

The use of restrictions

Restricting the cohort by defining precise inclusion- and exclusion criteria is an
effective method to reduce possible confounding factors that influence the internal
validity of the study results. However, too much restriction has the potential to
significantly hamper the external validity, or generalizability, of the results.
Consequently, the inclusion- and exclusion criteria requires careful consideration
and choices must be informed by the study objectives, expected disease
epidemiology in different age intervals, drug profiles, etc.
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In all papers, we used an age-based inclusion criteria, with the specific intervals
varying to suit the research question addressed in each paper. In paper IV, a broad
age range of 18-85 years was chosen. We used this interval to ensure a generalizable
and heterogenous cohort to capture the incident cases of acute liver injury across the
full spectrum of adult individuals to be able to estimate the overall magnitude of
association between flucloxacillin and the outcome. In addition, flucloxacillin and
oral clindamycin are used in a wide range of infections that affect young and old
people alike and their usage is not typically restricted by age. We also wanted to
estimate if advanced age was a modifying factor, as was implied in previous studies.
The study cohort in study I1I was also based on a relatively wide age interval of 18-
75 years. The main reason for using this interval was that we wanted to be able to
add valid and generalizable data to the body of evidence regarding the proposed
association between fluoroquinolone use and the risk of the potentially life-
threatening event of heart valve regurgitation. Prior studies in similar settings had
studied the risk in an even wider age range (up to 100 years of age) but we
determined that adopting a similar interval would risk introducing confounding
factors related to frailty and advanced age. Moreover, our data demonstrated that
incident cases occurred predominately within the older population segment.

In paper I and II we included adults within a slightly narrower age span, 40-to-74
and 40-85 years respectively. In paper I our objective was to assess the long-term
risk of cardiovascular death within a generalizable population, having a low baseline
risk for this outcome. We noted that some existing studies suggesting a link between
fluoroquinolone use and increased long-time risk of cardiovascular death were
conducted among populations with a relatively high baseline risk. Consequently, we
hypothesized that this risk increase could be confounded by elevated baseline risk
characteristics in the study samples and used a slightly narrower interval.

The age-interval in paper II followed a similar reasoning as in paper I and the
underlying data was determined to allow for inclusion of slightly older patients. The
expansion allowed for an increase in statistical power and ensured the accrual of a
sufficient number of outcome events, enhancing the ability to detect potential
associations between fluoroquinolone use and the risk of acute liver injury.
Furthermore, we determined that the prescription patterns for fluoroquinolones and
amoxicillin would exhibit a less age-related bias compared to the patterns between
macrolides and penicillin V. In particular with respect to respiratory infections in
patients with COPD, where age may confound the choice of treatment due to
increasing prevalence in older individuals.

In papers I-IV we also excluded on medical history. A five year-lookback was used
for a priori-ascertainment of drug use- and medical history at the time of filled
prescription. To ensure a representative and accurate covariate ascertainment, we
excluded patients with no register activity the past year (two years in paper I).
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In general, the exclusions on drug use and medical history aim to reduce the risk of
confounding by including patients with a relatively higher risk of the outcome at
baseline. Therefore, patients with covariates indicative of serious disease such as
end-stage illnesses (end-stage renal disease, cancer, severe dementia, serious
respiratory- or neurologic disease, etc.), substance abuse, HIV/AIDS, congenital
anomalies, organ transplant, etc., were excluded. Any history (e lookback) of the
outcome diagnoses was used as exclusion criteria in papers II-IV. These
restrictions were implemented to exclude patients with pre-existing conditions
related to the outcome of interest, such as patients with a history of heart valve
regurgitation (paper III) or those with a history of liver disease (paper II and IV),
and therefore isolate the incident cases.

As we had no information on in-hospital drug use, we excluded patients that had
been hospitalized for any reason prior to filling a study drug prescription. The
“hospitalization-free” interval varied from 30 days in paper I, to 60-, 365-, and 180-
day intervals for papers II-IV. The variation was mirrored by the different follow-
up periods in the papers.

Likewise, we excluded courses where multiple antibiotic prescriptions were filled
simultaneously, as it would be impossible to discern the independent causal effect
attributable to a specific agent.

The use of propensity score matching and entropy balancing

All papers used some form of summary score. Paper I-II1 made use of propensity
score-matching and in paper IV entropy balancing methods were employed.

Covariate selection was based on an a priori selection of variables with the potential
to influence the outcome, collected from the different healthcare registers in
Denmark (paper I) and Sweden (paper 1I-1V) (see section on covariate selection
for the reasoning behind this approach) (133). Although the absolute number of
covariates used in the summary scores varied for each study, the categories
remained consistent. The categories included demographic characteristics (age, sex,
geographic- and temporal specifics), medical history, drug use, and healthcare
usage. The selection of covariates was aimed to capture a wide range of baseline
characteristics that would reflect an individual’s overall health status, including
frailty aspects, patterns of drug utilization, and healthcare usage. This approach
significantly reduced the risk of confounding by differences in baseline health status
between cases and controls.

For paper III and IV we expanded the number of covariates ascertained for the
medical history-category, based on a recently published reclassification of
infectious disease-related ICD-10-codes (165).
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Paper I included subgroup analyses based on a third type of summary score, the
disease risk score (DRS), explained in detail in previous sections. This score was
not included as a predictor in the propensity score-estimation, but instead used to
stratify the cohorts into low — moderate — high-risk individuals.

The external validity

Given the completeness of both Danish and Swedish register data, coupled with the
nationwide coverage and indiscriminate access that is the hallmark of Scandinavian
healthcare, these results are considered representative of the overall population. As
discussed earlier, however, there are always some compromises between external
and internal validity that need to be considered.

As previously discussed, focusing too much on internal validity and elucidating a
causal inference by, for example, applying “aggressive” restrictions can lead to an
obvious loss of generalizability by leaving a study cohort that is highly selective and
not representative of the broader population.

The purpose of restrictions and matching procedures in papers I-1II was aimed at
creating study cohorts with as similar background characteristics as possible,
enabling the isolation of a causal effect of the treatment on the outcome. Given the
population-based selection of the source population for papers I-111 we believe that
we could afford a significant focus on the internal validity without compromising
too much on the external validity of the results. Paper IV had a somewhat different
focus which lay on estimating the magnitude of risk, or incidence, in the general
population. Thus, a less restrictive age-interval was chosen, and the sensitivity
analyses included a model with less strict exclusion criteria.

The misclassification of exposure and outcome

The concept of non-differential and differential misclassification has been discussed
earlier. In summary, a non-differential misclassification in exposure (or outcome)
produces a bias toward (or, in extreme cases beyond) the null (95, 106, 107).
Differential misclassification, however, can affect the bias in either direction, away
from, or towards the null (106, 108).

Exposure

In papers I-1V, exposure was defined as a filled prescription by any of the study
drugs. Courses were treated according to the per-protocol, or “as-treated”-principle
where we censored courses that were interrupted, during follow-up, by the filling of
a new antibiotic or by being hospitalised. Otherwise, the patient was presumed to
adhere to the initiated regimen. Non-adherence during follow-up due to differences
in baseline characteristics has the potential to introduce bias, but considering the
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efforts made in our studies to minimize these differences, any exposure
misclassification would be non-differential and as such occur similarly across the
treatment cohorts. A significant difference in rates of antibiotic switch and
hospitalization between cohorts could be an indicator and source of differential
misclassification, although none of the studies displayed such patterns.

Outcome

In papers I-1V we used Danish and Swedish inpatient-, and cause of death registers
to capture outcome diagnoses. None of the ICD-codes used for outcome capture
have been formally validated. This will be discussed in more detail in the section on
study limitations. Several studies on the validity of diagnoses registered in the
Danish and Swedish registers have been published (78, 83, 85, 92, 93, 166). In
particular, the overall validity (PPV) of the Swedish National Inpatient Register has
been estimated to 85-95% (78). The overall validity of causes of death in both
Sweden and Denmark has not been formally investigated but has historically been
regarded as high, yet the recent and notable decrease in autopsy rates in both
countries could compromise the reliability of this data (83, 92).

In paper II and IV in which we found an increased risk of the outcome in users of
the study drug (oral fluoroquinolones and flucloxacillin respectively), we reasoned
that any misclassification would be non-differential and as such bias the estimate
towards the null. In contrast, the results of paper I and III indicated no certain
difference in risk of the outcome between the compared treatments, and using the
same reasoning could influence the interpretation of these null results. However,
misclassification to a degree that would completely reduce any risk differences
seems unlikely as this would require an unreasonably low diagnostic performance
of the diagnostic tests involved.

Study limitations

The validity of outcome diagnoses

A key limitation of all included papers (I-IV) is the lack of validation of the
outcome diagnoses. Paper I estimated the risk for the outcome of cardiovascular
death, and although the diagnoses had not been formally validated, a study
examining the validity of the diagnosis of definite and possible myocardial
infarction as a cause of death in the Danish Registry of Causes of Death estimated
the PPV to be 86% (93). Likewise, in paper III we estimated the risk of heart valve
regurgitation based on diagnoses captured in the Swedish Inpatient Register and
Causes of Death register. Echocardiography, the gold standard for diagnosing valve-
related disease, is widely accessible in the Swedish healthcare system. A 2018 study
on cardiomyopathy in Gothenburg, Sweden, reported that echocardiography was
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performed in 95% of the cases (as of 2009) and it can be reasonably presumed that
this percentage has been maintained or even increased to date (167). Furthermore,
Doppler ultrasound which is the primary method to assessing valve insufficiency,
has demonstrated a sensitivity of 94% for detecting both aortic- and mitral valve
regurgitations (168). Considering this, it can be assumed that most heart valve
regurgitation diagnoses registered in healthcare databases are based on highly
sensitive methods, implying high PPVs.

The difficulties in diagnosing drug-induced liver injuries have been discussed
earlier. In papers II and IV we used a combination of ICD-codes to capture
suspected cases of acute liver injury, that have been estimated to have a PPV of 74%
(95% CI: 60%-85%) in a Danish setting (169). In paper II we sought to estimate a
causal effect of oral fluoroquinolones on the risk of acute liver injury, whereas in
paper 1V the causal effect of flucloxacillin on the risk of acute liver injury was not
in question. In paper II, we therefore purposefully left out the ICD-code for
jaundice (R17). Considering the relatively high PPV for the selected outcome
diagnoses used in paper II, we would avoid capturing diagnoses specifically related
to non-toxic hepatobiliary conditions.

In summary, the absence of validated diagnoses for acute liver injury in a Swedish
setting is one of the major limitations of paper II and IV, and a target for future
research endeavours.

Choice of comparator drug and the risk of confounding by indication/severity

In paper II and III we used amoxicillin and penicillin V as comparator drugs to
oral fluoroquinolones to minimise the risk of confounding by indication, reasoning
that there was sufficient indication overlap to justify this choice. Although there are
overlapping indications such as respiratory- and urinary tract infections, the drugs
are, inarguably, not completely interchangeable (170). Finding a suitable
comparator drug is a multifaceted process that involves several considerations, not
only overlapping indications. Some potential comparators, despite being clinically
relevant, were prescribed too infrequently and did generate large enough data for
robust analysis. In addition, some candidates proved much more difficult to match
with the study drug than expected, for reasons that seemed to stem from a
combination of age and frailty bias that was difficult to ameliorate by restrictions
alone. Also, in some situations the comparator candidate (or the study drug) was on
the same treatment path, i.e. used if the other drug proved ineffective, opening for
potential biases.

However, several measures were taken to elucidate if the underlying infection for
which the drug was prescribed, systematically influenced the outcome. In both
paper II and III we noted similar mortality patterns, as indicated by ICD-codes,
which served as an indirect indicator that our efforts to homogenize the baseline
characteristics of the treatment and control courses were successful, and that the
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underlying infection for which the drug was prescribed was equally severe.
Especially in paper III we were concerned about lacking overlap of treatment
indications between oral fluoroquinolones and penicillin V. We estimated hazard
ratios for the outcome of heart valve regurgitation using amoxicillin instead of
penicillin V as the comparator, which did not change the main conclusion. Similarly,
analyses using outcomes of unquestionable severity such as heart valve surgery, did
not alter the main conclusion.

In all papers (I-1V), exclusions on recent use of study drugs and hospitalization
should reduce the risk of including courses that were prescribed due to lack of effect
from the alternate study drug. We also excluded instances where multiple antibiotic
prescriptions were filled on the same day. This approach ensured that our studies
did not inadvertently capture treatments with combination therapy such as oral
fluroquinolone or amoxicillin, combined with oral metronidazole. Such
combinations could, especially in an outpatient setting, indicate a strong suspicion
of gastrointestinal or biliary infection, which in turn could independently increase
the risk of acute liver injury (especially relevant in paper II). Additionally, patients
with any prior hospital contact indicating liver injury were excluded which would
reduce the risk of including patients with a propensity for liver related diagnoses.

In summary, selecting a comparator drug presented significant challenges, and a
perfect match in any of the papers I-IV was not possible due to reasons previously
described. Consequently, the conclusions drawn from our results should be
interpreted as components of a broader investigative framework and as such,
contribute to a cumulative understanding rather than definitive on their own.

Recently, there have been developments surrounding the active comparator-
approach, which could open for alternative methods in situations where finding an
appropriate comparator drug proves difficult (113).

Unmeasured confounders

In all included papers (I-1V), we lacked data on critical lifestyle factors such as
smoking, alcohol- and drug consumption, body mass index (BMI), and exercise
patterns. Given that these factors are known to potentially influence the outcomes
in epidemiological research, their omission likely introduces some degree of
unmeasured confounding in each study, potentially affecting the validity of the
results.

More specifically, smoking has a known detrimental effect on the cardiovascular
system due to oxidative stress and systemic inflammation (171). Likewise, alcohol-
and drug consumption can confound the outcomes due to their toxic effect on both
the liver and the cardiovascular system. BMI and obesity, as well as exercise
patterns, are significant confounders that are independently associated with
metabolic disturbances, which increases the risk of hepatic and cardiovascular
conditions, such as hepatic steatosis and atherosclerosis.

66



Comparison with other studies

The findings in paper I present a contrast to the outcomes of two publications which
reported an increase in long term risk of cardiovascular events (including mortality)
(55, 56). The first, a randomized study comparing the risk of cardiovascular
outcomes in patients with stable coronary heart disease that received a short-term
course of clarithromycin or placebo, reported an increased risk of cardiovascular
mortality (HR 1.45, 95% CI: 1.09 to 1.92) in clarithromycin users that seemed to
persist several years after drug exposure (55, 172, 173). However, only 32% of
eligible patients were included and despite randomization, an imbalance in smoking
status between the two groups was noted. This could imply that there were
confounding factors related to differences in baseline health, especially with respect
to pre-existing cardiac disease.

The second study reported an increased 1-year risk of cardiovascular events in users
of clarithromycin compared to users of two other antibiotics, in two cohorts of
patients presenting with acute exacerbations of COPD and community-acquired
pneumonia; HR 1.50 (95% CI: 1.13 to 1.97) and HR 1.67 (95% CI: 1.04 to 2.68)
(56). However, the study population was presumed to have a high baseline risk of
cardiovascular risk, which could have biased the estimates.

Several other publications examining the risk of cardiovascular events among users
of both clarithromycin and roxithromycin, reported no association (57-64).

More recently, a nationwide cohort study among COPD patients treated with
macrolides, found no increased risk of cardiovascular events during a three year
follow up period (174).

Based on the large sample size of our study, and given the upper limits of the
confidence intervals, we could rule out an increased relative risk of cardiovascular
death of 60% for clarithromycin and 16% for roxithromycin.

The results in paper II align with at least three other publications that have
investigated the risk of acute liver injury in users of oral fluoroquinolones (46, 47,
70). The first study reported an OR of 1.9 for acute liver injury among elderly users
of levofloxacin compared to clarithromycin (47). There was, however, limited
information on concurrent drug use and causes of death in the cohorts, why
confounding factors affecting the baseline risk could not be excluded.

The second study reported a RR for acute liver injury of 3.2 and 2.3 respectively for
use of levofloxacin and moxifloxacin; however, no active comparator was used,
which increases the risk of confounding by indication (70).

The third study used a case-control design and reported an OR of 1.3 for acute liver
injury among users of ciprofloxacin (46). They reported no such difference among
users of levofloxacin or moxifloxacin. There was a significant difference in baseline
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characteristics between cases and controls in this study, which could have biased
the results.

Paper III was initiated due to reports on the association between heart valve
regurgitation and oral fluoroquinolone use (26, 175). The study, based on data from
north American insurance claims databases, reported an increased risk of heart valve
regurgitation between users of oral fluoroquinolones compared to users of
amoxicillin and azithromycin, corresponding to a RR of 2.40 and 1.75 respectively
(26). Although attempts were made to control for differences in baseline
characteristics between cases and controls, there was notable imbalance. In addition,
populations ascertained from insurance claims databases may be subject of a certain
selection bias.

A Danish study compared the risk of heart valve regurgitation among users of oral
fluoroquinolones with penicillin V and, like our study, found no significant
association (HR 1.0, 95% CI: 0.95 to 1.23) (71).

Paper IV explored the magnitude of risk for acute liver injury associated with use
of flucloxacillin in a Scandinavian setting. We compared our results to a UK-based
study which reported a risk of 8.5 / 100,000 individuals when comparing use of
flucloxacillin with oxytetracycline (72). The study is based on data from the UK
Clinical Practice Datalink (CPRD), which encompasses the majority of primary care
visits in the UK (176). Consequently, an underestimation of the risk is plausible due
to the indirect exclusion of cases of greater severity, which would likely seek
specialist or hospital-based care instead. In addition, the use of oxytetracycline as
the comparator may also influence the results, given that it has fewer indications in
common with clindamycin, the antibiotic utilized as comparator in our study.
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Conclusions

Paper I

In this nationwide cohort study of Danish adults from 1997 to 2011, we found no
increased risk of long-term cardiovascular death among users of clarithromycin or
roxithromycin compared to penicillin V. A transient risk increase was observed
among clarithromycin users during the first week of treatment, which attenuated in
subsequent time periods.

Paper 11

In this nationwide cohort study of Swedish adults from 2006 to 2014, we found an
increased risk of acute liver injury among users of oral fluoroquinolones compared
to amoxicillin. The absolute risk difference was estimated to be 5 events per 1
million courses.

Paper 111

In this nationwide cohort study of Swedish adults from 2006 to 2018, we found no
increased risk of heart valve regurgitation among users of oral fluoroquinolones
compared to penicillin V. The absolute risk difference was estimated to be -13
events per 1 million courses.

Paper IV

In this nationwide cohort study of Swedish adults from 2006 to 2018, we estimated
the risk of liver injury associated with flucloxacillin use to be seven times greater
compared to clindamycin, corresponding to an absolute risk difference of 11 cases
per 100,000 treatment courses.
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Further implications

The global consumption of antibiotics has increased dramatically between the years
2000 and 2015 and without immediate policy intervention, it is projected to rise by
as much as 200% by 2030 (65). This surge in antibiotic use is a major contributing
factor to the increase in antibiotic resistance, which is considered one of the top
threats to global health according to the WHO (177). Drug-resistant pathogens are
likely to increase dramatically, severely limiting the treatment options. Previously
manageable infections could become more deadly and medical procedures that
depend on prophylactic treatment with antibiotics, such as surgery or chemotherapy,
may face increased risks.
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Figure 9: Consumption trends for the four most used antibiotics globally 2000 to 2015 in DDDs per
1,000 inhabitants per day. HIC = high income countries; LMIC = low- and middle income countries; UM
= upper middle; LM = lower middle (65). Creative Commons Licence:
http://creativecommons.org/licenses/by/4.0/; no changes were made.

Treating infections caused by multi-resistant bacteria often requires the use of
antibiotic combination therapy, in which drugs are selected for their synergistic
effects to enhance the probability of bacterial eradication. The antibiotics studied in
this thesis — fluroquinolones, macrolides, and beta lactams such as flucloxacillin —
are commonly included in these regimens.

While it is of importance to monitor antibiotic consumption to limit the development
of resistance, it is of equal importance not to unduly restrict effective antibiotics due
to reports on adverse reactions.
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Paper 1 explored whether the use of the macrolides clarithromycin and
roxithromycin increased the risk of long-term cardiovascular death, and found no
such association. Most prior reports that had reported an association between these
drugs and cardiovascular death were conducted in populations with a presumed high
baseline risk of the outcome (55, 56, 172, 173). We therefore concluded that our
results should be considered a stepping stone to repeated studies in the matter,
preferably in more select populations such as in those with a high baseline risk of
cardiovascular disease.

In paper II we found an increased risk of acute liver injury associated with oral
fluoroquinolone use. We estimated the absolute risk to be 5 additional cases per one
million episodes. Our results align with several other studies (46, 47, 70).
Considering the small absolute increase in risk, these findings should be integrated
into a nuanced clinical decision-making process, instead of resulting in broader
changes in prescription patterns or public policies regarding its use. Nonetheless, in
specific clinical scenarios — such as in patients with pre-existing liver disease, or
those concurrently using drugs with hepatotoxic potential — these findings may
warrant heightened awareness.

Paper III was conducted in response to communications from both the FDA and
the EMA regarding potential risk of cardiovascular (blood vessel and heart valve)
events related to use of fluroquinolones (175, 178, 179). Following a study
published in 2019, in which the authors reported an increased risk of aortic- and
mitral valve regurgitation among users of fluoroquinolones, a Danish study
investigating the issue found no such association (26, 71). In line with the Danish
study, our results could not confirm an association between heart valve regurgitation
and the use of fluoroquinolones. Based on the large study sample of our study and
the upper limit of the confidence interval, we estimated that we could rule out an
increased relative risk of 11% of heart valve regurgitation.

Although our results provide a measure of reassurance to healthcare providers
regarding the cardiovascular safety of fluoroquinolones, these results should be
viewed as part of the body of evidence that informs a more comprehensive
understanding of fluoroquinolone safety. The absence of an association with heart
valve regurgitation found in our study supports the continued use of fluroquinolones
when clinically appropriate, but also underscores the need for continued
pharmacovigilance.

The results from paper IV indicated that there was a markedly increased risk of
acute liver injury associated with flucloxacillin use. We estimated the incidence of
acute liver injury to be 15 per 100,000 treatment courses. In Sweden, approximately
350,000 prescriptions of flucloxacillin were filled in 2023, indicating that roughly
53 cases of acute liver injury could be attributable to this antibiotic therapy annually,
underlining the necessity for continued vigilance among clinicians (180).
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