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ABSTRACT
The aim of this thesis was to describe prevalences and frequencies of potential DDIs in the
Swedish outpatient population, and the clinical effects in treatment with oral anticoagulants.
Two cross-sectional studies were conducted to establish the prevalence and frequency of
potential DDIs among Swedish outpatients. Study I included the whole outpatient population
in Sweden, and study II the pediatric outpatient population. The prevalence of clinically
relevant potential DDIs among patients with at least two drugs was 19 % and 1.4 %
respectively. The proportions of clinically relevant DDIs that potentially lead to reduced
treatment effect were 49 % of class D interactions (recommendation to avoid) and 54 % of
class C interactions (may require e.g. dose adjustment) in the whole population. The
corresponding proportions were and 48 % and 32 % in the pediatric population. A limited
number of drugs were involved in a large proportion of potential DDIs. Furthermore, many of
the clinically relevant DDIs may lead to reduced treatment effect, an aspect of interactions
that may be underestimated in clinical practice.
In study III, a cohort of warfarin patients was studied to analyze the longitudinal effects of
initiation of amiodarone therapy on warfarin dose and INR. The mean weekly warfarin dose
was 24.6 % lower after initiation of amiodarone (95 % CI, 23.5–25.6 %; P < 0.001). Mean
weekly INR peaked the third week of concomitant treatment. The fraction of patients with an
INR over 3 was 37.1 % at that point, compared to 11.7 % at baseline.
The increased risk of bleeding or thromboembolism, potentially associated with DDIs among
patients treated with non-vitamin K antagonist oral anticoagulants (NOACs), was
investigated with survival analyses in study IV. Atrial fibrillation outpatients were included in
the cohort. Compared to patients not exposed to the interacting group of drugs, exposure to
potential pharmacodynamic DDIs were associated with an increased risk of any severe bleed,
for patients with apixaban HR (95 % CI) 1.47 (1.33-1.63), rivaroxaban 1.7 (1.49-1.92), and
dabigatran 1.26 (1.05-1.52). In addition, exposure to CYP3A4 and/or P-gp inhibitors was
associated with an increased risk of any severe bleed for patients treated with apixaban 1.23
(1.01-1.5). No significant effects could be established for patients exposed to inducers of
CYP3A4 and/or P-gp.
In conclusion, one fifth of patients with at least two drugs in the whole Swedish outpatient
population was exposed to potential DDIs. The identified drugs and potential clinical
consequences need to be considered in clinical practice to avoid adverse events. Patients
initiated on amiodarone during warfarin treatment had a mean dose reduction of 25 % and
close monitoring during the first weeks is important to avoid supratherapeutic anticoagulant
effect. Pharmacodynamic and pharmacokinetic DDIs with NOACs expose atrial fibrillation
patients to increased risk of bleeding. These DDIs are important to consider from a risk
benefit assessment perspective in patients treated with NOACs.
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1 INTRODUCTION
The general theme of this thesis is drug-drug interactions (DDIs) and a specific focus is given
to interactions with oral anticoagulants. Specifically, four studies have been conducted, two
on exposure to potential DDIs and two on the clinical effects of DDIs in treatment with oral
anticoagulants. Initially, before the study plan for the whole thesis was decided upon, we
conducted the study I of exposure to potential DDIs in the whole Swedish population of
outpatients. As we gradually formed the study plan for the thesis, we wanted to follow up on
a number of research questions related to the general field of DDIs. In the study II we focus
on the prevalence of DDIs in the pediatric subgroup of the population, that we expected
would have a different mix of prescribed drugs compared to the whole population.
Furthermore, we wanted to study the clinical outcome of DDIs. The DDIs of the many
combinations of drugs that emerged from study I and II have a wide variety of potential
clinical effects, increased risk of bleeding was one of the most frequent potential effects.
Anticoagulants are widely used and DDIs can potentially result in dire consequences for
patients. Increased risk of bleeding as well as reduced treatment effect and risk of
thromboembolism are potential consequences of DDIs with anticoagulants. Consequentially,
to study the clinical effects of DDIs we chose to focus on oral anticoagulants in study III and
IV. In study III we focused on a single DDI between warfarin and amiodarone and the effect
on dosing and INR. In contrast, study IV is focused on the whole group of non-vitamin K
antagonist oral anticoagulants (NOACs) and the clinical outcome of interactions. Together,
the four studies constitute different pharmacoepidemiologic approaches to study DDIs and
the results give insights into the overall exposure to potentially interacting drugs in the
outpatient population as well as specific clinical effects of DDIs with oral anticoagulants.

In the following text a background to the project will be given by a description of research on
the epidemiology of clinical consequences of DDIs. Furthermore, mechanisms that lead to
DDIs will be described as a background to how interactions occur. Databases and
classification systems for DDIs, used in clinical practice and observational research will be
presented. Evidence base and interaction databases as clinical tools and in relation to
observational research will be discussed. The methodologies and results of the studies of this
thesis will be presented and discussed in light of the results of others. Furthermore, the
methodological advantages, challenges and limitations related to design of the studies in the
thesis will be discussed.

From theoretical and methodological perspectives there are many ways to approach research
on DDIs. Pharmacokinetic studies are necessary to understand the magnitude of influence on
a drug's metabolism by an interaction. In addition, other types of studies contribute to
establishing the clinical impact in a patient population. In the studies of this thesis we focus
on the prevalence, frequencies, and clinical impact among patients, of drugs where there is
1

evidence suggesting DDIs. It is important to keep in mind that the basis for studies of clinical
impact is the evidence of mechanistic impact. Consequentially, the overarching objective in
this text and in the studies of the thesis is to understand to what extent interacting drugs are
used in combination, despite knowledge of the interacting effect, and to study the clinical
impact of known interactions with anticoagulants.

1.1

TERMINOLOGY

1.1.1 Drug-drug interaction
The terms “DDI” and “drug interaction” are not equivalent. DDIs result from the interaction
between two drugs. The term “DDI” is restricted to interactions between drugs whereas the
term “drug interaction” includes interaction effects on drugs by e.g. other drugs, foods,
supplements, herbal remedies, or medical conditions and diseases. Consequentially, the term
“drug interaction” is wider than the term “DDI” and the concept includes terms like “drugfood interaction” or “drug-disease interaction”. However, the term “drug interaction” is
sometimes used pragmatically for brevity in a context where it can be understood to denote a
DDI.

From a mechanistic perspective DDIs are generally classified as either pharmacokinetic or
pharmacodynamic [1]. Pharmacokinetic interactions occur when one drug affects the
systemic exposure level or tissue concentration of another drug in the body. These
interactions occur when the absorption, distribution, metabolism, or excretion of a drug is
affected [2]. Pharmacodynamic interactions by contrast, occur when the pharmacological
effects of two drugs coincide, modulate or antagonize each other. This type of interactions
can occur both at the target tissue and in other tissues by additive, synergistic or antagonizing
effects, or adverse effects, of drugs.

1.1.2 Potential DDI and clinical effect
The terminology used when discussing DDIs in relation to clinical effects can be somewhat
confusing. “DDI” is commonly used meaning interacting drug combinations that lead to
actual clinical outcomes. The term “potential DDI” is used to denote a combination of drugs
that have a mechanism for interaction but may or may not have consequences for the patient,
i.e. the clinical effect is not what is focused on but rather the combination of drugs [3, 4].
Another term that is used is “drug-drug event”, i.e. the exposure to drugs that may interact
with clinical significance. In contrast, a DDI is understood as a clinical event caused by an
interacting combination of drugs. However, one could argue that if there is a pharmacological
mechanism by which the drugs interact, an interaction occurs, whether the interaction leads to
a clinically relevant event or not. A more intuitive terminology could denote combinations of
2

drugs with hypothetical interaction mechanisms that have not been established as “potential”
or “theoretical”. Furthermore, DDIs with an established pharmacological mechanism could
be denoted “DDI” and clinical effects of DDIs could be described as exactly that.

Regardless of this reflection on terminology, and adhering in a pragmatic way to convention,
in the following text, the term “DDI” will be used as well as the term ‘’drug interaction” to
denote the concept “DDI”, and the reader will be trusted to understand the specific meaning
of “drug interaction” from the context. Furthermore, “potential DDI” will be used in the
conventional meaning of the term. In addition, the term “DDI” will also sometimes be used
for brevity, denoting what are actually potential DDIs, again the context reveals the meaning.
However, the term “DDI” will not be used to denote a clinical event resulting from an
interaction without context. The term “drug-drug event” will not be used in this text.

1.1.3 Janusmed interactions and SFINX
In the studies of the thesis and in this text, the Janusmed interaction database is referred to by
different names. The database was initially developed and maintained by Swedish and
Finnish collaborators under the name SFINX (Swedish Finnish Interaction X-referencing).
During the work with this thesis it was further developed into two distinct resources,
Janusmed interactions and INXBASE [5, 6]. Therefore, both Janusmed interactions and
SFINX are used to refer to the same database in the papers and this text, depending on the
time of publication. In this text, the current name, Janusmed interactions, will be used. The
INXBASE version of the database has not been used.
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2 BACKGROUND
2.1

CLINICAL IMPACT OF DRUG-DRUG INTERACTIONS

The general clinical impact of DDIs has been investigated primarily in hospital settings.
Clinically manifested DDIs had a pooled prevalence of 9.2 % (CI 95 % 4.0–19.7) in a
recently conducted meta-analysis based on ten articles, of which eight were European. The
meta-analysis included 6 540 patients and prevalence ranged between 1.2 % and 64.0 % in
the individual studies. Patients from the emergency setting and internal medicine had lower
prevalence than those in geriatric or intensive care. Studies performed using an electronic
DDI database, confirming the DDI by tests or in medical records and analyzed by specialists,
and containing data for calculation of prevalence were included. Notably, among 5 999
studies found in the search process only ten fulfilled these criteria, possibly indicating
insufficient reporting or design in studies within the field. However, the approach may be too
strict on the other hand and may not allow for different approaches that might be needed to
identify clinical impact of DDIs within different settings. It is not unlikely that it is difficult to
fully evaluate the clinical impact of multiple potential DDIs and handle the numerous and
very different variables that must be quantified to correctly identify this outcome.
Additionally, DDIs that lead to reduced effect of treatment may not be identified as clinically
manifested DDIs in medical records [7]. A literature review, published in 2007, estimated the
association of DDIs and visits at emergency departments, hospitalizations, and rehospitalizations [8]. The review was based on studies published between 1990 and 2006.
Overall, 23 studies were identified during the period that fit the inclusion criteria.
Interestingly, large studies had low incidence rates and small studies had larger incidence
rates, possibly a consequence of the problem of quantifying a heterogenous endpoint in large
datasets mentioned above. 0.054 % of visits at emergency departments were due to DDIs, and
in 0.57 % of hospital admissions and 0.12 % of re-hospitalizations DDIs were implicated.
Percentages for hospitalization and rehospitalization among the elderly were higher than in
the general population. Among the elderly, it was estimated that as much as 4.8 % of
hospitalizations were due to DDIs. GI-bleeds, hypertension and hypotension, and cardiac
rhythm disturbances were the most common reasons for visits at emergency departments.
Furthermore, NSAIDs and cardiovascular drugs were commonly involved in DDIs causing
these types of hospitalizations. In general, in both the meta-analysis and the review
mentioned above, estimates from different studies of the clinical impact of DDIs vary
considerably. Consequentially, the results need to be interpreted with caution.

Another review published in 2012, was based on the same studies to a large part as the one
discussed above, but with a few additional studies [9]. In this review, studies are not
summarized to give overall estimates of DDIs as a cause of hospital admissions. Rather the
perspective of clinical impact is discussed based on the type of data. Data from primary
healthcare and other outpatient settings is rare and again the review is mainly based on
hospital admissions. However, the authors conclude that, based on the limited data, clinical
4

impact of DDIs seems to be lower in outpatient than inpatient settings. DDI incidence in
studies based on visits to emergency departments range between 0 % and 0.17 %, whereas
incidence based on hospital admissions range between 0.12 % and 4.3 % for all age groups
and 0.67 % and 6.2 % in the elderly. One study based on patients younger than 18 years
report an incidence of 0.009 %. Incidence based on rehospitalization data range between 0 %
and 7.6 % in the studies reviewed. Fewer studies report on incidence of DDIs during hospital
stay. Incidence estimates between 6.9 % and 14.3 % are reported from studies conducted in
intensive care, medical or surgical wards. Notably, the highest estimate came from a study in
medical wards. One study was conducted in an intensive care unit on patients aged > 18 years
and reported an incidence of 5.3 %. In general, the incidences reported in these studies are
based on different study periods and consequentially should be compared with caution.

Studies conducted in pharmacovigilance databases are few [9]. Varying percentages, between
1 and 35.5 %, of adverse reactions were connected to DDIs depending on the population and
drugs studied. Since data from adverse drug reaction registers are based on spontaneous
reports, the results cannot be directly understood as a measure of how common DDI-related
adverse reactions are in the population.

As mentioned above, studies estimating the impact of DDIs in medical records data cannot be
expected to find all clinically relevant DDIs. DDIs that cause lower grade symptoms may go
unnoticed but can still be clinically relevant and cause harm to the patient. This may lead to
noncompliance to treatment, that the patient may not report the symptoms, or that the
symptoms may not be understood as connected to a DDI by the patient or by healthcare.
Furthermore, loss of treatment effect, that may not be understood as connected to a DDI by
healthcare, can be another reason for misclassification in these kinds of studies [7].
Additionally, there may be a risk of misclassification in large studies of DDIs based on
medical records or databases, due to healthcare practitioners not documenting a DDI as the
reason for a clinical condition though it might in fact be the true reason for what occurred.
Consequentially, there are several reasons why the kind of studies discussed above may in
fact underestimate the true clinical impact of DDIs. However, as mentioned in the metaanalysis from 2020, it is worth noting that the high prevalence of potential DDIs that are
sometimes reported do not correspond to equally high prevalence of clinically manifested
DDIs [10]. This is not unexpected given the nature of mechanisms behind DDIs which is
further discussed below.

Estimating clinical impact of DDIs by studies on healthcare consumption or DDIs
documented in medical records is probably a crude way of understanding a problem that is
multifactorial and lead to a wide variety of clinical events for which it is difficult to find
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relevant and detailed endpoints. It is therefore not unlikely that the problem is
underestimated. However, the expected conclusion that not all clinically relevant potential
DDIs lead to adverse events is important and must be considered when weighing the risks
and benefits of treatment.

2.2

HEALTHCARE COSTS AND DRUG-DRUG INTERACTIONS

It is reasonable to assume that clinically relevant DDIs leading to adverse events increase the
costs of treating patients. However, the peer-reviewed literature on the economic
consequences of DDIs is limited. Few studies can be found that focus on healthcare cost in
relation to DDIs in general. A Brazilian retrospective cross-sectional analysis from a public
hospital published in 2009 found independent associations between length of stay, number of
drugs, higher comorbidity index, hospitalization costs, and exposure to potential DDIs [11].
Comorbidity and polypharmacy are potential confounders that may influence the analysis of
healthcare costs. However, based on the independent association found for costs in this
analysis the authors argue that exposure to potential DDIs may lead to adverse events that
increase length of stay and costs. In a retrospective, matched cohort study from 2011, based
on patients enrolled in the Mississippi Medicaid program, patients exposed to potential DDIs
were matched to controls based on use of the drug affected by the interaction, demographic,
and comorbidity variables [12]. ACE inhibitors, ARBs, beta blockers, clonidine, and warfarin
were the drugs involved in DDIs with the greatest economic effects on hospitalizations,
emergency room visits, average per patient hospital payments, and average per patient
emergency room payments. Furthermore, a nested case-control study of patients with atrial
fibrillation and long-term warfarin treatment from 2012 found that patients who were
prescribed interacting drugs had higher treatment costs related to hemorrhages than patients
without interacting drugs [13]. Increased costs associated with potential DDIs have also been
shown in observational studies among users of opioids [14, 15], benzodiazepines [16],
methotrexate or cyclosporine [17], antiretroviral drugs [18], and antipsychotics [19].

There are obvious challenges in determining the costs presumably caused by the DDIs. From
a methodological perspective a few confounding factors may be difficult to handle. As
described above comorbidity and polypharmacy may be related to increased costs and an
increased risk of exposure to interacting drugs. In the studies cited above different measures
have been taken to control for these factors. However, there is an obvious risk of residual
confounding due to the difficulty of characterizing patients completely in data from large
registers. Furthermore, few of the studies cited above connect exposure to a potential DDI
with an adverse event that can be reasonably assumed to follow from the interaction and
cause the extra cost. This is a difficult chain of events to capture accurately in large database
studies. Nevertheless, evidence of the clinical impact of interactions as well as high
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prevalence of potential DDIs inevitably leads to an assumption that costs are increased, and
this is a field of study in need of more evidence.

2.3

MECHANISMS FOR DRUG-DRUG INTERACTIONS

2.3.1 Pharmacokinetic drug-drug interactions
Pharmacokinetic drug-drug interactions occur when one drug affects the exposure to another
drug. Principally a pharmacokinetic drug interaction can occur at any level of absorption,
distribution, metabolism, or excretion of the drugs [20]. The evidence for clinical relevance
varies for the different types of pharmacokinetic DDIs [2]. Consequentially, pharmacokinetic
drug interactions that are most often discussed and perceived as relevant in the clinical setting
can be found primarily among the DDIs involving drug absorption, Cytochrome P450 (CYP)
metabolism, and P-gp transport.

2.3.1.1 Absorption
DDIs that affect drug absorption are the results of changes in either the rate or extent of
absorption. When the rate of absorption of one drug is influenced by another drug, the clinical
effect of the drug may be delayed. Additionally, the effect can be reduced if the total amount
of absorbed drug is reduced due to gastrointestinal transit time in relation to the change in
absorption rate. A reduction of absorption of more than 20 % is generally considered
clinically significant [21]. Other mechanisms by which absorption may be influenced include
changes in gastrointestinal pH, chelation of drugs, and effects on intestinal CYP enzymes or
transport proteins. Drugs that are dependent on gastric pH for dissolution and for which
absorption is limited based on the solubility of the drug, have a reduced absorption when an
antacid or a PPI is administered concomitantly [22]. When metallic cations and organic
molecules are administered concomitantly chelation can cause reduced absorption.
Coadministration of tetracyclines and antacids constitute an example of this interaction [23].
The effect may however be counteracted by separated administration in time of the two drugs
[22].

2.3.1.2 Plasma proteins
Highly protein bound drugs may theoretically displace other highly protein bound drugs, and
this could cause a change in drug distribution. However, few clinically relevant DDIs have
been found that result from an altered protein binding. Elimination of displaced drugs depend
on the extraction ratio of the eliminating organ and most drugs that are highly protein bound
have low extraction ratios [24]. From a therapeutic drug monitoring perspective however,
DDIs resulting in an altered free fraction of a drug may be relevant for interpretation.

7

2.3.1.3 Metabolism
Inhibition or induction of enzymes for drug metabolism are major mechanisms for
pharmacokinetic DDIs. The effect on the enzyme results in decreased or increased
metabolism of substrate drugs. Drugs are metabolized by two types of reactions, phase I and
phase II reactions. Phase I reactions, e.g. oxidation, reduction, and hydrolysis result in
compounds that can be further metabolized. Phase II reactions often result in inactive
compounds by biotransformation and combination of the drug with another substance e.g. by
glucuronidation, sulfation, methylation, acetylation, or glycine conjugation [2].

The rate of dug metabolism is decreased by enzyme inhibition, this is a more common
mechanism for DDIs than enzyme induction [20]. Inhibition leads to accumulation and a
higher exposure to the drug in the body which may cause adverse events and toxicity [2, 20].
If the drug is a prodrug, with less activity than the metabolite produced, inhibition can lead to
loss of pharmacological effect. The effect of enzyme inhibition can develop within 2-3 days
of exposure [20]. It can be reversible or irreversible. If the inhibition is reversible, enzyme
activity is regained as the inhibiting substance is cleared from the body, i.e. the enzyme
activity depends on the elimination half-life of the inhibiting substance. Inhibition can be
competitive or noncompetitive, depending on whether the inhibitor and the substrate
competes for the active site on the enzyme or not. Irreversible inhibition results from
permanent inactivation of the enzyme by the inhibitor. The time to regaining enzyme activity
then depends on the synthesis of new enzyme, which is a slower process [2].

Enzyme induction results from increased synthesis of the induced enzyme. Induction of
metabolic enzymes result in an increase in intestinal or hepatic clearance of the substrate
drug. The result is a lower exposure and potentially reduced effect, depending on the
therapeutic range of the drug. Induction may also cause accumulation of a toxic metabolite
and result in toxicity [2]. Enzyme induction takes days or weeks to develop fully since it
depends on increased synthesis of the enzyme, which is a slower process compared to the
mechanism for inhibition [20].

The clinical impact of inhibition or induction of a metabolizing enzyme depend on both the
effect or the inhibitor or inducer on the enzyme and on the extent to which the substrate is
sensitive to the effect on the enzyme and metabolized by the enzyme. An inhibitor or inducer
can have strong, moderate or weak effect on the metabolizing enzyme [20]. Index substrates
are used to measure the effect of a drug as an inhibitor or inducer. Strong inhibitors increase
the AUC of index substrates of a metabolic pathway ≥5-fold, moderate <5 to ≥2-fold, and
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weak <2 to ≥1.25-fold. Strong inducers decrease the AUC of index substrates of a metabolic
pathway by ≥80 %, moderate by ≥50 % to <80 %, and weak by ≥20 % to <50 % [3, 25]. In
addition substrate sensitivity to inhibition or induction varies between different drugs [20].
Furthermore, if there are different metabolic pathways for the substrate drug and the enzyme
affected by the inhibitor/inducer is involved in only one of these, the impact on exposure
depends on the extent of the drug that is metabolized through the enzyme [2].

The CYP metabolic enzymes are central in phase I metabolism of drugs and interactions
involving these enzymes account for many clinically relevant DDIs. CYP3A4, CYP2D6,
CYP2C9, CYP1A2, CYP2C8, and CYP2C19, roughly in order of importance based on the
number of interactions, are the most commonly CYP enzymes involved in drug metabolism
(figure 1). A few drugs are also known to be metabolized by e.g. CYP2B6 and CYP2E1.
About 90 % of the metabolism of the commonly used drugs are metabolized by these
enzymes [20]. CYP3A4 is highly important for drug metabolism and is involved in the
metabolism of more than 50 % of drugs used clinically [26]. Examples of substrates can be
found in various drug groups e.g. antineoplastics, azoles, benzodiazepines, calcium-channel
blockers, corticosteroids, opioids, protease inhibitors and statins [20]. It is also involved in the
metabolism of NOACs, studied in the fourth paper of this thesis [27]. Strong inhibitors
include ketoconazole and HIV-protease inhibitors, strong inducers include carbamazepine,
phenytoin and rifampicin. CYP2D6-substrates include e.g. some antipsychotic drugs,
betablockers, opioids, and tricyclic antidepressants. Examples of strong inhibitors are
quinidine, cinacalcet, fluoxetine, and paroxetine, whereas carbamazepine and rifampicin
exemplify strong inducers. Substrates of CYP2C9, can be found in drug groups such as
NSAIDs, statins and sulfonylureas. The interaction between warfarin and amiodarone is
studied in the third paper of this thesis. S-warfarin is a substrate of CYP2C9, and amiodarone
is a moderate inhibitor. Examples of other inhibitors are fluconazole and miconazole whereas
e.g. rifampicin and enzalutamide are examples of inducers. CYP2C19 is involved in the
metabolism of many drugs to some extent. Substrate drugs with extensive metabolism by
CYP2C19 are e.g. omeprazole, citalopram and diazepam. Fluconazole, fluoxetine and
fluvoxamine exemplify strong inhibitors and rifampicin and apalutamide strong inducers.
Substrates of CYP1A2 include e.g. duloxetine, caffeine, and melatonin, whereas fluvoxamine
is a strong and ciprofloxacin a moderate inhibitor. Phenytoin and rifampicin induce CYP1A2
to a moderate extent [20].
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Figure 1. Fraction of clinically used drugs metabolized by CYP isoforms. Data published in
2013, note that this is a general overview and may not correspond in detail to the distribution
of drugs used today. Only the major metabolic pathway for each drug was counted. Adapted
from Zanger et al, published under Creative Commons license [28].

CYP1A2 8.9 %
CYP2A6 3.4 %

CYP3A4/5 30.2 %

CYP2B6 7.2 %
CYP2C8 4.7 %

CYP2J2 3 %
CYP2C9 12.8 %
CYP2E1 3 %
CYP2C19 6.8 %
CYP2D6 20 %

Among enzymes involved in phase II reactions less is known about clinically relevant DDIs
[20]. UGTs, responsible for glucuronidation, are inhibited or induced by a number of drugs
[20, 29-31]. Examples of inducers are rifampicin and ritonavir, and inhibitors include e.g.
valproic acid and probenecid [29-31]. Though there are examples of clinically relevant
interactions through UGTs, in many cases interactions through UGTs do not cause clinically
relevant effects [29].

2.3.1.4 Transport proteins
Interactions may also occur by induction or inhibition of transport proteins. P-gp, OATPs,
OATs, MATEs, OCTs, MRPs, BSEP, and BCRP are all involved in drug transport and may
be influenced by drugs and other xenobiotics, and potentially cause interactions that affect the
disposition of the substrate drugs. The relevance for DDIs for P-gp is most well-known
among these transporters whereas for other transporters the clinical relevance needs more
exploration [2].

P-gp is a transport protein involved in clinically relevant DDIs. P-gp can be found in organs
that have barrier or elimination functions and have a role in first-pass drug metabolism of
orally administered drugs [32]. It is located in the luminal epithelia of the gut, the bile facing
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canaliculi of the liver, the proximal tubules of the kidney, and the blood-brain barrier [33]. Pgp is an important efflux pump and promotes lowering of systemic levels of its substrates.
There is an overlap between drugs that interact with P-gp and CYP3A4. Both enzymes can be
found in the same organs and tissues and have complementary functions in reducing drug
exposure. However, the effect of a drug on the respective enzyme are not always equally
potent [32]. Some of the NOACs, studied in the fourth paper of this thesis, exemplify drugs
that to varying extent are susceptible to interactions through both P-gp and CYP3A4 [27].
Though the overlap between P-gp and CYP3A4 substrates, inhibitors, and inducers is
extensive, there are examples of drugs that are P-gp substrates but not CYP3A4 substates,
e.g. digoxin, dabigatran and talinolol [32, 34]. Numerous substrates, inhibitors, or inducers of
P-gp can be found e.g. among anticancer and immunomodulatory drugs, cardiovascular drugs
and anticoagulants, drugs for infectious diseases, CNS drugs, and drugs for gastrointestinal or
endocrine diseases [32].

The OATPs and OATs are primarily influx transporters, in contrast to e.g. P-gp or MRP, and
consequentially inhibition may lead to decreased exposure of substrate drugs whereas
induction may lead to increased concentrations [2]. OATPs are located e.g. in the
gastrointestinal tract, kidney, liver, and the blood-brain barrier. In the intestine, inhibition of
OATPs may theoretically cause reduced absorption of a substrate drug. A number of
common fruit juices are inhibitors of intestinal OATPs [35]. OATP substrates include
fexofenadine and digoxin, but the clinical relevance of OATP on DDIs with these drugs is
unclear. Examples of drugs interacting with OATPs are statins, cyclosporin and ketoconazole
[2]. OATs are involved in the renal secretion of drugs but can also be found in hepatocytes
and in the intestine [34]. Leflunomide, probenecid, pravastatin, cimetidine, cephalosporins,
teriflunomide, and some NSAIDs are examples of OAT inhibitors [2, 34]. A number of
drugs, e.g. benzylpenicillin and adefovir are believed to be substrates of OATs [34].
However, in many cases effects are not believed to be clinically significant though there may
be exceptions to this e.g. for probenecid and cephalosporins [2]. OCT and MATE are
involved in the active secretion of drugs in the kidney and bile. Cimetidine and trimethoprim
are examples of OCT and MATE inhibitors and there is some evidence that clinically
relevant interactions may involve effects on OCT and MATE [34]. MRP can be found in the
liver, intestine, and kidney where it is involved in hepatobiliary and renal elimination of
drugs. It has been hypothesized to have a role in the DDI between vincristine and piperacillin
but the clinical relevance is not clear [34, 36]. The role of BSEP as a drug transporter is not
well defined and its relevance to DDIs is not clear. However, it is inhibited by e.g.
ciclosporin, glibenclamide, and bosentan, it is involved in the secretion of bile salts, and
inhibition may increase the risk of cholestasis [34, 37]. BCRP is located in the gastrointestinal
tract, liver, and kidneys [34]. It has been implicated in DDIs leading to an increased exposure
to rosuvastatin [34, 38].
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2.3.1.5 Renal excretion
Changes in urinary pH and renal blood flow by drugs may cause pharmacokinetic changes to
the exposure to other drugs that are primarily renally excreted. In addition, as described
above, DDIs may be caused by effects on the function of transport proteins in the kidney.
Exposure to acidic drugs, e.g. phenobarbital, aspirin and salicylates, can be decreased by
antacids or bicarbonate that change the urinary pH. However, before renal excretion most
drugs are metabolized to inactive compounds and changes in urinary pH does not influence
elimination [2, 37]. Drugs affecting renal function may inhibit the excretion of other drugs.
An example of this type of DDI is inhibition of tubular secretion by NSAIDs that may lead to
increased methotrexate exposure and toxicity, though the clinical impact of the interaction
has been discussed [39, 40]. Furthermore, it has been suggested that a change in renal blood
flow may lead to reduced excretion of some drugs by inhibition of prostaglandin synthesis by
e.g. NSAIDs [37].

2.3.2 Pharmacodynamic drug-drug interactions
Pharmacodynamic DDIs, in contrast to pharmacokinetic DDIs do not result from a change in
drug exposure due to the interacting drug. Instead, the interaction occurs due to the effects of
the interacting drugs at the target sites i.e. the pharmacological effects of a drug is influenced
by the effect another drug [2, 41]. These type of interactions can result in additive, synergistic
or antagonistic effects [2]. Additive effects occur when the overall effect of the combination
of drugs is the sum of the effects of the individual drugs. Synergistic effects are greater than
the sum of the pharmacological effects of the combined drugs. Antagonistic effects occur
when the pharmacological effects of the interacting drugs counteract. Pharmacodynamic
additive, synergistic, or antagonistic effects can influence the desired effect of drugs as well
as adverse effects and toxicity [41]. An example of a synergistic beneficial pharmacodynamic
interaction is the combination of leucovorin and fluorouracil in cancer therapy. The
combination results in synergistic cytotoxicity by an increased inhibition of thymidylate
synthase [42]. Other examples are the synergistic effect of combining antibiotics to treat an
infection or the combination of NSAIDs with SSRIs that increase the risk for gastrointestinal
hemorrhages [2, 43]. An example of relevance to the fourth paper of this thesis is the
combination of a NOAC with aspirin or clopidogrel, that may result in both wanted and
unwanted additive effects on hemostasis [44].

2.3.3 Mechanisms for drug-drug interactions with oral anticoagulants
Drugs that affect the metabolism of oral anticoagulants through pharmacokinetic interactions
can result in an increased risk of bleeding or a reduction of the anticoagulant effect and thus
an increased risk of thromboembolism. Furthermore, pharmacodynamic interactions with
drugs that affect hemostasis may increase the risk of bleeding. Warfarin is well known for its
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interaction potential, which pose clinical problems [45]. In recent years, the NOACs have
become increasingly used as alternatives to warfarin for oral anticoagulant treatment [46-49].

2.3.3.1 Pharmacokinetic drug-drug interactions with oral anticoagulants
Warfarin has many clinically relevant DDIs that may result in both increased bleeding risk
and reduced anticoagulant effect [45]. Warfarin is a racemic mixture of two isomers, S- and
R-warfarin. S-warfarin is more potent than R-warfarin. Both isoforms are metabolized by
CYP enzymes. The S-enantiomer is primarily metabolized by CYP2C9 and the R-enantiomer
by CYP1A2 and CYP3A4 [50]. Warfarin is eliminated as inactive metabolites in urine and
stool [26]. Pharmacokinetic interactions between warfarin and drugs that inhibit or induce
these enzymes can be found among commonly used drug groups, e.g. anti-infectives, immune
modulators, cardiovascular and neurologic drugs [45, 50]. Furthermore, there are several
pharmacokinetic interactions between warfarin and food or dietary supplements [50]. The
interaction between warfarin and amiodarone, studied in paper three, is a pharmacokinetic
DDI that leads to higher warfarin concentration and an increased risk of bleeding.
Amiodarone inhibits both CYP2C9 and CYP1A2. Consequently, it inhibits warfarin in a nonstereoselective manner, though the effect on S-warfarin is more important for the effect due to
its higher pharmacological potency [51]. Furthermore, the interaction with amiodarone
exemplify how the interacting effect of a drug with prolonged elimination can remain after
discontinuation of the drug. Amiodarone has a half-life of weeks to months and the inhibiting
effect on CYP2C9 and CYP1A2 can remain long after discontinuation of treatment [26, 52].

The NOACs currently marketed in Sweden are apixaban, rivaroxaban, edoxaban, and
dabigatran [53]. Figure 2 provides an overview of the metabolism of different NOACs.
Apixaban is primarily metabolized by CYP3A4/5. To some extent CYP1A2, 2J2, 2C8, 2C9,
and 2C19 are also involved in its metabolism [54]. The larger part of the dose, 50 % and 27
% respectively, is eliminated unchanged through intestinal/biliary and renal excretion. Since
metabolic clearance is not the primary way of elimination many CYP-based DDIs are less
likely to be clinically relevant. However, concomitant treatment with strong inhibitors or
inducers of CYP3A4 may lead to clinically relevant interactions. Apixaban is also a substrate
to the P-gp and BCRP transporter proteins [54, 55]. Pharmacokinetic drug interactions are
expected primarily based on P-gp and CYP3A4 inhibition or induction and strong inhibitors
or inducers of both CYP3A4 and P-gp can lead to significant changes in exposure [50, 55].
Apixaban exposure is increased by renal dysfunction, in patients with severe renal
dysfunction AUC increased by 44 %, but the risk of bleeding is less compared to other
NOACs for patients with eGFR <50 ml/min [56]. Like apixaban, rivaroxaban is a
CYP3A4/5-substrate. Additionally, CYP2J2 has a smaller role in its metabolism [54, 55].
Furthermore, it is a P-gp and BCRP substrate and like apixaban treatment with inhibitors and
inducers of CYP3A4 and P-gp may affect its metabolism and result in pharmacokinetic
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interactions [50, 54, 55]. Due to multiple clearance pathways, interactions with rivaroxaban
based on CYP3A4 or P-gp can be expected to have clinical relevance primarily for strong
inhibitors or inducers [54]. After oral administration, about 65 % of the drug is metabolized.
[55, 57]. Edoxaban is a P-gp substrate and, like the other NOACs, it is susceptible to
pharmacokinetic DDIs via drugs that affect P-gp [58]. Elimination of edoxaban is primarily
in unchanged form, about 70 %, and metabolism is mainly through carboxylesterase-1, while
CYP3A4/5 account for a smaller part of its clearance [55, 58]. Consequentially, clinically
relevant DDIs based on CYP inhibition or induction are normally not expected [55, 58].
About 50 % of the systemically available dose of edoxaban is eliminated renally [59].
Dabigatran is not metabolized by CYP enzymes. However, the prodrug dabigatran etexilate is
a substrate of the transport protein P-gp and consequently pharmacokinetic interactions can
occur with drugs that inhibit or induce P-gp [50, 55]. Dabigatran etexilate is metabolized to
dabigatran, the active compound, by esterase-catalyzed hydrolysis [55]. About 80 % of
dabigatran is eliminated in urine and therefore renal function is an important determinant of
dabigatran exposure [60].

Figure 2. Absorption and metabolism of the different NOACs. Interaction possibilities
include the level of absorption, first transformation, metabolism, and excretion. Reproduced
with permission, Heidbuchel et al [61].

2.3.3.2 Pharmacodynamic drug-drug interactions with oral anticoagulants
The pharmacological effect of warfarin is achieved by a lowering of the amount of active
vitamin K, needed for the activation of coagulation factors II, VII, IX, and X. These
coagulation factors need carboxylation to be activated and vitamin K is needed for this
process. Warfarin blocks vitamin K epoxide reductase (VKOR) and thereby interferes with
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vitamin K conversion which leads to production of lower amounts of active coagulation
factors [62].

Apixaban, rivaroxaban, and edoxaban are all factor Xa inhibitors. Factor Xa is a coagulation
factor in the coagulation cascade and the rate limiting step for thrombin generation. The
pharmacological effect of rivaroxaban and apixaban is due to the unchanged form of the
drugs, whereas edoxaban has pharmacologically active metabolites. However, since relative
concentration of the metabolites is low the effect is mainly attributable to unchanged
edoxaban. Dabigatran in contrast, is a direct thrombin inhibitor. Dabigatran etexilate, the
prodrug of dabigatran, does not contribute to the pharmacological effect [55]. Conjugation
with glucuronic acid of about 20 % of plasma dabigatran produces pharmacologically active
metabolites [60]. The sites of action for different oral anticoagulants in the coagulation
cascade is given in figure 3.

Figure 3. The coagulation cascade and sites of action for warfarin, dabigatran, apixaban,
rivaroxaban, and edoxaban. Reproduced with permission, Jain et al [63].

Drugs that have anticoagulant effects interact pharmacodynamically with warfarin and the
NOACs by additive or synergistic effects on bleeding. Below, the pharmacodynamic effects
of antiplatelet drugs, heparins, NSAIDs and SSRIs are given as examples but generally all
drugs that increase bleeding risk can interact pharmacodynamically with oral anticoagulants,
though the clinical effect on bleeding risk differ between different drug groups. In addition, it
should be noted that some of these drugs also have pharmacokinetic interactions with
warfarin or NOACs.
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Antiplatelet therapy with ASA or P2Y12 inhibitors, e.g. clopidogrel or ticagrelor, leads to an
increased risk of bleeding [44, 64, 65]. However, shorter periods of combination therapy with
warfarin or NOACs after coronary interventions with PCI are used for secondary prevention,
despite the increased bleeding risk due to the risk-benefit balance with recurring acute
coronary syndrome. Doses and suitable drug combinations are discussed though [66-68].

Heparin and LMWHs enhance the effect of antithrombin, which is an endogenous
anticoagulant that inhibits the coagulation cascade by interaction with factor Xa and thrombin
(factor II) [26, 69]. Combination with other anticoagulants such as warfarin or NOACs lead
to increased risk of bleeding and switching between different types of anticoagulants requires
separation of doses to mitigate the risk of a pharmacodynamic interaction effect [70].

NSAIDs have an anticoagulant effect similar to that of ASA. The inhibition of platelet COX
lead to a reduced production of thromboxane 2 which has a role in activation and aggregation
of platelets [69, 71]. Unlike ASA, NSAID inhibition of COX is reversible and the effect on
bleeding is shorter [69]. Combination of NSAIDs and anticoagulants consequentially increase
the risk of bleeding [72].

Serotonin have a role in platelet activation and aggregation [69, 71, 73]. Serotonin is taken up
from plasma, stored in platelets and released upon activation [71]. SSRIs inhibit the uptake of
serotonin into platelets which results in an antiplatelet effect. Furthermore, serotonin mediates
increased gastric acidity that may contribute to ulcers [73]. Consequentially, concomitant
treatment with anticoagulants and SSRIs may lead to increased risk of bleeding [74].

2.4

DISPENSATION OF ORAL ANTICOAGULANTS OVER THE PAST YEARS

In this thesis, a specific focus is given to oral anticoagulants regarding the clinical impact of
potential DDIs. Studies have been conducted on warfarin as well as the newer NOACs. Since
the introduction of NOACs, an increasing number of patients are treated with drugs from this
group, rather than with warfarin [75]. However, though apixaban is used to treat more
patients in later years and the number of patients treated with NOACs are increasing, warfarin
is still widely used in Sweden (figure 4).
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Figure 4. The number of patients with dispensed oral anticoagulants in Sweden per year,
2007 to 2019 (data from the Prescribed Drug Register) [75].
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2.5

EVIDENCE BASE AND INTERACTION DATABASES AS CLINICAL TOOLS
AND IN RELATION TO OBSERVATIONAL RESEARCH

From the preceding sections it is evident that not all interactions between drugs that occur
mechanistically lead to changes in pharmacodynamics or pharmacokinetics that translate into
clinically relevant effects. Furthermore, clinical impact can vary depending on therapeutic
interval of the drug, and patient-specific characteristics such as genetic polymorphisms of the
relevant drug metabolizing enzymes or diseases that the patient may have [76, 77]. This is not
to say that only potential DDIs that frequently lead to clinical effects are the only types worth
considering from a clinical perspective. In the interaction database Janusmed interactions,
class B interactions, i.e. interactions where the clinical outcome of the interaction is uncertain
and/or may vary, exemplify this category of interactions [78]. Furthermore, variations in
clinical impact occur within all categories of DDIs. Though clinicians may not always act on
a potential DDI, the consideration and weighing of risks and benefits with treatment need to
rely on good evidence of what is known about the potential effects [79].

The European and North American medicines agencies, EMA and FDA, provide guidelines
for the investigation of drug interactions related to development of drugs [3, 4, 25]. These
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guidelines, and relevant regulations for industry, on how to investigate potential DDIs with
developed drugs determine much of the information generated on DDIs. In addition,
academic researchers add to the evidence available as the drug is introduced to the market. As
described above, the level of effect of an inducer or inhibitor on the substrate drug determines
whether a pharmacokinetic interaction is considered significant or not. For both
pharmacokinetic and pharmacodynamic interactions, evidence of clinical effects connected
with concomitant treatment is central. However, the level of evidence for a specific DDI may
vary between results from studies based on drugs with similar theoretical potential for
interactions, or single case reports, to well-structured controlled studies on the relevant drug
combination in a relevant study population [78].

Several DDI databases or clinical decision support systems are available globally to guide
prescribers on DDIs. Many of these resources have been integrated into electronic medical
records systems and provide alerts on DDIs to clinicians while prescribing. Integration into
medical records systems have been shown to lead to reduced prescribing of potential DDIs
[80]. However, it has also led to a discussion on the problem of over-alerts that may lead to
alert fatigue and potentially decreased use of the resource [10, 81]. Selective alerts and
minimized workflow interruptions may improve user acceptance [81]. It is important to note
though, given the differential clinical impact of DDIs for different patients and in different
settings described above, that overrides of alerts do not necessarily imply that the warning
have not been evaluated by the prescriber. From the perspective of research on prevalence of
DDIs, interaction databases are frequently used to identify relevant potential DDIs in studies.
Examples of resources frequently used in observational studies are Hansten and Horn, LexiComp, Micromedex, Stockley’s Drug Interactions, and Epocrates [10, 82, 83]. Janusmed
interactions is a Swedish interaction database and decision support system. It is integrated
into several medical records systems in the country, and is used in observational research [80,
84].

The results of observational studies are influenced to a considerable extent by the database
used to identify and classify DDIs. An overview of the classification of DDIs in three
resources frequently used in observational research is given as examples in tables 1-3.
Though these classification systems have considerable similarities, the differences have the
potential to translate into different results in observational studies, depending on the database
used. To exemplify, consider the interaction between dabigatran and phenytoin, an inducer of
P-gp mediated dabigatran excretion. In Janusmed interactions this is classified as a C2interaction, not the highest level of clinical impact since dabigatran plasma concentration can
be monitored and dose adjustment considered [5]. In Stockley’s Drug interactions it is
classified as a severe, theoretical interaction, and monitoring is recommended [85]. This is
essentially concurrent evaluations, but because of the differences in classification systems the
clinical impact category of the classification in Janusmed interactions is not the highest,
18

whereas in Stockley’s Drug Interactions due to the potential severity the interaction is
classified as a severe interaction, the highest level of clinical impact. In Micromedex, the
interaction is classified as major with good documentation [86]. Comparing to the other two
sources, this again is a concurrent evaluation that result in a different classification. The
clinical impact category is the highest, differing from Janusmed interactions but not from
Stockley’s Drug Interactions, whereas the documentation class is the second highest. In
Stockley’s Drug Interactions it is the lowest whereas in Janusmed interactions it is in the
middle of the range. These differences exemplify how the same information fit different
classifications differently. Depending on the interaction database chosen, an observational
study will include this DDI in different classes of interactions and results may
consequentially differ on an aggregated level, not because of differences in the clinical
context but because of this methodological aspect. This is an important aspect of the
methodological background to observational studies to be aware of when interpreting results
from research in the field.

Table 1. Overview of the DDI classification system for Janusmed interactions. Any category
of clinical impact can be combined with any category of documentation for the evaluation of
a specific DDI [78].
Janusmed interactions
Clinical impact

Documentation

D

Clinically relevant interaction. The 4
combination is best avoided.

Data derived from controlled
studies in relevant patient
populations.

C

Clinically relevant interaction that 3
can be handled e.g. by dose
adjustments.

Data derived from studies among
healthy volunteers and/or pilot
studies among patients.

B

Clinical outcome of the interaction 2
is uncertain and/or may vary.

Data derived from welldocumented case reports.

A

Minor interaction of no clinical
relevance.

1

Data derived from incomplete
case reports and/or in vitro
studies.

0

Data derived from extrapolation
on the basis of studies with similar
drugs.
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Table 2. Overview of the DDI classification system for Micromedex. Any category of
clinical impact can be combined with any category of documentation for the evaluation of a
specific DDI [86].
Micromedex
Clinical impact

Documentation

Contraindicated

The drugs are contraindicated
for concurrent use.

Excellent

Controlled studies have clearly
established the existence of
the interaction.

Major

The interaction may be lifethreatening and/or require
medical intervention to
minimize or prevent serious
adverse effects.

Good

Documentation strongly
suggests the interaction exists,
but well-controlled studies are
lacking.

Moderate

The interaction may result in
exacerbation of the patient's
condition and/or require an
alteration in therapy.

Fair

Available documentation is
poor, but pharmacologic
considerations lead clinicians
to suspect the interaction
exists; or, documentation is
good for a pharmacologically
similar drug.

Minor

The interaction would have
Unknown
limited clinical effects.
Manifestations may include an
increase in the frequency or
severity of the side effects but
generally would not require a
major alteration in therapy.

Unknown

Unknown.
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Unknown.

Table 3. Overview of the DDI classification system for Stockley’s Drug Interactions. Any
category of clinical impact can be combined with any category of documentation and action
for the evaluation of a specific DDI [85].
Stockley's Interaction Alerts
Clinical impact

Documentation

Action

Severe

Interactions that could
Extensive
totally incapacitate a
studies
patient or result in either
a permanent detrimental
effect or a lifethreatening event.

Based on numerous
Avoid
small or medium size
studies or several large
studies. The information
is usually supported by
case reports.

Moderate

Interactions that could
result in an effect that
may either cause
considerable distress or
partially incapacitate a
patient. These
interactions are unlikely
to be life-threatening or
result in long-term
effects.

Formal
study

Based on formal study.
Adjust
This may be one small or
medium size study, or
several small studies. The
studies may or may not
be supported by case
reports.

Nothing
expected

Interactions that are
unlikely to result in an
effect, or for drugs pairs
where no interaction
occurs.

Case reports Based either on a single
case report or a limited
number of case reports.
No trials appear to have
been conducted.
Theoretical

Monitor

Based on a theoretical
Information
interaction or lack of
interaction. This
information may have
been derived either from
in vitro studies involving
the drug in question or
based on the way other
members of the same
group act.
No action
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3 RATIONALE
Interactions between drugs constitute a complex and to a large extent preventable problem
related to drug treatment. As described above, DDIs may occur at all levels of absorption,
distribution, metabolism, or excretion of drugs. Clinical impact varies depending on
mechanistic factors. Additionally, the clinical impact of DDIs vary, depending on inter- and
intraindividual factors. Consequently, DDIs constitute a complicating factor to drug treatment
and evidence on which interactions patients are exposed to as well as the clinical impact of
DDIs is a field in constant need of research as new drugs are developed. The general rationale
for focusing on DDIs in the thesis was to contribute to the understanding of drug use in the
context of the complex problems that DDIs entail. The field is broad and multifaceted, and
the first two studies focus on general prescribing of interacting drugs. From a study design
perspective, an overarching approach with DDIs related to all drugs prescribed would be
difficult to maintain in studies of the clinical consequences of DDIs, since different DDIs
have very different outcomes suitable for study in different sources and with various
approaches. For studies III and IV the perspective was therefore narrowed to oral
anticoagulants. The rationale for this focus was the widespread use of anticoagulants, the high
potential risks connected to interactions with anticoagulants, and the emergence of new
anticoagulants on the market at the time when the thesis was planned [27, 75].

When study I was planned no large inventory of exposure in the whole Swedish outpatient
population to clinically relevant DDIs had been made since 1999 [87]. A few studies had
been conducted in the elderly population in the past years [88, 89]. A recent study of the
whole population had shown increasing polypharmacy (5 or more dispensed prescriptions) by
8.2 % and increase of excessive polypharmacy (10 or more dispensed prescriptions) of 15.7
% during the period between 2005 and 2008 in data from the Prescribed Drug Register [90].
Consequentially, we perceived that a cross-sectional study, describing clinically relevant
potential DDIs that were prevalent among Swedish outpatient, would add new information on
the use patterns of interacting drugs and highlight potential risks that patients are exposed to.
Additionally, it would present an opportunity to describe in greater detail the drugs most
often involved in clinically relevant potential DDIs.

Study II was conducted on the pediatric subset of the population in study I. Previously,
studies had been conducted in specific pediatric patient groups as well as in general in- and
outpatient settings, but few studies could be found that described potential DDIs in a general
pediatric population including primary healthcare [91-101]. Differences in drug use between
pediatric and adult patients as well as the relative scarcity of previous studies in general
pediatric outpatient settings motivated an analysis focused on the pediatric subset of patients
to further elucidate the use of potentially interacting drugs in Swedish outpatients.
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Amiodarone, a class III antiarrhythmic, is an inhibitor of warfarin metabolism that potentially
increase warfarin exposure with concomitant treatment [51]. Since both drugs are used to
treat patients with atrial fibrillation, they are frequently used concomitantly and the
combination has been associated with an increased risk of bleeding [102, 103]. At the time of
planning the study, only a few small longitudinal studies on the effect on ongoing warfarin
treatment by the introduction of amiodarone were available [52, 104-106]. Consequentially, a
study based on a large number of patients would add precision to the understanding of the
effect of amiodarone on warfarin anticoagulation.

Dabigatran was introduced to the Swedish market in 2008, as the first drug in the NOAC
group. Since then the use of these drugs has increased markedly in Sweden and abroad, and
NOACs have become first-line treatment for stroke prevention in atrial fibrillation [27, 75,
107, 108]. Polypharmacy is frequent among these patients and consequentially exposure to
DDIs may add to the complexity of treatment [109-111]. There are few observational studies
on the overall clinical impact of potential DDIs with NOAC and pharmacokinetic studies are
the primary source for guidelines and recommendations [111-113]. A retrospective study,
based on all patients with atrial fibrillation in Sweden for whom NOAC treatment had been
initiated since the introduction in 2008, could therefore be expected to add information on the
clinical impact of DDIs with NOACs in healthcare.
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4 OBJECTIVES
4.1

GENERAL OBJECTIVES

The overall objective of the thesis was to study DDIs from perspectives of exposure in the
population as well as clinical impact. Prevalence and frequencies of potential drug
interactions and involved drugs were to be described in the whole population, including all
ages, and in the pediatric population specifically. Furthermore, to study clinical impact the
perspective was narrowed to focus on oral anticoagulants in studies on effects of DDIs on
dosing, monitoring, and adverse events.

4.2

SPECIFIC OBJECTIVES

4.2.1 Study I
To study the frequency of clinically relevant potential DDIs in prescription drugs dispensed
to Swedish outpatients. Furthermore, to describe common potential clinical effects of drugdrug interactions. In addition, to identify specific drugs frequently involved in DDIs.

4.2.2 Study II
To describe frequency of clinically relevant potential DDIs in Swedish pediatric outpatients
based on dispensed prescription drugs. Furthermore, to describe the prevalence of clinically
relevant DDIs in patients exposed to at least two drugs. In addition, to describe drugs
frequently involved in DDIs, potential clinical effects of DDIs, and potential differences
between different age-groups in exposure to DDIs.

4.2.3 Study III
To analyze the potential difference in weekly warfarin dose before and after initiation of
amiodarone treatment. Furthermore, to descriptively analyze the weekly change in warfarin
dose and INR after initiation of warfarin treatment.

4.2.4 Study IV
To analyze the difference in risk of adverse events for patients treated with NOACs with or
without drugs that have clinically relevant potential interactions with each respective NOAC.
Specifically, to analyze the difference in risk of severe bleeding events between patients
treated with each NOAC, with or without potential pharmacodynamic interactions or
pharmacokinetic interactions with CYP3A4 and/or P-gp inhibitors. In addition, to analyze the
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difference in risk of thromboembolic events between patients treated with each NOAC, with
or without CYP3A4 and/or P-gp inducers.
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5 METHODS
5.1

DESIGN OVERVIEW

The studies in this thesis are all observational and retrospective. Some aspects of
methodology are similar, e.g. the use of the Prescribed Drug Register and the database
Janusmed Interactions, while other aspects differ between studies. Paper I and II describe
cross-sectional studies of co-prescribing of potentially interacting drugs. Paper III describe a
cohort study of longitudinal effects of the interaction between warfarin and amiodarone on
INR and warfarin dose. Paper IV describe a cohort study of the risk of bleeding and
thromboembolism associated with DDIs with NOACs. These different research approaches
require different methods and entail different methodological problems. In the following
section a brief overview of study design is given for each study. Furthermore, in table 4 the
core aspects of study design are outlined. The overview is followed by a more elaborate
general description of important aspects of methods applied in the different studies.

5.1.1 Study I
The first study was a retrospective, cross-sectional study based on data from the Prescribed
Drug Register [114]. Data were retrieved from the register on all drugs dispensed between
January 1 to April 30, 2010. The register contains information on all prescription drugs
dispensed at pharmacies in Sweden. Data on drug dispensation were linked to information on
interacting drugs from Janusmed Interactions, to identify concomitant use of interacting drugs
in the population [78]. The resulting drug combinations were aggregated according to the
potential effect of each interaction and sorted into drug groups based on the ATC
classification system [115]. Clinically relevant interactions that can be handled, e.g. by dose
adjustments (class C), and clinically relevant interactions that should be avoided (class D)
according to Janusmed Interactions were analyzed separately. The association of age, sex and
number of drugs to exposure to D-interactions was analyzed by logistic regression.

5.1.2 Study II
The second study was a retrospective, cross-sectional study based on the pediatric subgroup
of the population in study I. Prescribed drugs dispensed to individuals aged 0 to 17 years
(inclusive) were included. Methods for linking, classification, and aggregation of interacting
drug combinations were the same as in study I. In contrast to study I, the association of age,
sex and number of drugs to exposure to C- or D-interactions was analyzed with logistic
regression.

26

5.1.3 Study III
The third study was a retrospective cohort study. Data on warfarin dosing and INR were
retrieved from Auricula and Journalia [116, 117], two warfarin monitoring registers. Data on
amiodarone dispensation and other concomitant drugs were retrieved from the Prescribed
Drug Register [114]. Information from the two registers was linked by personal identity
numbers, unique to each individual in Sweden. Patients dispensed other interacting drugs
with clinically relevant effect on warfarin pharmacokinetics according to Janusmed
Interactions were excluded [78]. Weekly mean INR and weekly dose in relation to baseline
dose were calculated for the first 30 weeks after initiation of amiodarone. The mean daily
warfarin dose at baseline, during four weeks before initiation of amiodarone, was compared
to the four-week period 120 to 147 days after the index date, based on the descriptive analysis
of when the interaction effect had developed. Mean change in log-transformed dose was
compared to no change in a two-sided dependent t-test. The association of age and sex with
the impact of amiodarone on warfarin dose was analyzed with linear regression. The fraction
of patients with INR above 3 and 4, respectively, and the fraction of patients with a decreased
warfarin dose by > 10 %, > 25 % or > 50 % were calculated.

5.1.4 Study IV
The fourth study was a retrospective cohort study based on data on dispensed prescribed
drugs from the Prescribed Drug Register, and outcome data from the Patient Register and the
Cause of Death Register [114]. Information from the three registers was linked by personal
identity numbers. Data from these registers were retrieved for all patients dispensed a NOAC
from the introduction of the drug group in 2008 until 2017. Drug dispensation data were
retrieved from 2007 until 2017, data on diagnoses from the Patient Register from 1998 until
2017, and data on diagnoses and deaths from the Cause of Death Register from 2008 until
2017. Drug treatment periods were identified by linking of consecutive dispensations.
Patients with other indications for NOAC treatment than atrial fibrillation were excluded.
Patients with a newly initiated NOAC treatment were included, with a washout period for
vitamin K receptor antagonists and previous NOAC treatment. Interacting drugs were
identified based on clinical relevance according to Janusmed Interactions and European Heart
Rhythm Association (EHRA) guidelines, and grouped according to the mechanism for
interaction with each NOAC [27, 78]. The association between bleeding or thromboembolism
and concomitant exposure to individual NOACs and interacting drug groups was analyzed
with Cox-regression survival analysis. Exposure to NOACs and drug groups that interact
with NOACs was compared to exposure to NOACs without the interacting drug groups
during the first six months of treatment. The primary outcomes were any severe bleed for
interactions with a potential effect on bleeding and ischemic stroke/transient ischemic
attack/stroke unspecified for interactions that potentially result in reduced NOAC exposure.
Secondary outcomes were gastrointestinal bleeding, intracranial bleeding, ischemic stroke,
and venous thromboembolism.
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Table 4. Design overview of studies in the thesis.
Study

I

II

III

IV

Design

Cross-sectional

Cross-sectional

Cohort

Cohort

Data sources

The Prescribed
Drug Register

The Prescribed
Drug Register

Auricula,
Journalia, the
Prescribed Drug
Register

The Prescribed
Drug Register, the
Patient Register,
the Cause of
Death Register

Inclusion criteria

Exposure to C or
D interaction

Exposure to C or
D interaction

Warfarin
treatment with
new initiation of
amiodarone

Treatment with
NOAC

Exclusion criteria -

-

Concomitant
treatment with
drugs that
interact with
warfarin, absence
of repeated
dispensation of
amiodarone,
absence of
information on
INR the month
before index date

DVT, PE, knee or
hip replacement
within 60 days of
index date, mitral
insufficiency or
mechanical valve

Study population Swedish
outpatients with
clinically relevant
DDIs (class C or D)

Swedish pediatric Warfarin-treated
outpatients with patients initiated
clinically relevant on amiodaron
DDIs (class C or D)

Atrial fibrillation
outpatients with
NOAC treatment

Number of
patients

601 774

3 243

754

244 597

Study period

January 1 to
April 30, 2010

January 1 to
April 30, 2010

2005 to 2014

2008 to 2017

Primary
outcomes

Frequencies of C
and D
interactions

Frequencies of C
and D
interactions

Change in
warfarin dose

Any severe bleed
and ischemic
stroke/stroke
unspecified/TIA

Statistical
methods

Logistic
regression

Logistic
regression

T-test,
linear regression

Cox-regression
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5.2

DATA SOURCES

The retrospective studies in this thesis were conducted based on data from large national
registers. In study I and II no linking of personal data was needed as all personal data came
from the Prescribed Drug Register. In contrast, study III and IV required linking of personal
data from different registers. In Sweden, all individuals have a unique personal identity
number. All registers with personal data used in the thesis contain the personal identity
number of each individual and consequently data from the registers were linked using these
identifiers.

The Prescribed Drug Register is a register of all prescription drugs dispensed at pharmacies
or drugs taken from drug storage rooms in nursing homes in Sweden [118]. It is maintained
by the Swedish National Board of Health and Welfare. All pharmacies in the country must
report dispensations that are included in the register, and more than 100 million posts are
recorded each year. The register contains information on the patient, e.g. sex, age, and place
of residence, the drug, e.g. ATC-code, drug name, strength, and size of the package, the
prescription, e.g. amount, date of the prescription, date of the dispensation, cost, i.e. for the
patient and healthcare, and the prescriber, e.g. where the prescription was made, and the
profession and specialty of the prescriber [115, 118]. The register has a good coverage of
outpatient drug dispensation in Sweden. However, OTC drugs or drugs used in hospital
inpatient care are not included in the register [118, 119]. Drug dispensation data from The
Prescribed Drug Register were used in all studies of the thesis. In studies I, II and IV all data
on drugs came from the register. In study III data on warfarin dose and INR were taken from
Auricula and Journalia, described below, whereas data on all other drugs were retrieved from
the Prescribed Drug Register.

Auricula and Journalia are registers used for warfarin monitoring [116, 117]. Auricula is a
national quality register for patients with atrial fibrillation and anticoagulant therapy [116]. It
is a combination of quality register and a dosing and control system for anticoagulant
treatment. Journalia AK is a monitoring register for anticoagulant treatment, other products
not relevant for the thesis are also available from Journalia [117]. At the time of study III,
over 300 Swedish anticoagulation clinics were using these systems. The registers contain
information on the daily warfarin dose. This is an important difference to the Prescribed Drug
Register that contain information on the whole dispensed prescription and consequentially
cannot be used to study changes in daily dosing. Furthermore, the registers contain INRvalues, sex, and age of the patients included [116-118]. Data on warfarin dosing and INRvalues from Auricula and Journalia were utilized in study III.
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The Patient Register contain information on all inpatient healthcare visits in Sweden since
1987. Furthermore, all outpatient care in specialized healthcare is covered since 2001 [120].
The register does not contain information on primary healthcare or patients treated only by
other healthcare personnel than physicians [120]. Diagnoses are recorded according to the
ICD system [121]. It also includes procedure codes, and dates for diagnoses and procedure
codes [120]. The Patient Register has been validated for a number of diagnoses. Validity is
generally good but varies between diagnoses [122-126]. A general review found positive
predictive values of about 85-95 % for different diagnoses in the register [124]. Data on
diagnoses and procedure codes from the Patient Register were used in study IV.

The Cause of Death Register include all deaths that occur in Sweden [127]. Data on the time
of death and the cause of death are available in the register. Causes of death are recorded as
ICD-diagnoses [121, 127]. Furthermore, diagnoses for conditions contributing to the cause of
death are recorded [127]. Data from the register on deaths and diagnoses contributing to death
were used in study IV.

5.3

STUDY POPULATIONS, INCLUSION AND EXCLUSION

The purpose of studies I and II was to describe co-prescription of potentially interacting drugs
at the time of the studies in the whole Swedish outpatient population and in the pediatric
outpatient population respectively. As described above, the Prescribed Drug register includes
all dispensed prescription drugs dispensed at Swedish pharmacies [118]. Consequentially, a
cross section of all data on dispensed prescribed drugs for the whole population was to be
included from the register. The study population was therefore determined by the way the
time frame for the cross section was defined. Due to the Swedish reimbursement model,
patients on long-term drug treatment are dispensed drugs every three to four months. A
representative cross section of concomitant drug treatment consequentially could not be
defined as all dispensed drugs at a certain day. Instead a time frame would have to be used
that captured consecutive dispensations of different drugs that constituted what prescribers
and patients intended as concomitant treatment. We therefore defined the time frame for the
cross section as four months between January 1 and April 30, 2010. All patients with
dispensed prescription drugs recorded in the Prescribed Drug Register during this time period
were included in the study population. The definition of the time frame in relation to
concomitant treatment is further described under definitions of exposure below. For the
purpose of defining the study population, the consequence of a shorter time period would
have been a smaller population while a longer period would have resulted in a larger
population. All definitions need to be considered in relation to potential misclassification and
in relation to what constituted a cross section. This is further discussed in the methods
discussion.
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In study III, the need for detailed warfarin dosing and INR data required use of information
more detailed than that available in the Prescribed Drug Register and the Patient Register.
The study base was patients with stable warfarin treatment with a new episode of
concomitant amiodarone treatment, and with no other drugs interacting with warfarin. The
warfarin monitoring registers Auricula and Journalia, were widely used at the time, as
described above, and consequentially these registers were suitable sources of data.
Furthermore, in contrast to studies I and II inclusion needed to be stricter to identify a study
population for which data were available that allowed detailed analysis of the endpoints.
Patients ≥ 18 years of age with warfarin treatment recorded in Auricula or Journalia were
considered for inclusion if they had concomitant amiodarone in dispensation data from the
Prescribed Drug Register. Index date was the date for initiation of amiodarone treatment. A
dispensation of warfarin in in the Prescribed Drug Register, 28-140 days before the first
dispensation of amiodarone, was used as a criterion to confirm treatment. Due to the
pharmacokinetics of the interaction between amiodarone and warfarin (see pharmacokinetics
section above) a washout period of 12 months for previous amiodarone dispensation was
applied. Furthermore, to include patients with stable warfarin treatment, previous
dispensation during the 4 to 20 weeks preceding index date was an inclusion criterion. In
addition, second and third dispensations of amiodarone within 60 to 120 days, and 150 to 210
days were required, for inclusion only of patients with ongoing amiodarone treatment after
index date. Exclusion criteria were concomitant treatment with any drug, four months before
until 69 days after index date, that according to the Janusmed Interaction database may lead
to a change in INR or warfarin AUC of more than 10 % [5]. Furthermore, patients were
excluded if data on warfarin dosing or INR during the 28 days preceding index date were
missing since this was needed for the analysis. In cases where more than one episode of
concomitant treatment fulfilled the above criteria, the first episode was included for each
patient. Consequentially, the study population consisted of all patients, identified in Auricula
or Journalia, on stable warfarin treatment who had amiodarone treatment initiated that
continued for the duration of the study, who were not exposed to other drugs with potentially
clinically relevant interaction effects on warfarin, and for whom data were available for
analysis.

In study IV, the intention was to include the whole population of atrial fibrillation patients
treated with NOACs in outpatient care. In contrast to studies I and II, data from more than
one register was needed to identify the population. Furthermore, each NOAC was analyzed
by itself and patients could have more than one episode of NOAC treatment during the study
period, which complicates the definition of the study population. Information on drug
treatment was available in the Prescribed Drug Register until 2018 whereas complete data in
the Patient Register and Cause of Death Register were available until 2017 only.
Consequentially, the study period for which data on both exposure variables and outcome
variables were available was 2008 to 2017. Inclusion criterion was treatment with any NOAC
recorded in the Prescribed Drug Register during the study period. From this selection of
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patients, the first treatment period with apixaban, rivaroxaban, dabigatran, or edoxaban for
each patient that did not fulfill the exclusion criteria was selected for the analysis of each
NOAC. Exclusion criteria were presence of mitral insufficiency or mechanical valve, and any
indication for NOAC treatment apart from atrial fibrillation within 60 days of index date, i.e.
hip or knee replacement, DVT or PE. Furthermore, a washout period of 90 days was applied
for treatment with a vitamin K receptor antagonist or previous NOAC treatment. A patient
could therefore contribute with only one treatment period to the analysis of each NOAC, but
possibly with different treatment periods to the analysis of different NOACs.
Consequentially, the study population was defined as any patient treated with a NOAC
between 2008 and 2017 who had at least one treatment episode with NOAC for which
exclusion criteria were not fulfilled. The selection of inclusion and exclusion criteria is
further discussed in the methods discussion.

5.4

CATEGORIES AND STRUCTURE OF INTERACTIONS

In studies I, II and IV multiple DDIs are studied in large populations. As described above, the
clinical impact of DDIs vary, and a level of clinical relevance for inclusion in the studies
needed to be defined. Furthermore, due to the large number of drugs and DDIs studied,
relevant groups of interactions needed to be defined to allow analysis and comprehensive
description of the results.

The Janusmed Interaction database was used in all studies to identify drugs combination for
which there was evidence of an interaction [78]. The classification system in the database is
described above in the background section. In study I, II and IV the intention was to include
DDIs with evidence of, or reasonable pharmacological foundation for, clinically relevant
interactions. Consequentially, class C and D interactions were included in the studies whereas
class A and B interactions were not. The database also classifies the evidence behind each
potential DDI, this classification was not used in the studies as a basis for inclusion of
interactions. In study IV, in contrast to studies I and II, EHRA guidelines were considered in
addition to the information on interacting drugs in Janusmed interactions [5, 27]. Interactions
with clinically relevant effect listed in any of those sources, either as contraindicated or where
dose adjustments or other measures are recommended to mitigate the interaction effect, were
included.

In studies I and II, interactions were grouped according to the potential clinical effect for
descriptive purposes. Two main groups were defined, i.e. adverse effect-type interactions and
reduced effect-type interactions i.e. loss of effect from one or both drugs involved.
Furthermore, subgroups were defined within those main groups based on the potential
clinical consequence of the interaction, e.g. hypotension or reduced anticoagulant effect.
32

Notably, this grouping did not take pharmacological mechanism for the interaction into
account, pharmacokinetic and pharmacodynamic interactions occur in the same consequencebased groups. In addition, it should be noted that the interacting drug pairs, i.e. the
interactions were classified. Furthermore, interacting substances were grouped within the
consequence-based groups based on ATC-code levels and drug substance groups [128]. In
contrast, in study IV substances that interact with NOACs were grouped based on the
pharmacological mechanism of the potential interaction for analytical purposes. Three groups
were identified, drugs that lead to pharmacodynamic interactions, drugs that interact by
inhibition of CYP3A4 and/or P-gp, and drugs that interact by induction of CYP3A4 and/or Pgp. For pharmacodynamic interactions, a substance included in this group for any NOAC
based on Janusmed or EHRA guidelines was included for all NOACs [5, 27]. In contrast,
only drugs where evidence indicated a clinically relevant interaction for the specific NOAC
were included in the respective group for drugs that interact by inhibition or induction of
CYP3A4 and/or P-gp. The rationale for this was that any pharmacodynamic interaction with
impact on one NOAC can be assumed to have similar impact on all, whereas
pharmacokinetic interactions can have very different impact on different NOACs due to
different pharmacokinetic properties, as described in the section on mechanisms for drugdrug interactions above.

5.5

DEFINITIONS OF EXPOSURE

In all studies of this thesis retrospective register data is used to capture exposure to interacting
drug combinations. The actual exposure of patients to interacting drugs is estimated by data
from the registers that document dispensation of prescribed drugs. In studies I and II, data on
dispensed prescription drugs were evaluated based on whether they interact. Drugs were
identified based on the substance included in the product. Additionally, drugs were evaluated
based on the form of administration to avoid inclusion of drug forms that do not expose
patients to clinically relevant potential DDIs. However, apart from the dimension of exposure
to single drugs, concomitant exposure needs to be estimated based on batch dispensations at
different time points. Patients collect a number of doses at one time point, possibly of
different drugs, and may collect a number of doses at later time points that are used
concomitantly. Consequently, a time period needs to be defined during which all drugs that
are dispensed are assumed to be concomitantly used to study what was intended as, and may
be, concomitant use. In studies I, II, and III, a dispensation is assumed to represent roughly
four months of drug use. The rationale behind this assumption, as mentioned above, is that
due to the Swedish reimbursement model long term drug treatment is commonly dispensed
every three to four months. In study I and II concomitant drug treatment with interacting
drugs was defined as dispensations two drugs that interact according to Janusmed interactions
and were dispensed within the four-month study period. The assumption was that all drugs
that a patient use during this time period will be dispensed at some time during the period.
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Duplicate dispensations of the same drug during the study period was eliminated to avoid
duplicated interaction pairs for the same patient.

By the same rationale, in study III new dispensations of amiodarone within 60–120 and 150–
210 days from the first were defined as ongoing amiodarone treatment during the period. The
first amiodarone dispensation of a new treatment period preceded by 12 months without
amiodarone dispensation constituted the index date. Treatment with warfarin was defined
differently in study III, based on warfarin dosing schedules from Auricula or Journalia, since
data on daily changes in dose were needed in the analyses [116, 117]. Concomitant treatment
was defined as overlapping treatment periods with warfarin and amiodarone.

In study IV, a development of the concept of ongoing treatment based on consecutive
dispensations was applied. In contrast to studies I and II, study IV was a survival analysis of
the first six months of concomitant treatment with interacting drugs after initiation of cotreatment. Drug treatment was identified in the Prescribed Drug Register based on ATCcodes [115]. Only codes denoting forms of administration relevant to drug interactions with
NOACs were included. Furthermore, ATC-codes sometimes change over time and
consequentially historical ATC-codes relevant for the study period were also included [129].
Drug treatment episodes were estimated by linked consecutive dispensations considering the
number of days that were covered by each prescription. However, the prescribed dose was
not available from the data. Instead, the DDDs of each dispensation were assumed to be the
time frame for treatment. A second dispensation was regarded as linked to the previous if it
occurred within 2.5 x the number of DDDs of the previous dispensation unless that number
exceeded 100 days. The rationale for this way of estimating drug treatment periods from
dispensations was that it would reduce the risk of interpreting shorter treatment periods that
were not connected as continuous treatment compared to assuming that all dispensations
represent three or four months of treatment. However, a DDD is a crude measure of the actual
daily dose, in many cases the patient is prescribed a different dose. By multiplying DDD with
2.5, a dispensation of a prescription for half the DDD would still be connected to the next.
However, by setting the maximum days between treatments to 100 days, prescription of a
large dose compared to DDD would not be falsely connected to a second dose much later.
Again, the limit of 100 days was chosen based on the presumed three to four months between
dispensations described above. Exposure to a DDI was defined as the overlap of treatment
periods of NOACs and interacting drugs based on the inclusion of DDIs described above.
Exposure to a NOAC without a specific DDI was defined based on the treatment period of
the NOAC. Index date was the first date of the NOAC treatment period for all patients.
Individuals with an interacting drug treatment period that overlapped or started at the index
date were considered exposed to the DDI. Exposure to a DDI ended at the last date of the
treatment period of either the NOAC or the interacting drug, whichever occurred first.
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5.6

DEFINITIONS OF COMORBIDITIES, COVARIABLES AND DESCRIPTIVE
VARIABLES

The primary focus of studies I and II was the descriptive characterization of co-prescribed
interacting drugs and the prevalence of these potential DDIs in the Swedish population.
However, in both studies similar analyses of risk of exposure to DDIs were conducted in
relation to age, sex and number of drugs. In study III, the change in warfarin dose was
analyzed with age and sex as covariables. All covariables were treated as categorical
variables. Age categories in study I were 0–5, 6–18, 19–64, 65–79 and ≥80 years of age. In
study II, age groups were 0-2, 3-5, 6-11, and 12-17 years of age. In study III, the age groups
were, 18–49, 50–59, 60–69, 70–79, 80– 89 and 90–100 years of age. In study I, number of
drugs were categorized as 2–4, 5–7, 8–10, 11–13, 14–16, 17–19 and ≥20. In study II, the
same categories were used for numbers below 11 drugs, whereas 11 or more drugs
constituted the highest category.

Study IV in contrast, was more complex with regard to covariables due to the multiple
relevant comorbidities potentially contributing to the outcomes. All variables were treated as
categorical variables. Age, sex, and interacting drugs were included as descriptive variables
and covariables in the analyses. For both purposes these variables were defined at baseline,
i.e. the index date. Age groups were defined as <65, 65-74, 75-79, and ≥80 years of age. Age
groups were selected based on the CHA2DS2-VASc and HAS-BLED criteria with the
addition of an older age group used for descriptive purposes but not for the covariable [130132]. Interacting drugs were categorized into three groups as described above,
pharmacodynamic interactions, drugs that interact by inhibition of CYP3A4 and/or P-gp, and
drugs that interact by induction of CYP3A4 and/or P-gp. The drugs included in the respective
group differed for each NOAC studied depending on the underlying evidence for the
interactions based on Janusmed interactions and EHRA guidelines [5, 27].

The components of CHA2DS2-VASc and HAS-BLED were included in study IV as
descriptive variables and covariables, with the exception of INR that could not be identified
in the data sources and use of platelet aggregation inhibitors which was included among
interacting drugs with pharmacodynamic effect [130-132]. In addition, mean CHA2DS2VASc score was included as a descriptive variable. A number of additional comorbidities
were included as descriptive variables to characterize the study population. All diagnosebased covariables and descriptive variables were identified in the Patient Register. No
differentiation was applied regarding primary and secondary diagnoses. The choice of
variables and specific ICD-diagnoses to include for each variable were pre-defined by
discussion in the research group consisting of medical doctors specialized in clinical
pharmacology and internal medicine/endocrinology, and by consultation of specialists in
cardiology, neurology, and nephrology. Furthermore, publications from previous similar
studies and the publications defining CHA2DS2-VASc and HAS-BLED criteria were
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consulted [112, 130-135]. For descriptive variables and covariables, ICD-diagnoses
representing each variable were identified before or at index date in the Patient Register.
ICD-diagnoses were selected based on the highest level of truncation that included only
specific diagnoses considered relevant for each variable. Three different time periods, ten
years, five years, and six months were used for identification of diagnoses before index
depending on the relevance of the diagnosis at index date. E.g. acute renal failure N17 was
considered relevant if it occurred within six months before index date whereas chronic renal
failure N18 was considered relevant if it occurred within ten years preceding index date. Both
diagnoses were part of the variable “renal disease”. A detailed description of included ICDdiagnoses and the time periods considered for each diagnose can be found in supplementary
table 1 of paper IV.

5.7

DEFINITIONS OF OUTCOMES

Studies I and II are descriptive to a large extent. The primary results are the descriptions of
combinations of potentially interacting drugs that occur in the population. Frequencies of
these potential DDIs at the time of the studies are given according to the DDI-groups based
on potential clinical consequences and drug groups, as described above. In study I the risk of
being exposed to a potential class D interaction was analyzed in relation to age, sex, and
number of drugs. In study II a similar analysis was conducted but with exposure to a potential
class C or D interaction as outcome. Furthermore, in both studies the frequency of the drugs
most frequently involved in D-interactions was related to total dispensation of these drugs.

The primary endpoint of study III was the difference in mean warfarin dose between a fourweek period 1 to 28 days before and a period 120 to 147 days after initiation of amiodarone
treatment. The later time period was selected based on the descriptive analysis of weekly
change in dose during concomitant treatment to reflect the time point when full effect of the
interaction on dosing had occurred. Warfarin dose and INR were described for each week of
the study period. Outcomes of these descriptive measures were weekly change in warfarin
dose related to the baseline dose, weekly mean INR, and the proportion of patients with INR
above 3 and 4, respectively.

Study IV had two composite primary endpoints. For interactions that potentially lead to
increased risk of bleeding, the primary endpoint was any severe bleed (gastrointestinal
bleeding, hemorrhagic stroke, other intracranial bleeding, other severe bleeding), whereas for
interactions that potentially lead to reduced effect of the NOAC the primary outcome was
ischemic stroke/stroke unspecified/TIA. Additionally, secondary endpoints for potential
bleeding interactions were gastrointestinal bleeding and intracranial bleeding. Secondary
endpoints for interactions that may lead to reduced effect of NOACs were ischemic stroke
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and venous thrombosis. In contrast to descriptive variables and covariables both the Patient
Register and the Cause of Death Register were used to identify diagnoses that constituted the
endpoints [120, 127]. Outcome variables and relevant ICD-diagnoses included in each
variable were selected and defined by the procedure described for descriptive variables and
covariables above. However, diagnoses were only considered relevant if they occurred during
the time of exposure. Diagnoses constituting primary cause of death as well as contributing
causes were considered. Death was not an outcome (see censoring below), if the cause of
death or a contributing cause was an outcome diagnosis, this was considered as an outcome.

5.8

STATISTICAL METHODS

In studies I and II the prevalence of at least one dispensed prescribed drug was calculated as
well as prevalence of more than one dispensed prescribed drug. Based on the dataset, the
prevalence of clinically relevant DDIs was calculated for the whole population, in different
age groups, and for patients prescribed two drugs or more. The frequencies of potentially
interacting drugs in studies I and II were calculated based on the number of combinations of
these drugs in the respective study population at the time of the study period.
Consequentially, one patient could contribute with more than one DDI to the summed
frequencies. Additionally, the proportions of class A, B, C, and D interactions were
calculated among concomitant dispensed prescribed drugs in study I. Furthermore, in both
studies the proportions of potential DDIs that may lead to adverse events and reduced effect
of treatment respectively were calculated. Substances involved in class D interactions were
ranked according to the frequency of interactions and according to the frequency of
interactions in relation to total dispensed prescriptions for each substance. The risk of being
prescribed a D-interaction among patients dispensed at least two drugs was analyzed in
relation to age, sex and number of drugs, with unconditional binary logistic regression. In
study I the reference group was males, aged 19–64 years, dispensed two to four drugs. In
study II the reference group was boys, 0-2 years, dispensed two to four drugs.

In study III, the primary endpoint, difference between mean baseline warfarin dose and mean
dose at full interaction effect, was analyzed in a two-sided dependent t-test. Since a rightskewed distribution of mean dose for each patient around the mean of the population can be
expected, log-transformation was conducted. Difference in log-transformed mean dose
between the two time periods was calculated for each patient. The difference was then
compared with zero, no difference, in the t-test, and confidence interval and p-value were
calculated. The mean difference was then retransformed which provided a relative measure of
the difference between the two time periods. Additionally, to provide a visual representation
of change in mean weekly dose, the dose at week 18 to 21 was plotted against the dose during
four weeks before initiation of amiodarone. In secondary analyses, the study population was
divided based on baseline warfarin dose below 33 mg, and 33 mg or more per week. The
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procedure described above for the primary analysis was then applied to these groups
separately.

In another secondary analysis, the potential impact of age and sex on the association between
amiodarone treatment and warfarin dose was investigated. The mean warfarin dose at
baseline and mean dose at full interaction effect was calculated. Values were normalized in
relation to the baseline dose and then log-transformed, and a multiple linear regression model
was fitted that included categorical variables for age and sex. Log transformation was
conducted since the distribution of relative doses are right skewed around the mean of the
study population. The dependent variable was change in log-transformed normalized warfarin
dose.

Weekly warfarin dose related to baseline dose and weekly INR was calculated for the study
period. The warfarin doses were normalized by dividing the weekly dose to the baseline dose
for each patient. The rationale for the normalization was the assumption that a potential
interaction effect would be more uniform among patients in relative than in absolute
numbers, i.e. a patient with a large baseline dose may have a larger absolute change in dose
than a patient with a low baseline dose, but changes may be more similar in relative doses.
Mean weekly warfarin doses and 95 % confidence intervals were calculated and doses were
plotted against time during the study period. Additionally, the fractions of patients with > 10
%, > 25 %, or > 50 % reduction in weekly dose were calculated. The weekly dose was
divided with the baseline dose for each week and patient, and fractions were calculated for
each week and plotted against time. For weekly INR, the method proposed by Rosendaal et al
was applied to account for missing data in weeks between measurements [136]. The time
between two measurements of INR was divided in days and the cumulative change in INR
was allocated in a linear fashion between these days. Subsequently, all values were logtransformed and weekly INR with 95 % confidence intervals were calculated. Finally, values
were retransformed and plotted against time, to visualize the weekly mean INR during the
study period. As for the distribution of weekly doses, log-transformation was conducted since
the distribution of means of weekly INR for patients is right skewed around the mean of the
study population. The fractions of patients with INR above 3 and 4 respectively were
calculated for each week and plotted against time. Furthermore, the proportions of patients
that had not had INR measured at 1, 2, and 3 weeks after initiation of amiodarone were
calculated.

In study IV, primary and secondary analyses were conducted for each NOAC, i.e. no analysis
was conducted for the whole group of NOACs. The rationale for this was that, though there
are substantial overlaps between NOACs in mechanisms for interactions and interacting
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drugs, there are also differences both regarding interacting drugs, mechanisms and clinical
impact of interactions, see the section on mechanisms for interactions above. However, to
achieve power in the analyses, interacting drugs were grouped according to mechanism of the
interactions. Additionally, the number of patients with edoxaban and the number of patients
exposed to edoxaban with interacting drugs in the population were too low to allow analyses.
Consequentially, individual analyses were conducted for apixaban, rivaroxaban, and
dabigatran in combination with groups of drugs with potential pharmacodynamic
interactions, interactions by inhibition of CYP3A4 and/or P-gp, and interactions by induction
of CYP3A4 and/or P-gp, respectively. Primary and secondary analyses were conducted with
Cox-regression in multivariate survival analyses. Only patients treated with the analyzed
NOAC were included in each analysis. Hazard ratios were calculated for patients exposed to
each respective interacting drug group compared to patients without exposure to the group.
Analyses of each mechanistic interacting drug group were adjusted for exposure at baseline to
the other two groups. Analyses of interactions that potentially increase the risk of bleeding
were adjusted for selected components of HAS-BLED, i.e. hypertension, renal disease, liver
disease, ischemic stroke/stroke unspecified/TIA, any severe bleed, anemia, age category, and
alcohol abuse [130, 132]. INR was not available and could not be included. Platelet
aggregation inhibitors were included among drugs with pharmacodynamic effect. Analyses of
interactions that potentially increase the risk of thromboembolism were adjusted for the
components of CHA2DS2-VASc, i.e. heart failure, hypertension, diabetes, ischemic
stroke/TIA/arterial embolus/stroke unspecified, vascular disease, age category, and sex [130,
131].

All individuals recorded in the Prescribed Drug Register for the study period, and fulfilling
inclusion criteria and not exclusion criteria, were included in the analysis. However, power
analyses were conducted prior to analyses to estimate the probability of successfully finding
significant results if differences in risk existed between groups. The probability of
successfully identifying a HR of 2 with 1000 patients exposed to an interaction was estimated
at 83-89 %, depending on the NOAC analyzed. This was the reason for aggregating
interacting drugs into groups. Censoring was performed at the end of exposure to NOAC or
the interacting drug, or death. Migration could not be traced but was assumed to lead to end
of exposure based on the Prescribed Drug Register. The proportional hazards assumption was
evaluated by analysis of Schoenfeld residuals and exploratory Cox-regression analyses to
evaluate covariate-time interactions were performed. Furthermore, evaluation of potential
statistical interaction between covariates was conducted. Descriptive variables were presented
with frequencies, percentages, and means.

Statistical analyses were performed in IBM SPSS Statistics 22.0 in study I, R version 3.0.2 in
study II, IBM SPSS Statistics 22.0 and R version 2.0.3 in study III, and R version 3.6.1 in
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study IV [137, 138]. Associations were presented with 95 % confidence intervals and
statistical significance was defined at the 5 % level.
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6 ETHICAL CONSIDERATIONS
All the studies in this thesis are retrospective and based on register data. In retrospective
observational studies one of the major ethical concerns is personal integrity of the individuals
that constitute the study population. General consideration of study conduct, and quality are
other important aspects of the ethical evaluation.

Guidelines on research ethics were adopted in 1964 by the World Medical Association
(WMA) in the Declaration of Helsinki. These guidelines are fundamental for medical
research conducted on human subjects and have been updated continuously during the years
[139]. The declaration is not legally binding but have had great influence on national
legislation in many countries. One of the core principles of the declaration is that the rights
and interests of individual research subjects always take precedence over scientific interests.
Furthermore, the declaration stipulates that the privacy of research subjects and
confidentiality of their personal information must be protected. In addition to the declaration
of Helsinki, the Swedish Research Council has published the document “Good Research
Practice” with guidelines on the conduct of research and research ethics [140]. A number of
national laws are applicable to the conduct of medical research. Legislation applicable to the
type of observational research conducted in the studies of this thesis are the act concerning
the Ethical Review of Research Involving Humans (SFS 2003:460) and the General Data
Protection Regulation (GDPR) of the European Union.

In studies I, II, and IV, all data were retrieved from registers maintained by the National
Board of Health and Welfare. The identification of all data concerning each individual in the
original datasets of the registers was based on the Swedish personal identity numbers, unique
to each individual. However, data were delivered to the research group anonymized, and
consequently no personal identity numbers were available to the group in any of these
studies. In study III, data were linked between registers that are maintained by different
organizations. Data from the warfarin monitoring registers Auricula and Journalia had to be
linked to data from the Prescribed Drug Register by personal identity numbers. This
inevitably entailed a slightly higher risk for research subjects from an integrity perspective
than in the other studies. However, after the linking of register data it was anonymized, and
personal identity numbers were not further used in the study. The above measures were taken
to safeguard the personal identities of individual study subjects and minimize the spread of
personal information not needed for implementation of the studies.

However, there are other ways of potentially identifying individuals in the datasets apart form
through personal identity numbers. In all studies large amounts of data were retrieved
concerning a large number of patients. Consequently, it may be possible to identify some
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patients through the combination of drugs, diagnoses, dates for dispensations and diagnoses,
age, and sex available in the datasets. Measures were therefore taken to store and handle
datasets in such a way that the risk of spreading the data was minimized.

The publication of results also needs to be evaluated from the perspective of safeguarding the
personal data of study subjects. In all papers of the thesis, results are presented in such a way
that individuals cannot be identified in a meaningful way. Obviously, low frequencies of
interacting combinations of drugs may be linked to individuals based on the time of study but
doing so would require prior knowledge of the information and no further information can be
linked to individual study subjects in the presentations of results.

An important aspect of research ethics is the potential benefit to study subjects of being
included in the study. Regarding the studies of this thesis, as they were all retrospective and
register based, there were no direct benefits for included patients. However, the results of the
studies may contribute to safer drug treatment for future patients in general and therefore
inclusion may indirectly benefit the study subjects.

A fundamental principle of the Helsinki declaration is that participation in medical research
as a subject must be voluntary and that informed consent to participation need to be obtained.
It is not uncommon though, that observational studies are granted exceptions from this
principle if the risk to, or effect on, study subjects by the study is considered minimal and if
the value of the research planned is assumed to outweigh the minimal risk to patients. Based
on the above considerations, the risk to individual study subjects regarding their personal
information was considered low in all studies and exceptions from the principle of informed
consent were given by the Ethical Review Boards.

Medical research in general is conducted to gain knowledge and to contribute to improved
medical practice in the future. Not only the patient risk, but financial resources, the time and
dedication of researchers and collaborators, and the alternative cost of using resources that
could be dedicated to research potentially more relevant are all examples of resources
invested in a study. Furthermore, if the results are not good estimations of reality they may
lead to false conclusions, and misguided practice in healthcare and further research. All
aspects of design and implementation of a study are therefore relevant to evaluate from the
perspective of research ethics. A few aspects of the studies in this thesis can be considered,
that are further outlined in the discussion section, and that need to be weighed against the
strengths of the studies.
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The design of studies I and II, could potentially have been improved by a more precise
identification of concomitant drug use. Furthermore, comparability with other studies would
have been improved by a clear presentation of prevalence in paper I. However, the exposure
to potential DDIs had not been described in the whole Swedish outpatient population with the
high level of detail of these studies and no updated information was available at the time of
publication.

Based on the previous research available, the contribution of study III may be questioned. But
by increasing the precision of results compared to previous studies relevant, information was
indeed added. Furthermore, since time in therapeutic range (TTR) and monitoring practices
for warfarin treatment vary between populations the estimates may be more relevant to the
conditions in Swedish healthcare and similar settings than results of previous studies.

The power analyses in study IV indicated that some of the analyses would not yield
significant results. However, by analyzing all available data on Swedish atrial fibrillation
outpatients dispensed NOACs, a contribution to the understanding of the impact on DDIs in
this patient population was achieved based on the available data at the time. The use of
NOACs is continuously increasing and it is highly relevant to conduct repeated observational
studies during the lifetime of drugs to improve on the understanding of risks connected with
their use.

All studies in the thesis were approved by the Regional ethics review board in Stockholm,
Sweden.
Reference numbers:
Study I and II: 2008/1101-31/2
Study III: 2013/1008-31/3
Study IV: 2018/207-31
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7 RESULTS
7.1

POTENTIAL DRUG-DRUG INTERACTIONS IN THE SWEDISH
POPULATION

At the time of studies I and II, the Swedish population was 9 340 682 people, of which
1 921 093 people were 17 years of age or younger. The mean age in the whole population
was 49 years, 50 % were women [141]. In the whole population, the mean (SD) number of
dispensed prescription drugs was 3.8 (3.4). Half of the whole population and 27 % of children
had at least one dispensed prescription drug, 35 % and 12 % were dispensed two or more
drugs.

In table 5 prevalence estimates of clinically relevant potential DDIs in different age-groups
are given for the whole population and the pediatric population. Additionally, in table 6
prevalence estimates are given for patients prescribed two or more drugs. In the whole
population 6.4 % had at least one prescribed, dispensed, potentially clinically relevant DDI
(class C or D), whereas among patients with two drugs or more 19 % had at least one
potentially clinically relevant DDI. 2.5 % of patients with two drugs or more had a class D
DDI. Among pediatric patients with two drugs or more, 1.4 % had at least one potentially
clinically relevant DDI.

Table 5. Prevalence of DDIs, prescribed and dispensed in outpatient care, for different age
groups in the whole population, January 1 - April 30, 2010.
Age group
0–2

3–5

6 – 11

12 – 17

18 – 64

65 – 79

≥80

0 – 17

All ages

DDI class

n=333 152

n=320 652

n=588 201

n=679 088

n=5 728 812

n=1 196 392

n=494 385

n=1 921 093

n=9 340 682

C or D

0.05 %

0.11 %

0.13 %

0.29 %

4.1 %

18 %

30 %

0.17 %

6.4 %

C

0.05 %

0.11 %

0.13 %

0.27 %

3.8 %

17 %

28 %

0.16 %

6.1 %

D

0.005 % 0.005 % 0.005 %

0.04 %

0.55 %

2.5 %

4.1 %

0.02 %

0.88 %
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Table 6. Prevalence of DDIs, prescribed and dispensed in outpatient care, for different age
groups among patients with ≥ 2 dispensed prescription drugs, January 1 - April 30, 2010.
Age group
0 – 17

All ages

n=2 31 078

n=3 243 419

C or D

1.4 %

19 %

C

1.3 %

17 %

D

0.14 %

2.5 %

DDI class

In the study population including all ages in study I, the total number of clinically relevant
potential DDIs found (class C or D) was 1 048 165. Among these, 9 % were class D and 91
% class C interactions. Additionally, 1 058 860 class B interactions were found (clinical
outcome of the interaction is uncertain and/or may vary). The inclusion of class A
interactions (minor interaction of no clinical relevance) is not complete in the Janusmed
interaction database, however 383 126 class A interactions were found in the study
population. Note that in contrast to frequencies of exposed patients used for prevalence
estimates, each patient could contribute with more than one DDI to these frequencies of
potentially interacting drug combinations.

DDIs that potentially lead to reduced treatment effect constituted 49 % of class D interactions
and 54 % of class C interactions in the whole population. I the pediatric population the
corresponding proportions were 48 % and 32 %.

DDIs that may cause bleeding, cardiac arrhythmias, or serotonin toxicity were most common
among adverse effect-type class D interactions in the whole population whereas reduced
analgesic, anti-infective, or anticoagulant effect were most common among class D DDIs that
may cause reduced treatment effect. In the pediatric subset of the population, serotonin
toxicity and/or anticholinergic side effects and cardiac arrhythmias were the most common
types of adverse effects associated with potential class D DDIs whereas the most common
reduced effect-type DDIs concerned anti-infectives, opioids, and contraceptives.

Like for the class D interactions, combinations that may cause bleeding, cardiac arrhythmias,
or serotonin toxicity were most common among class C interactions in the whole population.
For interactions that may lead to reduced effect, interactions that may reduce the effect of
drugs for hypertension, osteoporosis, and thyroid hormone substitution therapy were most
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common. Among pediatric patients, class C interactions that may lead to toxicity from
anticonvulsant or cytostatic drugs, and combinations that increase the risk of bleeding were
most common. For reduced effect-type class C interactions, drug combinations that affect
anticonvulsants and benzodiazepines were most common in the pediatric subset of the
population.

Tables 7 and 8 describe the 10 most common drug combinations found in the whole
population and the pediatric population, with potential class D and C interactions. In study I,
the 15 most common drug combinations were found to constitute 80 % of the total frequency
of interacting DDIs in the whole population. Furthermore, ten specific drugs were involved in
94 % of all class D interactions (table 9). The corresponding fraction for the ten drugs most
frequently involved in class D interactions in the pediatric population was 78 %.

Table 7. The most 10 frequent potential D- and C-interactions, in the whole population,
January 1 - April 30, 2010.
D-interactions
Drug combination
Quinolone/tetracycline1 - metal ion

C-interactions
Frequency Drug combination

Frequency

11 158 Diuretic6- NSAID/ASA

100 937

Potassium - potassium-sparing
diuretics

9 902 Beta blocker - NSAID/ASA

80 296

Warfarin - ASA

9 523 Acetylsalicylic acid - antidepressant7

79 331

Proton pump inhibitor2- clopidogrel

9 042 Metal ion - bisphosphonate

61 308

Calcium antagonist3 - beta blocker

6 985 NSAID - antidepressant7

53 942

Tramadol - antidepressant4

6 439 ACE inhibitor - NSAID/ASA

49 830

Codeine/ethylmorphine antidepressant5

5 415 ARB - NSAID/ASA

41 778

Warfarin - NSAID

4 512 Levothyroxine - metal ion

40 823

Verapamil - digoxin

2 052

Diazepam - carbamazepine

1 869 Paracetamol - wafarin

1

Potasium sparing diuretic - ACE
inhibitor

Ciprofloxacin, doxycycline, lymecycline, norfloxacin and tetracycline.
Omeprazole and esomeprazole.
3 Diltiazem and verapamil.
4 Bupropion, duloxetine, fluoxetine, clomipramine and paroxetine.
5 Bupropion, fluoxetine and paroxetine.
6 Amiloride, bendroflumethiazide, bumetanide, eplerenone, furosemide, hydrochlorothiazide, spironolactone and torasemide.
7 Citalopram, duloxetine, escitalopram, fluoxetine, fluvoxamine, clomipramine, paroxetine, sertraline and venlafaxine.
2
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40 802
30 741

Table 8. The most 10 frequent potential D- and C-interactions, in the pediatric population,
January 1 - April 30, 2010.
D-interactions
Drug combination

C-interactions
Frequency Drug combination

Frequency

SSRI - SSRI1

84 Valproic acid - lamotrigine

539

Quinolone/tetracycline2 - metal ion

69 Mesalazine - azathioprine

259

Potassium spironolactone/amiloride

19

Salbutamol/terbutaline ipratropium

192

Ethylmorphine - fluoxetine

18 NSAID - antidepressant5

179

Oxcarbazepine - gestagen/estrogen3

17

Carbamazepine/phenytoin diazepam/midazolam

164

Carbamazepine gestagen/estrogen4

15

Methotrexate - beta lactam
antibiotic6

135

Warfarin - ASA low dose

14 Valproic acid - topiramate

108

Codeine/tramadol fluoxetine/paroxetine

14

Levothyroxine - metal
ion/sucralfate

106

Diazepam - carbamazepine

13

Trimethoprim/sulfamethoxazole methotrexate

102

Risperidone - carbamazepine

8 Beta blocker - NSAID/ASA

95

1

Sertraline, fluoxetine, paroxetine, escitalopram, citalopram.
Ciprofloxacin, doxycycline, lymecycline, norfloxacin, tetracycline.
3 Medroxyprogesterone, desogestrel, ethinylestradiol, drospirenone, etonogestrel, norethisterone, levonorgestrel,
norelgestromin.
4 Medroxyprogesterone, ethinylestradiol, desogestrel, norethisterone, levonorgestrel, norelgestromin.
5 Fluoxetine, citalopram, escitalopram, sertraline, paroxetine, duloxetine, venlafaxine, fluvoxamine.
6 Phenoxymethylpenicillin, amoxicillin, flucloxacillin, pivmecillinam.
2
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Table 9. The ten substances most frequently involved in potential D-DDIs in the whole
population with percentages of the total frequency of potential D-DDIs.
Substance

Frequency

% of D-DDIs

17 918

19 %

Clopidogrel

9 922

11 %

Potassium

9 902

11 %

Acetylsalicylic acid

9 822

10 %

Carbamazepine

8 084

9%

Omeprazole

7 715

8%

Ciprofloxacin

7 102

8%

Tramadol

6 743

7%

Fluoxetine

6 020

6%

Amiloride

5 782

6%

89 010

94 %

Warfarin

Sum

The effect of age, sex and number of drugs on the risk of exposure to DDIs was investigated
in the whole population and in the pediatric subset of the population. In the analysis of whole
population, the reference group was men aged 19-64 years with two to four drugs whereas in
the pediatric subset it was boys aged 0-2 years with two to four drugs. For the whole
population the association with the risk of being exposed to at least one potential Dinteraction was analyzed. Adjusted OR (95 % CI) for increasing number of drugs ranged
from 5.7 (5.5–5.8) for five to seven drugs, to 111 (107–116) for ≥20 drugs, compared to the
reference population. The younger and older age groups had a decreased association, 0-5
years 0.039 (0.027–0.055), 6–18 years 0.29 (0.26–0.32), 65–79 years 0.95 (0.93–0.96), and
≥80 years: 0.83 (0.81–0.84). Furthermore, women had a decreased association 0.79 (0.78–
0.80). In the pediatric subset in contrast, the association with exposure to at least one potential
class C or D interaction was analyzed. Adjusted OR (95 % CI) increased with increasing age,
3-5 years 2.10 (1.74, 2.53), 6-11 years 3.74 (3.16, 4.45), and 12-17 years 6.89 (5.88, 8.13).
For increasing number of drugs, odds ratios were increasing 5-7 drugs 6.46 (5.95, 7.00), 8-10
drugs 21.14 (18.78, 23.75), and ≥11 drugs 59.65 (50.90, 69.79). Girls had a slightly higher
adjusted OR, 1.10 (1.02, 1.18).

7.2

EFFECT OF AMIODARONE ON WARFARIN ANTICOAGULATION

In study III, 754 unique individuals were identified that fulfilled inclusion criteria and who
did not fulfill exclusion criteria. The median age was 67 years (range 23 - 90 years) and 30.5
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% were women. Mean baseline weekly warfarin dose was 34.6 mg. A four-week period at
120-147 days was identified when full effect of concomitant treatment with amiodarone had
developed on warfarin dose (figure 5). During these four weeks, the mean weekly warfarin
was 24.6 % (95 % CI, 23.5–25.6 %; P < 0.001) lower than the weekly baseline dose. There
was no difference between men and women or in different age groups in change of warfarin
dose between baseline and this four-week period during concomitant treatment with
amiodarone. The majority of patients had a reduced dose of between 0 and 50 % compared to
baseline at the time of this four-week period. Furthermore, the majority of patients (87.1 %)
had a dose reduction of at least 10 %, many (55.1 %) had a dose reduction of more than 25
%, whereas a smaller number (3.1 %) had a dose reduction of more than 50 %. Patients with
baseline warfarin dose of 33 mg or more had a dose reduction of 25.5 % (95 % CI, 24.1-26.8
%), whereas patients with a baseline dose below 33 mg had a dose reduction of 23.7 % (95 %
CI, 22.1–25.3 %).

Figure 5. Mean weekly warfarin dose in relation to baseline dose after initiation of
amiodarone treatment in patients treated with warfarin (means and 95 % confidence
intervals). Reproduced with permission, Holm et al 2017.
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Mean weekly INR increased after initiation of amiodarone and peaked at 3.07 (95 % CI,
3.01–3.13), the third week of concomitant treatment. After about 25 weeks it returned to
baseline after gradual decrease (figure 6). At index date the fraction of patients with an INR
above 3 was 11.7 % and at the third week of concomitant treatment this number had
increased to 37.1 %. This fraction returned to baseline after about 20 weeks of concomitant
treatment. With a similar pattern, 0.9 % of patients had INR over 4 at baseline, this fraction
increased to 5.5 % at the third week of concomitant treatment. At week 12 it returned to the
baseline level. 67 % of patients had INR measured within one week of concomitant treatment
with amiodarone, whereas after two and three weeks the fractions were 90 % and 96 %
respectively.

Figure 6. Mean weekly INR each week after initiation of amiodarone treatment in patients
treated with warfarin (means and 95 % confidence intervals). Reproduced with permission,
Holm et al 2017.
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7.3

CLINICAL EFFECT OF DRUG-DRUG INTERACTIONS IN NOAC
TREATMENT

In study IV, 244 597 patients with presumed atrial fibrillation were identified that had new
episodes of NOAC treatment between 2008 and 2017. The majority of these patients were
prescribed apixaban (61 %), whereas rivaroxaban (24 %), dabigatran (15 %) were less
common. Edoxaban was only used by a very small number of patients (<1 %) and
consequentially it could not be included in analyses. Concomitant drug treatment that may
lead to pharmacodynamic interactions was found in 48 % of patients. In contrast, potential
pharmacokinetic interactions were less frequent, 4 % and 1 % for inhibitors and inducers of
CYP3A4 and/or P-gp, respectively. Furthermore, a majority of patients treated with drugs
that may lead to pharmacokinetic interactions also had drugs that may lead to
pharmacodynamic interactions. Generally, patients who were exposed to potential DDIs also
had more comorbidities and higher mean CHA2DS2-VASc score at baseline than patients
without interacting drugs.

The association of exposure to potential pharmacodynamic DDIs with the primary endpoint,
any severe bleed, was increased compared to patients not exposed to potential
pharmacodynamic DDIs, apixaban HR (95 % CI) 1.47 (1.33-1.63), rivaroxaban 1.7 (1.491.92), and dabigatran 1.26 (1.05-1.52). For patients treated with apixaban, there was an
increased risk of any severe bleed associated with exposure to CYP3A4 and/or P-gp
inhibitors, 1.23 (1.01-1.5), but with a confidence interval approaching one. No significant
effect could be established for patients treated with rivaroxaban 1.24 (0.94-1.65) or
dabigatran 0.84 (0.48-1.45). No significant effects could be established for patients exposed
to inducers of CYP3A4 and/or P-gp.

Exposure to pharmacodynamic DDIs was associated with increased risk of the secondary
endpoint gastrointestinal bleed for patients with apixaban 1.51 (1.28-1.78) and rivaroxaban
1.68 (1.37-2.05). Additionally, exposure to pharmacodynamic DDIs was associated with
increased risk of intracranial bleeding for rivaroxaban, though with a confidence interval
approaching one, 1.44 (1.02-2.04). Similarly, exposure to inhibitors of CYP3A4 and/or P-gp
was associated with increased risk of gastrointestinal bleeding, but with confidence intervals
approaching one, for apixaban 1.44 (1.06-1.95) and rivaroxaban 1.54 (1.02-2.32).

A significant effect of time on the HR was detected for the analysis of the primary endpoint
in patients with apixaban and inhibitors of CYP3A4. There was an indication that the effect
may be larger towards the end of the study period according to this analysis. Statistical
interactions between covariables were evaluated for primary endpoints in the apixaban
dataset. No significant statistical interactions were found in this evaluation.
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8 DISCUSSION
8.1

RESULTS DISCUSSION

8.1.1 Prevalence and exposure to potentially interacting drugs
Prevalence and frequencies of DDIs have been studied in various settings and with
heterogenous methodologies [82, 83]. Consequentially, reported estimates of prevalence and
frequencies of interacting drugs need to be understood considering the study population and
methodology used. However, similarities between studies allow for a general interpretation of
the field and similarities in findings are not uncommon. Large cross-sectional studies are
often conducted in drug registers, in some cases covering national populations [87, 142].
Other studies are aimed at specific hospital populations [143-145] or outpatients in primary
healthcare [146]. Several studies have been conducted in Sweden and the other Nordic
countries [87, 142, 147-149], describing populations that are more similar to the Swedish
population than studies conducted in other parts of the world [143-145]. Many studies focus
on elderly populations [89, 149-151], that are often exposed to more drugs than younger
patients and increasing age have been associated with a higher probability for DDIs [144,
145, 148, 152-155]. A meta-analysis published in 2018 found prevalence estimates of
exposure to potential DDIs in hospitalized patients ranging between 16.3 and 71.1 % [82].
Most included studies were from developing countries and therefore results may not be
directly comparable to the Swedish setting. Another meta-analysis, published 2012, in found
prevalence estimates between 15 and 45 % of hospitalized patients [83]. A wide range of
factors may contribute to the different estimates. Some, e.g. the different health profiles of
populations studied or different age-ranges are factors that are relevant for the understanding
of the estimated prevalence, whereas factors related to heterogeneity of methodology e.g.
methods for identification of potential DDIs or the definition of the population at risk, are
factors that make comparisons more difficult and complicate understanding of the actual
exposure in different patient groups.

A number of observational studies on prevalence of DDIs have been conducted in Sweden
apart from study I, most of them in elderly patients [80, 87-89, 146, 150, 156-158]. Only one
of these studies was a nationwide study of all ages. It was a cross-sectional study based on a
one-month dataset of the whole population from 1999 [87]. In the study including the whole
population, prescriptions with two or more drugs were evaluated for DDIs. Class D
interactions were found in 1.4 % and class C interactions in 8.1 % of those prescriptions [87].
The results are not comparable to the results of study I since only prescriptions with two
drugs or more were included. We did not relate the number of interactions found to the
number of prescription drugs dispensed. Furthermore, the study period was one month only,
since drugs used at the same time by a patient may be prescribed and dispensed at different
times during a longer time period than a month, the result from this study is more of an
evaluation of the prescribing behavior of individual prescribers than of prevalence or
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frequencies of interacting drugs in the population. However, not unexpectedly and as in study
I, an increased risk of exposure to DDIs was found with increasing number of drugs.
Increasing age was also associated with an increased risk of exposure to DDIs. In study I this
was not the case, modest decreased risk was seen in the older age groups. In a cohort study
based on patients from 20 primary healthcare centers the methodology was more similar to
study I and II [158]. Dispensed prescription drugs representing concomitant drug treatment
was identified in the Prescribed Drug Register for two four-month periods in the fall 2006
and spring 2007, to account for seasonal variation in drug prescribing. 27 543 class C
interactions and 3025 class D interactions were identified in data from 125 287 patients, no
prevalence of DDIs in the population was calculated. However, the numbers of potential class
C and D interactions found in relation to the number of patients in study I were larger than
interactions found in this study restricted to primary healthcare patients. A comparison of the
frequencies of interactions is difficult since, because of different objectives, the frequencies
of the study in primary healthcare summed potential DDIs from two time periods. One
interacting combination from a single patient could be counted twice. A probable reason for
the difference in frequencies of potential DDIs between the two studies could be selection of
relatively healthier primary healthcare patients in this study compared to the patients in study
I. Like study I, the most common class D interactions were combination of tetracyclines with
chelate-forming drugs and potassium prescribed with potassium-sparing drugs, and for class
C interactions combinations of NSAIDs and antihypertensives or diuretics. In general, the
two studies have similar results regarding the type of DDIs found.

There are many studies internationally that investigate potential DDIs in various settings and
estimate prevalence based on different definitions of populations at risk and methods for
identifying interactions. Most of them are conducted in different hospital settings and
relatively few are based on outpatients in general, including primary healthcare, in European
populations [10, 82, 83, 147, 159-161]. For the purpose of comparison and to exemplify
similarities and differences in results and methodology, two studies conducted in European
outpatient populations will be discussed here. In a study based on the population in the
County of Funen in Denmark potential DDIs were identified in purchased prescription drugs
during 1999 [147]. One third of the population had been prescribed more than one drug.
Prevalences of 11.2 % for moderate and 1.9 % for major interactions were calculated for this
group, according to the classification of Hansten and Horn [162]. Notably, only the most
significant interaction was counted for each patient. Compared to study I, conducted in
Sweden in 2010, prevalence of more than one drug was roughly the same in this study.
Prevalence of clinically relevant potential interactions was higher in study I, but the
interaction databases and definitions of interaction classes are not identical. Additionally, the
Danish study was conducted on a dataset based on a whole year and it could be argued that
the prevalence calculated represents a period prevalence and that study I represents a point
prevalence. In a study conducted in Slovenia in 2015, based on a nationwide database of drug
prescriptions in outpatients, an annual prevalence of 9.3 % of clinically relevant potential
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DDIs was calculated [163]. The population at risk for this estimate was defined as the whole
Slovenian population and clinically relevant interactions were defined as drug combinations
that should be avoided or drug combinations for which therapy modification should be
considered according to the Lexi-Interact Module. These categories are roughly but not
directly comparable to the definitions of type C and D interactions in the Janusmed
interaction database. In study I the combined prevalence of either of these two types of
interactions in the whole population was 6.4 %. Among patients with at least two dispensed
drugs, with at least one of the drugs being the object of a potential interaction in the database,
the prevalence of drug combinations for which therapy modification should be considered
was 14.8 % and the prevalence of drug combinations that should be avoided was 2.9 % in the
Slovenian study. These estimates are not very unlike the estimation of prevalence of class C
and D interactions among patients with at least two drugs in study I but notably, the
definitions of population at risk are not identical between the studies. The prevalence of
clinically relevant potential DDIs seems to have been slightly higher in the Slovenian
population in 2015 than in the Swedish population of 2010. Among patients exposed to two
drugs or more, estimates of prevalence are more similar. Like the Danish study above, the
Slovenian study was conducted on a dataset based on a whole year and estimates represent a
period prevalence in contrast to study I. Additionally, for all three studies comparisons made
between studies that use different interaction databases at different points in time should be
interpreted with caution. Interaction databases develop constantly, including increasing
number of drug combinations for new and older drugs, and it is not unlikely that more
potential DDIs may have been detected should the analysis in older studies have been rerun
with a newer version of the database used.

Many studies indicate that the risk of exposure to DDIs increase with age [144, 145, 152-155]
and increasing number of drugs [89, 144, 145, 153-155, 164]. Furthermore, in a Dutch
population-based cohort study prevalence of DDIs in people aged 70 years or older increased
from 10.5 % to 19.2 % between 1992 and 2005 [165]. Additionally, a large number of studies
focus on DDIs in the elderly [83, 89, 157, 166-169]. Notably, in study I we did not detect an
increased association of exposure to DDIs with age. This result can be questioned in light of
results from other studies indicating an increased risk of exposure to DDIs with increasing
age. Furthermore, a Swedish cross-sectional study from 2007 calculated a prevalence of 5 %
for class D interactions, and 26 % for class C interactions, according to the Janusmed
classification, among patients aged 75 years or more with at least two drugs [89]. In this
study, exposure to drugs was calculated based on prescribed dose in data from the Prescribed
Drug register and overlapping drug treatment at one arbitrarily chosen date, 31 December
2005, was assessed for interactions. Patients with at least two drugs on this date were
considered the population at risk. In study I, we did not calculate the specific prevalence for
patients with at least two drugs this age group. However, compared to the prevalence in the
whole population these results indicate a higher prevalence for the elderly. Notably, in study I
a three-month period was used to estimate point prevalence. This could lead to a higher
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estimation of concomitantly used drugs than the method used by the authors of the study in
data from 2005. Similar estimates of prevalence were also found in an older Swedish study
from 1995 [150]. In patients aged 78.2 years on average and included in a pharmacy drug
dispensing program that supported outpatients with poor compliance, 3 % had DDIs of major
clinical significance, and 23 % had DDIs of moderate clinical significance according to the
classification in Hansten and Horn [162]. A different method of studying prevalence of DDIs
among patients ≥65 years old that used ≥4 prescribed drugs was used in a study from 2002
[151]. This definition of the population at risk could be expected to result in higher
prevalence estimates than in the studies discussed above. Cross-sectional data from a
longitudinal multicenter study conducted in community pharmacies in Sweden, Denmark, the
Netherlands, Portugal, the Republic of Ireland, Northern Ireland, and Germany were used,
1601 patients were studied. Compared to most population-based studies on DDIs the number
of patients, though recruited from a large geographical area, was relatively small. The overall
prevalence of any DDIs in this population of was 46 %. Among the interactions detected
almost 10 % of the DDIs were class D and approximately 90 % were class C interactions,
according to the Janusmed classification. 50 % of the interacting combinations could result in
an adverse drug reaction and 50 % in a reduced therapeutic effect. In a study conducted 2007,
of residents in assisted living facilities in Finland with a mean age of 82.7 years, a DDI
prevalence of 5.9 % was seen for class D interactions according to the classification used in
Janusmed interactions [148]. Like the Swedish study from 2005 described above, a point
prevalence at one day was calculated. Another estimation of prevalence of DDIs during one
month in nursing homes in Finland from 2008 found a similar prevalence of D-type DDIs of
4.8 % according to the Janusmed classification [84].

Drugs most frequently involved in potential DDIs in observation studies vary depending on
when and where studies were performed, this is not unexpected since the drugs most
frequently used vary over time and depend on the diseases common in different parts of the
world. Furthermore, though ideally interaction databases should report the same interactions
as clinically relevant, and do to a large extent, differences exist and may translate into
different results in observational studies [170]. The focus of this text will not be a detailed
description of similarities and differences, and comprehensive lists of frequent interactions
can be found in papers I and II. However, many studies report overlapping drugs and drug
combinations as the most frequent, and these drugs are found in study I as well. Examples of
drugs and drug groups frequently involved in clinically relevant potential DDIs found in
clinical practice are, in alphabetical order, ACE inhibitors, acetylsalicylic acid,
anticoagulants, beta blockers, calcium antagonists, carbamazepine, codeine, drugs containing
metal ions, NSAIDs, potassium supplements, potassium-sparing diuretics, quinolones, SSRIs,
tetracyclines, and tramadol [84, 147, 148, 152, 158, 163, 171].
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The risk of adverse drug reactions has been shown to increase with an increasing number of
drugs among pediatric patients and off-label use of drugs is common in pediatric populations
which may increase risks with DDIs [172-175]. The literature on potential DDIs in pediatric
populations is limited though, and more often restricted to specific patient populations than
focusing on outpatients in general [95-98, 176-178]. However, a few studies on DDI
prevalence in children have been published. These studies have been conducted in different
settings and populations. A retrospective cohort study conducted in 2011 investigated
prevalence of potential DDIs in 498 956 hospitalizations of patients, 21 years of age or
younger, at Children’s Hospitals in the USA [93]. A contraindicated potential DDI was found
in 5 %, a major DDI in 41 %, and a moderate DDI in 28 % of hospitalizations. The
Micromedex Drug-Reax classification was used to identify DDIs. The most common drug
classes were opioids (25 % of DDIs), anti-infective agents (17 %), neurologic agents (15 %),
gastrointestinal agents (13 %), and cardiovascular agents (13 %). Among adverse events that
may result from the interacting drug combinations, respiratory depression, increased risk of
bleeding, QT interval prolongation, reduced iron absorption, central nervous system
depression, hyperkalemia, and altered diuretic effect were common. The percentages of
hospitalizations cannot be directly compared to the prevalence of potential DDIs found in
study II and it is not unexpected that prevalence in outpatients exposed to more than two
drugs would be considerably lower than fraction of hospitalized patients exposed to potential
DDIs. The specific DDIs frequent in the two populations also differed considerably which is
not unexpected comparing outpatients and hospitalized patients. In another study conducted
at a university hospital in the Czech Republic, prevalence of DDIs was studied in 6078
patients, 19 years of age or younger, during a 12-month period in 2010 [91]. The Infopharm
Drug Interactions Compendium was utilized to identify interactions. Potential DDIs were
found in 3.83 % of patients only, and DDIs classified as moderate or severe in 0.47 %. The
risk of being exposed to potential DDIs was associated with patient age, the average number
of prescriptions per visit, and number of visits. Diagnoses of epilepsy, leukemia, or
rheumatoid arthritis were associated with higher risk of DDIs. The difference in patients
exposed to potential DDIs compared to the American study discussed above is remarkable.
Furthermore, it is a small estimate compared to prevalence among pediatric patients with at
least two drugs in study II. The authors call for caution in the interpretation of the results and
acknowledge that the potential interactions found were few, but no further evaluation of this
is offered. A comparison of comprehensiveness of the interaction database used in relation to
other sources would have been a first informative step of evaluation, but none can be found in
the available literature. As an example of a study conducted in a very different setting from
the Swedish, one conducted in Nigeria can be mentioned [94]. Potential DDIs in prescriptions
to pediatric outpatients were investigated and 16.9 % of the patients received prescriptions
with DDIs during the 3-month study period. In this setting, it is not surprising that
antimalarial therapies were dominating among drugs involved in DDIs and this exemplifies
very clearly how differences in results depend on the setting of the study. An interesting
aspect of their findings is that a correlation was seen between the severity of DDIs and the
age of the patient. Apart from the studies discussed above, there are a number of studies on
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prevalence of DDIs in different specialties. Studies in intensive care units describe
populations with a high number of drugs per patient and, not surprisingly, much higher
frequencies of DDIs than described in the studies in general populations above [95, 179].
Other authors describe prevalence of DDIs in pediatric oncology [96, 97] or epilepsy care
[98, 99].

8.1.2 The effect of amiodarone on warfarin anticoagulation
Though the use of warfarin have declined since the NOACs emerged on the market, it is
currently used by a significant number of patients [75]. Concomitant use of warfarin and
amiodarone has been associated with an increased risk of bleeding-related hospitalizations
with a risk ratio of 3.33 (95 % CI 1.38–8.00) compared to warfarin alone [103]. As
previously mentioned in the objectives, the characterization of the effects on warfarin dose
and anticoagulant effect measured by INR relied on data from small longitudinal studies and
study III was conducted in a large dataset to increase the precision of estimates [52, 104-106].
Furthermore, since safe and effective warfarin treatment rely on TTR, that vary between
different countries, and since pharmacogenetic profiles relevant to warfarin dose
requirements differ between populations, studies in different settings provide broader
understanding of the impact of the interaction [180, 181]. Previous studies reported slightly
different estimates of decreased warfarin dose requirements after initiation of amiodarone.
The results from study III are similar to results from a number of studies but differ compared
to other [52, 102, 105, 106, 182, 183]. In a retrospective cohort study including 73 patients
with INR outside the therapeutic interval, mean warfarin dose change to maintain an INR
within the therapeutic interval was 25.6 % with a range of 5,9 to 65 % [102]. Similarly, in a
study aimed at developing a pharmacogenetic dosing algorithm for warfarin, a 22 % warfarin
dose reduction was needed in 36 patients that were using amiodarone and warfarin
concomitantly [182]. A more marked mean dose reduction of 44 % was needed in a
prospective cohort study of initiation of amiodarone in 43 patients on stable warfarin
treatment [105]. The effect of the interaction peaked at seven weeks. Efforts were specifically
made to keep INR within the therapeutic range and consequently results regarding this aspect
may not reflect the situation in a clinical setting. The markedly higher estimate in this study
may be the result of an initial loading dose of amiodarone used. That such an effect may be
relevant is supported by studies that have shown an inverse correlation between warfarin
maintenance dose and amiodarone dose [52, 105]. In a smaller study of only eight patients
starting amiodaron treatment while having a stable prothrombin time during warfarin
treatment, a mean 35 % reduction in daily warfarin dose, range 25 to 50 %, was needed to
achieve baseline prothrombin time [106]. In a larger retrospective study of the impact of
genetic variations and interacting drugs on warfarin maintenance dose in 845 patients, 87
patients had concomitant treatment with amiodarone that resulted in roughly 20 % reduction
in mean warfarin maintenance dose [184]. Due to the inverse correlation between amiodarone
dose and warfarin dose mentioned above, variations in amiodarone dose, especially in smaller

57

studies, could explain the differences in the estimates of mean warfarin dose reduction
needed to compensate for the interaction effect. Furthermore, in study III and in the studies
described above considerable variation in range of the doses needed to maintain INR within
the therapeutic interval was seen. Warfarin dose reductions between 25 and 65 % before
initiation of amiodarone treatment have been suggested [52, 105, 106]. A pre-emptive dose
reduction of 25 % may be considered based on the results of study III and other studies, but
with the interindividual variability in mind this should be considered with caution. However,
due to the large interindividual variability in dose requirements during concomitant treatment
close monitoring of INR is necessary, particularly during the first weeks when the effect
seems to be largest before compensatory dose adjustment. In study I, the fraction of patients
who had their INR measured during the first two weeks indicated a relatively high degree of
monitoring but that some prescribers may not be aware of the interaction.

In study III, warfarin dose was markedly reduced during the first few weeks after which
continued gradual reduction was seen during study period. A marked increase in mean INR to
levels above the therapeutic interval was seen during the first few weeks, with a peak at 3
weeks after initiation of amiodarone treatment and subsequently gradually declining. In the
cohort of 43 patients mentioned above, warfarin dose decreased gradually during the first
seven weeks with the largest decrease during the first two weeks. After week seven, it
increased gradually during the follow-up period of 12 months [105]. Similar dynamics were
seen during the first weeks in subset of 52 patients from a larger cohort, for which warfarin
and INR were followed for up to a year [104]. Warfarin dose decreased markedly during the
first week and then gradually decreased until the sixth week after which it gradually increased
again during the 12 months follow-up. It is possible that the increase seen in the later stages
of follow-up in these two studies depends on decreased amiodarone doses during long-term
therapy [105]. Furthermore, the continued decrease in doses during the study period of 30
weeks in study III may be related to a delayed response to the initial marked increase in INR.
The fraction of patients with INR above 3 peaked at the third week and was increased during
the first 10 to 12 weeks of concomitant treatment in study III. In the follow up of the 52
patients mentioned above, an INR above 5 was most common during the first 12 weeks of
concomitant warfarin and amiodarone treatment. There were no peaks in the rate of INRs
above 5 after 12 weeks of concomitant treatment and during the rest of the 80-week study
period [104].

8.1.3 The clinical impact of interactions for patients treated with NOACs
Though the use of NOACs have increased markedly during the past years in Sweden and
internationally, few observational studies can be found on the overall clinical effects of DDIs
with NOACs [75, 107, 108, 112, 113, 185]. Only two studies with a general approach similar
to study IV have been found [112, 113]. All outpatients prescribed and dispensed NOACs in
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Sweden who fulfilled inclusion criteria and not exclusion criteria were included in study IV.
This resulted in a large cohort of patients treated at different times during the majority of
years that NOACs have been used in Sweden. Pharmacodynamic interactions were frequent
in the cohort whereas pharmacokinetic interactions were less common. Consequentially, the
results reflect the power to detect differences in treatment outcomes between the different
groups of interacting drugs studied.

Patients treated with NOACs and drugs with pharmacodynamic effect on bleeding had a
higher risk of bleeding events compared to patients without this group of interacting drugs.
For combinations with pharmacodynamic effect, patients treated with apixaban and
rivaroxaban had a higher HR of any severe bleed than patients treated with dabigatran.
Furthermore, the lower bound of the confidence interval approached one for dabigatran. A
similar pattern could be seen in secondary endpoints among patients treated with drugs that
have a pharmacodynamic effect on bleeding. However, it is important to note that confidence
intervals overlap, and that we did not formally compare different NOACs in the analysis. A
case-control study of British primary care patients recently published also found increased
risks for major bleeding events in patients treated with any NOAC and drugs with potential
additive effect on bleeding [113]. However, in their analysis significant increased risks were
seen for apixaban and dabigatran but not for rivaroxaban. These differences in results may
depend on the distribution of different drugs, with different effects on the bleeding risk,
within the group of drugs that interact pharmacodynamically. It is possible though, that there
is a difference between the different NOACs in the clinical impact of pharmacodynamic
interactions and this would warrant further investigation. Regarding individual drugs included
in the group of pharmacodynamically interacting drugs, frequencies varied greatly. ASA was
very frequent, clopidogrel and some of the NSAIDs fairly frequent and other drugs were less
frequent. In the case-control study mentioned above, estimates of increased risk for patients
treated with NOACs and these drugs varied and therefore it would be relevant to characterize
the differences further in the data from study IV.

There was an increased risk of any severe bleed for patients treated with apixaban who were
exposed to inhibitors of CYP3A4 and/or P-gp compared to those not exposed to the
interacting drug group. However, the lower bound of the confidence interval approached one
and therefore this result should to be interpreted with caution. No significant effect from
exposure to inhibitors of CYP3A4 and/or P-gp could be found for patients treated with
rivaroxaban or dabigatran regarding the primary endpoint, any severe bleed. For the
secondary endpoint, gastrointestinal bleed, a significant effect was seen for patients treated
with apixaban and rivaroxaban who were exposed to inhibitors of CYP3A4 and/or P-gp.
Again, the lower bounds of the confidence intervals approached one. However, the summed
result of analyses regarding inhibitors of CYP3A4 and/or P-gp indicate a potential effect on
bleeding that could not be firmly established. There are two probable reasons why effect
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measures could not be clearly established apart from the potential lack of effect. It is not
unlikely that at least partly the relatively few patients available for analyses influence the
results. Furthermore, it is possible that the distribution of interacting drugs within the groups
of inhibitors of CYP3A4 and/or P-gp for each respective NOAC is unfavorably skewed
towards drugs with less effect on NOAC pharmacokinetics. Furthermore, apixaban and
rivaroxaban are substrates of CYP3A4 and P-gp. Dabigatran in contrast, is only a substrate of
P-gp and not of CYP3A4 [32, 61]. This difference may have an impact on estimates of the
risk of bleeding due to DDIs with inhibitors of CYP3A4 and/or P-gp. In the case-control
study mentioned above, there were no statistically significant effects on major bleeding for
NOAC-patients treated with inhibitors of CYP3A4 and/or P-gp [113]. However, increased
incidence rates of major bleeding were seen for patients treated with NOACs and
amiodarone, or fluconazole compared with NOAC alone in a large cohort study conducted on
patients with atrial fibrillation in Taiwan [112]. But other findings of this study were
unexpected. Treatment with NOACs and rifampin or phenytoin was associated with an
increased risk of major bleeding. Both drugs are known to induce metabolism of NOACs.
Furthermore, no association was seen for dronedarone, a strong P-gp and CYP3A4 inhibitor.
Because of these results, the validity of this study have been questioned due to potential
residual confounding [186-188].

Few patients were treated with NOAC and inducers of CYP3A4 and/or P-gp in the study
population. The results of these analyses should therefore be interpreted very cautiously. For
concomitant treatment with apixaban and inducers of CYP3A4 and/or P-gp there seemed to
be an increased association regarding the secondary endpoint venous thrombosis, though the
lower bound of the confidence interval was one. Since this was the largest group of patients
analyzed for this endpoint it may signal that indeed, with a larger dataset or another
methodology, more could be revealed. But results for inducers of CYP3A4 and/or P-gp
regarding thromboembolism should primarily be seen as a starting point for further study and
not be interpreted as either the potential presence or absence of an effect.

8.2

METHODOLOGICAL CONSIDERATIONS

8.2.1 Study populations
In all studies of this thesis the selection data sources and methods has been aimed at
achieving large study populations. In study I and II the reason for this was directly connected
to the research question and the aim of studying the whole Swedish outpatient population.
The Prescribed Drug Register allows for a very close approximation of this since all
pharmacies must report the data that constitute the register [118]. Though some patients may
receive prescription drugs from other sources than pharmacies, e.g. directly from their
healthcare provider, it is probable that this constitute a very small part of the drug use in the
population and that patients not included in the study because of this are very few.
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Furthermore, the aim of both studies was to describe frequently occurring potential DDIs and
prevalence of DDIs, and it was assumed that patients not included in the study would not
contribute significantly to differences in results would it have been possible to include them.
Regarding external validity, the inclusion of approximately the whole outpatient population
was a strength. In one sense instead of selecting a sample we studied the whole population.
Whether results from Swedish outpatients can be applicable to the populations of other
countries or for other time periods than the one studied is debatable. However, the objective
of the studies was primarily to describe conditions in the Swedish outpatient population at the
time.

In study III, the intention was to include patients more selectively. An important strength that
was to be achieved was to increase the precision of the estimates regarding the interaction
between warfarin and amiodarone compared to previous studies, and consequently a large
population was needed. However, there was also a need to select patients that were on a
documented stable warfarin treatment and who received amiodarone for a long enough period
to avoid misclassification of exposed patients. Furthermore, to measure the effects
information needed to be available from the data sources. Consequently, the widely used
warfarin monitoring registers were selected as data sources as well as the Prescribed Drug
Register, allowing a large population of patients to selectively evaluate for inclusion. Fairly
elaborate inclusion and exclusion criteria were applied to ensure the above characteristics of
the study population. The benefits of this were reduced risk of misclassification. However, a
selection bias regarding the whole patient population exposed to the DDI may have been
introduced by the inclusion only of patients for whom treatment were well documented. Since
the aim was to characterize the effect of the DDI rather than to describe the outcome in the
population in general, this weighing of potential sources of bias seemed reasonable.

In study IV, a large study population was needed explicitly to achieve power. This is not an
uncommon challenge in observational studies of outcomes of DDIs. First, patients who are
exposed to a combination of drugs that potentially interact may be few due to the known
potential effect of the combination. Second, only a fraction of the patients exposed to an
interaction are expected to experience the outcome. Consequently, we expected to need a
large dataset to achieve power in the study and therefore evaluated all patients who had been
dispensed NOACs from the introduction of these drugs in Sweden in the Prescribed Drug
Register. The Patient Register, from which outcome data were retrieved, contained data until
the end of 2017 at the time of retrieval and this restricted the population to patients who had
been dispensed any NOAC between 2008 and 2017. This very inclusive first step was not
only beneficial from a power perspective but also from an external validity perspective since
a large proportion of the patients treated with NOACs in Sweden was considered for
inclusion. NOACs are prescribed for patients with atrial fibrillation, DVT or PE, and after
knee or hip replacement. Patients with other indications for treatment than atrial fibrillation
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were excluded from the study population to avoid bias from differential distribution of
patients with different risk profiles. However, the Patient Register, used for inclusion and
exclusion, contains data from inpatient healthcare but not primary healthcare [120]. The
diagnosis of atrial fibrillation is frequently established in primary healthcare whereas patients
in primary healthcare are sent to the emergency room for diagnosis of DVT or PE, and knee
or hip replacements are conducted in hospitals. Consequently, diagnoses for the exclusion
criteria were expected to be more complete in the Patient Register than the potential inclusion
criterion for atrial fibrillation. Therefore, to avoid misclassification and selection bias, atrial
fibrillation was not used as an inclusion criterion. This would have resulted in a considerably
smaller study population and would possibly systematically exclude the healthier atrial
fibrillation patients treated in primary healthcare. However, by not including based on atrial
fibrillation diagnosis it is probable that some patients who did not have the diagnosis were
included and misclassified. The potential effect of this decision on the results was considered
smaller than the effect a systematic exclusion of healthier patients might have had.

8.2.2 Exposure
In all studies Janusmed interactions was used to identify clinically relevant potential DDIs
[5]. In the background text of this thesis, the impact of the selection of interaction database on
the results of observational studies is described. Consequently, the choice of Janusmed
interactions has implications for the definition of exposure to potential DDIs in studies I and
II. The database is widely used in healthcare in Sweden and is integrated in many electronic
medical records. The results of studies I and II can be interpreted both as a description of
exposure to potential DDIs among patients and as an evaluation of concomitant use by
prescribers, conscious or not, of drugs that potentially interact. For the second purpose, the
choice of an interaction database that is well integrated in Swedish healthcare is a strength
and can be considered an approximation of the information on potential DDIs available to
prescribers. However, concerning the identification of potential DDIs that really are clinically
relevant, Janusmed interactions have strengths and weaknesses. In studies I, II, and IV only
class C and D interactions were included. As previously mentioned, class B interactions are
potential DDIs with a clinical outcome that is uncertain and/or may vary. The exclusion of
this group from the definition of exposure to clinically relevant potential DDIs is therefore a
restriction of the potentially relevant DDIs found in the studies. The class was excluded
because of the variable relevance of these interactions. Furthermore, the distinction between
class C and D interactions is based on whether measures can be taken to mitigate the effect of
the DDI (class C) or not (class D). Class D interactions are defined as DDIs that is best
avoided, and risk being seen as the clinically most severe type of interactions. These aspects
of the database translate into a problem of comparing results with those based on some other
databases, e.g. the prevalence of moderate and severe interactions based on Stockley’s Drug
Interactions [85]. Essentially, B, C, and D interactions may all potentially be severe.
However, this problem is not unique to Janusmed interactions and the database has the
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advantage of being developed to selectively include potential DDIs that are clinically
relevant, a strength considering the definition of exposure in the studies of this thesis.

In study IV, Janusmed interactions and EHRA guidelines were used to define exposure to
interacting drugs. All class C and D interactions relevant for NOACs were included in the
definition of exposure to interacting drugs [5]. Furthermore, clinically relevant interactions
with NOACs as defined by EHRA guidelines were included [27]. Interacting drugs were
grouped based on the mechanism for interactions. The grouping was implemented to allow
relevant analyses since according to power calculations there were very few single drugs that
occurred frequently enough for single drug pairs to be analyzed individually. However, the
grouping entailed heterogenous groups of drugs with different expected effects on the
endpoint. Consequentially, the grouping may reduce the probability of measuring effects that
may exist for single drugs. This definition of exposure was therefore both a strength and a
weakness in study IV.

Apart from Janusmed interactions, the definitions of exposure in all studies depended on the
interpretation of data from the Prescribed Drug Register of dispensations of larger quantities
of drugs at single time points that needed to be interpreted as time periods for treatment. A
limitation of the use of the Prescribed Drug Register in pharmacoepidemiologic research is
that specific dosing information is only available as text strings of label text. In large datasets
the interpretation of these texts is very challenging to achieve. The DDD of each prescription
is also available but may not correspond to the actual dose prescribed. In studies I, II and III,
data on single dispensations were interpreted as four-month treatment periods. The rationale
behind this assumption, as previously described, relied on the dispensation of long-term drug
treatment every three to four months in Sweden. In studies I and II, any drugs dispensed
during the four-month study period were considered concomitant treatment. By this
definition, all drug dispensations that constitute ongoing drug treatment were assumed to be
included. The drawback of this strategy was a risk of misclassification of concomitant
treatment based on drug treatment periods that may be separated in time during the study
period. In study III, to further establish ongoing treatment, a second and third dispensation
were used as an inclusion criterion. This strengthened the assumption that patients were using
the drug during the study period. In study IV, a more elaborate definition of exposure was
developed. Previous examples can be found of using the DDD of the dispensation to define
the time period of treatment [147]. This practice was combined with the assumption of at
most three to four months of intended use for each prescription to avoid overestimation of the
treatment period. Consequently, the DDD of each dispensation defined the treatment period
of each dispensation. A new dispensation that occurred within 2.5 x the DDD of the last
treatment period was assumed to be connected unless it occurred more than 100 days after the
last dispensation date. A strength of this method was that the risk of falsely connecting
smaller dispensations was reduced. Furthermore, by multiplying with 2.5 the risk of not
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connecting dispensations of drugs where half the DDD had been prescribed for a longer timeperiod was also reduced. However, a risk of misclassification of ongoing treatment remains
as long as the true dosing information is not available.

Another important aspect of exposure, relevant to all studies in this thesis, is the assumption
that dispensed prescription drugs correspond to consumed prescription drugs. It is well
known that this is not always the case [189]. However, it is not realistically feasible to
establish adherence to treatment in large study populations based on retrospective
prescription or dispensation data and this is an inherent limitation in all large studies
conducted in this type of data. The consequence is misclassification of patients that are
assumed to use the drugs dispensed but do not take them. In studies I and II, the results are
not only interesting from the perspective of what the patient actually consumed but also from
the perspective of the intended treatment. What is measured is in fact the intended treatment
from healthcare providers and the patient combined at the point of dispensation. In studies III
and IV, the difference between dispensed drugs and consumed drugs is more purely a
problem of misclassification. In study III, repeated dispensation of amiodarone is used as an
inclusion criterion and repeated INR measurements confirm the use of warfarin. However, to
some extent nonadherence to amiodarone may reduce the measured effect in the study and
this is a limitation in the design that would be difficult to eliminate. In study IV, a similar
problem of potential misclassification of exposure occurs and potentially result in reduced
measures of effect size. However, in this specific aspect the population studied can be
compared to an intention-to-treat population in a clinical trial. What is essentially measured is
the effect for patients that are prescribed and dispensed the potentially interacting drugs
concomitantly, not for the patients that actually consumed them, i.e. the effect in the
population of combining these drugs as a treatment.

8.2.3 Covariables
In studies I and II the covariables included were fairly limited. Age, sex, and the number of
prescribed drugs were included and are often included in similar studies [147, 160, 190].
Comorbidities were not included as covariables which is a limitation of studies I and II. This
would have been relevant information to include in the analysis and previous research have
shown that the number of chronic conditions is associated with the risk of being exposed to
potential DDIs [160]. Furthermore, the age variable could be a proxy of the number of drugs
used or comorbidities. However, only data from the Prescribed Drug Register were used and
it does not include information on comorbidities.

In study III and IV, dosing information on amiodarone and NOACs was not available due to
the limitation mentioned above in the Prescribed Drug Register. Amiodarone dose is
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inversely correlated with warfarin dose according to previous research [105, 183].
Furthermore, dose adjustments of NOACs to mitigate the effect of potential DDIs is
obviously a relevant factor in the analysis of risk of adverse events [27]. The absence of
dosing information is therefore a limitation in both study I and IV. However, in study III,
since the initiation of amiodarone is very standardized in Sweden it was assumed that the
results reflect this dosing regimen. In study IV, the lack of dosing information as a covariable
has consequences for the conclusions that can be drawn. It is reasonable to assume that the
effect of potential DDIs are mitigated to some extent by dose reductions. Including the
NOAC dose as a covariable would therefore be highly relevant. The results are, however,
estimates of the risk connected with concomitant treatment, including potential dose
adjustments, in the population and therefore describe the risk from an overall treatment
perspective.

In study IV, covariables for comorbidities were based on CHA2DS2-VASc and HAS-BLED
criteria. The components of these scores are well established as relevant for risk of
thromboembolism and bleeding respectively and are used as covariables in similar studies
[113, 133]. Other factors that may be relevant exist, e.g. some forms of cancer or smoking
status [113]. However, limiting the choice of covariables for comorbidities to the components
of the two scores was considered a reasonable balance of including established relevant
covariables and avoiding the risk of overfitting the models. INR was not included as a
covariable as it was not available in the utilized registers. Furthermore, some of the risk
related to comorbidities, especially regarding HAS-BLED, can be mitigated by treatment in
the clinic. This aspect could not be traced in the data and included in the definition of
covariables.

8.2.4 Outcomes
Studies I and II were descriptive to a large part and frequencies of clinically relevant potential
DDIs in the population were the focus of these studies. The prevalence of potential DDIs,
related to the whole population or to patients prescribed at least two drugs is often reported in
similar studies [10, 145, 147, 191]. The comparability of prevalence measures based on
different interaction databases can be questioned as discussed above, but prevalence as a
summary of occurrence in the population is well established and useful in comparisons
between studies. Therefore, it is a limitation in paper I that no prevalence was calculated. This
was done for the results section of this thesis and for the publication of paper II. Furthermore,
a relevant outcome that was not included in paper I but calculated for paper II is the number
of potential DDIs per patient. However, due to the different nature of different interaction
databases and to achieve a detailed description of frequently occurring potential DDIs it is a
strength of both study I and II that the outcome of focus was frequencies of potential DDIs in
the population. In addition, as previously mentioned there are more than one way of
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interpreting the results. One way of seeing it is that what is described is the burden of
potential DDIs in the patient population. Another way of seeing it is that what is described is
the extent to which prescribers combine potentially interacting drugs, knowing or not that
they may have clinical relevance. For the purpose of the second way of seeing the outcomes,
studies I and II provide inventories that are valuable for further discussion and analysis.

In study III, the primary outcome was change in warfarin dose after initiation of amiodarone
compared to before. In addition, the change in INR during the study period was described.
The purpose of the study was not to describe the potential increase in risk that may result
from the interaction. Rather, the implications for dosing and monitoring of warfarin were the
focus. However, a relevant outcome to consider would have been the risk of bleeding,
comparing risk before and after initiation of amiodarone. Inclusion of this hard endpoint
would probably result in a power problem with the size of the population studied and the
design of the study might not be the ideal to study such an endpoint. Rather a design similar
to that of study IV may be appropriate. Consequently, this endpoint was not included in study
III.

Two composite endpoints were chosen as primary outcomes of study IV and selected
components of these endpoints with the addition of venous thrombosis were secondary
outcomes. These outcomes were all defined based on relevant ICD-diagnoses that were
identified in the Patient Register and Cause of Death Register. The Patient Register, which
was the source where most of the outcome data could be found, does not include diagnoses
from primary healthcare. Furthermore, outcome diagnoses were only included and searched
for that would correspond to severe cases. E.g. the primary endpoint “any severe bleed” did
not include less severe bleedings. By these definitions and the use of the Patient Register for
identification of outcomes we restricted all endpoints to severe cases. This was both a
practical and intentional decision. First, since less severe diagnoses would not fully be found
in the Patient Register for the study population and no corresponding data source exists for
primary healthcare. Second, because severe bleeding or thromboembolic events were
considered to be of primary relevance for the analyses. Therefore, the limited availability of
events that did not require hospital care was not considered a limitation to the design.

8.2.5 Cross-sectional design in study I and II
The aim of studies I and II was to describe a cross-section of each study population regarding
potential DDIs. The method used to identify concomitant drug treatment was to include all
dispensed prescribed drugs from the Prescribed Drug Register during a four-month period.
Whether the four-month period used yields a cross-section and whether prevalence calculated
is a point prevalence can be discussed. The rationale behind the selection of the four-month
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period has been described above. In short, exposure to concomitant drug treatment was
defined based on the assumption that ongoing treatment is renewed every three to four
months. By eliminating duplicate prescriptions for individual patients, the frequencies
calculated for potential DDIs are therefore approximates of treatment at one time-point.
Potential misclassification aside, this corresponds to a cross section and prevalence calculated
could therefore be defined as a point prevalence. However, drug treatment that occur during
shorter time periods or changes in treatment regimens during the four-month period may
result in misclassification, both in relation to the point prevalence and regarding the exposure
to potential DDIs. From that perspective the prevalence calculated could rather be regarded as
a period prevalence, though because of the short timespan a measure of period prevalence
very close to the point prevalence. The assumption that a four-month period corresponds
roughly to a cross section in Swedish outpatient data from the Prescribed Drug Register is not
unique to studies I and II and a validating study of this assumption would be highly relevant
for the use of this method. Methods that confirm ongoing treatment by repeated dispensations
or estimate exposure by taking the DDD into account, of which studies III and IV are
examples, are probably more precise.

8.2.6 Longitudinal follow-up and statistical analyses in study III
In the primary analysis of study III, the difference in warfarin dose between a four-week
period before amiodarone initiation and a four-week period during amiodarone treatment was
analyzed. The period during amiodarone treatment was selected based on the descriptive
analysis of weekly changes in dose during concomitant treatment. A period at which the dose
change seemed to have levelled out was selected. This way of defining the comparison period
for the primary analysis was pre-specified and therefore it may be argued that the analysis
was not conducted post-hoc, though it was decided based on the longitudinal analysis.
However, should the comparison time-point have been pre-established, it could be regarded
as more stringent, but may have resulted in a false measure of the change in dose. Regardless,
the aim of the study was to characterize the longitudinal dynamics of warfarin dose and INR
after initiation of amiodarone and consequently the focus of the study was primarily
descriptive.

For the purpose of comparing the change in dose between patients with a high and low
warfarin dose at baseline, the primary analysis was repeated for each of these groups. The
result was estimates of the mean percentage of change in dose for each group. Notably, the
groups were not compared in the analysis. Such an analysis could have been informative and
would have provided a statistical measure of whether there was a difference between the
groups or not. However, by analyzing the mean change for each group the percentages of
change could be calculated and compared. For descriptive purposes this was a clear way of
analyzing the change in each group, and the difference was small with overlapping
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confidence intervals. Though, if the difference had been larger, a statistical test might have
added to the understanding of whether this difference was statistically significant.

8.2.7 Survival analyses in study IV
For analyses of the association of exposure to potential DDIs with bleeding or
thromboembolic events in patients treated with NOACs, survival analyses with Coxregression was conducted. Similar studies have used Cox-regression but also other methods
e.g. logistic regression or Poisson regression [112, 113, 133]. Furthermore the propensity
score has been used for stratification or inverse probability of treatment weighting [112, 133].
In study IV, survival analysis was considered appropriate to account for the potential
difference of time to event between the comparison groups. In addition, because not all
patients could be expected to be exposed during the whole study period, it was important to
use a method that allowed for censoring. Since the Cox-regression model does not presume
any assumptions about the shape of the hazard function or the distribution of survival times, it
was selected as the more appropriate method for analysis. Propensity score stratification was
considered while designing the study. The propensity score in study IV would be the
probability that a patient received interacting drugs conditional on baseline characteristics
[192]. It is not unlikely that differences in baseline comorbidities may lead to different
propensity to be exposed to potential DDIs in the study. However, only observable
covariables can be included in the propensity score. With a very heterogenous dataset due to
multiple different treatments it is unlikely that the propensity score would capture the real
propensity and hidden bias may still be present. Furthermore, computing the propensity score
may result in increased variance in the estimate of the final analysis. Additionally,
covariables included in the propensity score would not be included in the Cox-regression
analyses and therefore the effects of these covariates would not be available for evaluation.
Because of these aspects, any analyses including the propensity score would have been best
suited as sensitivity analyses in study IV. Though it was decided for pragmatic reasons not to
proceed with sensitivity analyses based on the propensity score, this could have been an
interesting way of exploring the results further.

In study IV, 27 analyses of separate but overlapping datasets were conducted. For each
analysis the first treatment period with the relevant NOAC for each patient was selected. If, at
the start of the period, the patient was exposed to the interacting drug group studied in the
analysis the patient was included in the group exposed to the potential DDI. Consequently,
patients could contribute with different treatment periods in different analyses if they received
more than one NOAC during the full study period and patients could be included in the group
exposed to the potential DDI in one analysis and in the control group in another. Because of
the large number of tests conducted, adjustment for multiple testing was considered. Whether
adjustment for multiple testing is appropriate in observational studies have been discussed
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[193, 194]. In short, if multiple tests are performed, the risk of false rejection of the null
hypotheses increases due to chance. However, it can be argued that there is a fundamental
difference between multiple comparisons conducted in the same dataset, combined to prove
an overarching hypothesis, and comparisons conducted in different datasets to prove separate
hypotheses [193]. Furthermore, the reduction of the risk of type I error achieved by
adjustment for multiple testing increases the risk of type II error. For observational studies, it
has been argued that this is not an insignificant problem and that routine application of
multiple testing techniques ignore the purpose of observational research which is to find and
describe associated phenomena in nature [194]. Considering these aspects, it was decided not
to perform adjustments for multiple testing. Indeed, in study IV this would have had a
pronounced effect of increasing the risk of type II error. Consequently, the results should be
regarded as exploratory.

In study IV, all patients treated with NOACs available in the Prescribed Drug Register from
the introduction of NOACs in Sweden and until 2017, the last year for which outcome data
were available in the Prescribed Drug Register, was considered for inclusion. Consequently,
to achieve a considerably larger dataset, patients from other countries would have had to be
included. However, based on power analyses it was concluded that this large dataset was not
sufficiently large to study combinations of single drugs, which would have been preferred.
Furthermore, power analyses indicated that significant results for any difference between
groups present for inducers of CYP3A4 and/or P-gp would not be achieved. Based on the
power analyses, the grouping of potentially interacting drugs based on mechanisms for
interactions was selected to achieve the objectives of the study. The grouping of different
drugs introduces the problem of differential effects within the group. This is an important
limitation of the study as the effects measured are not the effects of any specific DDI but
rather the combined effects in relation to the proportion of contributing interacting drugs
within each group. Though the effects of all potentially relevant interactions would not be
possible to evaluate based on the available data, results would still have the potential to
contribute to understanding of the risks of potential DDIs for atrial fibrillation patients treated
with NOACs. As more patients accumulate over time in sources for retrospective analyses,
similar studies can be conducted with higher precision. However, based on the available data
the results of study IV contribute with an important estimation of the impact of DDIs in this
patient group.
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9 CLINICAL IMPLICATIONS AND CONCLUSIONS
A limited number of drugs were involved in a large fraction of the clinically relevant
potential DDIs found in the whole population and the pediatric population. It is
consequentially important that prescribers are aware of these drugs and evaluate potential
DDIs to avoid adverse effects or reduced treatment effect. Furthermore, since the potential
clinical impact of these drugs is large in the population it needs evaluation regarding actual
clinical consequences for patients.

One fifth outpatients prescribed at least two drugs were exposed to clinically relevant
potential DDIs. For the pediatric population of outpatients, the prevalence was considerably
smaller. Comparisons to previous Swedish studies or international research are not easily
made due to large differences in methodology. However, the potential clinical impact is large,
this necessitates awareness among prescribers of interacting drugs and evaluation regarding
clinical impact.

The most frequent potential effects of DDIs were bleeding, cardiac arrhythmias, and
serotonin toxicity, and reduced effects of analgesics, anti-infectives, anticoagulants, antihypertensives, drugs for osteoporosis, and thyroid hormone substitution. For pediatric
outpatients in addition to much of the above, toxicity related to opioids, contraceptives,
anticonvulsants, or cytostatic drugs, and reduced effects of anticonvulsants and
benzodiazepines were also frequent. These adverse events constitute a list of clinical effects
for which DDIs should be considered among differential diagnostic options, especially in
patients with polypharmacy.

The initiation of amiodarone in patients treated with warfarin may result in supratherapeutic
anticoagulant effect with a peak within three weeks. It is therefore important to monitor
frequently during initiation of concomitant treatment. Furthermore, a dose reduction of 25 %
on average can be anticipated, but a large interindividual variation calls for caution.
Monitoring within the first weeks of concomitant treatment was relatively high, but a fraction
of patients did not have INR measured within the first weeks and increased awareness of the
interaction may be needed. Continued frequent monitoring may be needed as the full effect of
the interaction on warfarin dose continue to develop over many weeks.

The risk of bleeding events was increased for patients with atrial fibrillation treated with
NOACs and drugs that interact pharmacodynamically or by inhibition of CYP3A4 and/or Pgp. This was only shown for apixaban regarding inhibitors of CYP3A4 and/or P-gp but it is
not unlikely that there may be similarities between NOACs. However, pharmacokinetic
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differences exist and further investigation in larger datasets is needed. The effect of inducers
of inducers of CYP3A4 and/or P-gp could not be established, most probably due to small
patient numbers, and therefore needs further investigation. From a clinical perspective, the
literature on clinical impact of DDIs on bleeding and thromboembolism is limited and the
results reported here expand it to some extent. Caution regarding all the studied groups of
interacting drugs is called for. Though situations exist when the benefits of some of the
combinations of drugs leading to these interactions outweigh the risks, they should be
avoided if options are available.
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10 REFLECTIONS ON FURTHER RESEARCH
10.1 GENERAL REFLECTIONS ON FURTHER RESEARCH
As described in the section on clinical relevance of DDIs above, research on the clinical
consequences of DDIs is difficult to conduct on a general level. To a large extent, designing
studies that correctly defines outcomes of a large variety of potential clinical effects and
finding ways to gather this information efficiently is difficult. Previously used outcomes, e.g.
hospitalization or documentation of a DDI connected to adverse events, are rough estimates
that are open to misclassification. Therefore, specific studies on the clinical impact of
potential DDIs where evidence is lacking is important. However, general estimates of clinical
impact of DDIs may also be valuable if relevant designs can be identified. This type of
studies may serve the purpose of educating prescribers of the relevance of DDIs and to
highlight therapeutic areas where DDIs lead to morbidity and may be avoided. This is
therefore an interesting and challenging field of study that needs further attention, especially
concerning outpatient populations in which studies are rare.

The quality of evidence behind potential DDIs in Janusmed interactions and other databases
vary greatly. Results of studies I and II, and similar studies in the literature, highlight
interacting drugs frequently used concomitantly. With frequent use of potentially interacting
drugs, the question regarding correct assumption of the clinical relevance of these interactions
can be raised. Consequently, frequently occurring potential DDIs where evidence of the
assumed clinical effect is weak are relevant for follow up in observational studies regarding
their association with the potential outcome, and this is an important area for further research.

Studies on the clinical impact of DDIs in general, in patients treated with NOACs, are few in
the literature. Much of the information on DDIs in guidelines and recommendations rely on
pharmacokinetic studies, which is an important and fundamental source of information on
DDIs. However, as more patients are treated with NOACs, data available for retrospective
observational studies accumulate and will allow more detailed studies on both the general
clinical impact of DDIs, and on clinical impact of concomitant treatment with less frequent
specific drugs potentially interacting with NOACs.

10.2 FUTURE STUDIES
Studies I and II were conducted based on a cross-section of the Swedish population from
2010. Since then, many new drugs have been introduced to the market, recommended
treatment options have changed, and the evidence regarding clinically relevant DDIs have
expanded. A new study with similar aims is currently discussed. The study would give an
updated description of exposure to potential DDIs in the population. Important aspects to
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revisit and consider in the design of this study will be the definition of exposure to
concomitant treatment, how to define a relevant cross section, and whether a relevant
measure of clinical consequences of interactions can be developed to assess clinical impact of
DDIs.

Frequencies of drugs were highly variable in the interacting group with pharmacodynamic
effect in study IV. ASA was very frequent, clopidogrel and some of the NSAIDs were quite
frequent, whereas prasugrel and ticagrelor were less frequent. A study of the potential
difference in risk for patients with NOAC treatment exposed to these individual drugs based
on the dataset of study IV has been discussed and will be evaluated regarding feasibility and
appropriate design. The identification of a relevant methodology to achieve power will be an
important issue to consider in the design of this study.

In study IV, the potential association between exposure to inducers of CYP3A4 and/or P-gp
and thromboembolic events could not be estimated due to lack of power. A potential way of
studying this, based on the dataset from study IV, may be by a case-control study. This option
has not been evaluated from a feasibility perspective but may potentially be a way forward to
address this research question.

A slightly different approach to exposure to potential DDIs, based on the dataset from study
IV, could be to focus on the potential association between comorbidities and exposure to
interacting DDIs. It is not unexpected that previous research has indicated that comorbidities
increase the risk of being exposed to a potential DDI. A characterization of the types of
potential DDIs that may be associated with different comorbidities could be relevant. The
purpose of studying this would be to increase awareness of frequent DDIs in different subsets
of patients treated with NOACs. However, this idea has not been further outlined and require
thorough evaluation regarding relevant research questions, design, and feasibility.
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11 POPULÄRVETENSKAPLIG SAMMANFATTNING
Inledning
Behandling med läkemedel är ett centralt verktyg i sjukvården, men fördelarna med
behandlingen måste alltid vägas mot riskerna. För patienter som behandlas med mer än ett
läkemedel förekommer det ibland att de olika läkemedlen påverkar varandra, så kallade
läkemedelsinteraktioner. De kan vara önskvärda, interaktionen bidrar då till en ökad effekt
mot det man vill behandla. Vanligare är dock att läkemedelsinteraktioner är oönskade,
konsekvenserna kan då vara ökad risk för biverkningar eller minskad behandlingseffekt.

I denna avhandling undersöks i vilken utsträckning läkemedel som interagerar med varandra,
och där interaktionen kan leda till betydande effekter, kombineras i svensk öppenvård, det vill
säga bland patienter som inte är inlagda på sjukhus. Även effekter av interagerande
läkemedel vid blodförtunnande behandling undersöks.

Bakgrund
Läkemedelsinteraktioner utgör ett komplext problem. Vissa kombinationer av läkemedel kan
interagera med varandra utan att effekten är så stor att det har någon betydelse för
behandlingen. Andra kombinationer kan ha så betydande interaktioner att biverkningar,
toxicitet eller förlust av behandlingseffekt innebär livsfarliga konsekvenser för patienten. En
ytterligare komplicerande aspekt är att inte alla patienter får en effekt som har betydelse även
om de två läkemedel som används har en mekanism som kan ge en betydande interaktion.
Man talar därför om potentiella läkemedelsinteraktioner, det vill säga interaktioner som
innebär en risk för en oönskad effekt. Ibland är det dessutom så att man väljer att kombinera
två läkemedel som man vet interagerar för att man inte har några behandlingsalternativ för
patienten. I vissa fall, men inte alltid, kan man då kompensera för interaktionseffekten genom
att till exempel justera dosen av det läkemedel som påverkas. Man talar om kliniskt
betydande potentiella interaktioner när det är sannolikt att effekten av interaktionen har
betydelse för patienten.

Det finns två principiellt olika typer av läkemedelsinteraktioner. Farmakokinetiska
interaktioner uppkommer genom att ett läkemedel påverkar omsättningen av ett annat
läkemedel i kroppen. Kroppen gör sig då av med det andra läkemedlet fortare eller
långsammare, vilket leder till större eller mindre mängder av det läkemedlet i kroppen. Det i
sin tur har betydelse för behandlingseffekt och biverkningar. Farmakodynamiska
interaktioner är istället sådana där de interagerande läkemedlens effekter eller biverkningar
samverkar eller motverkar varandra. Man kan bland båda dessa typer av interaktioner också
skilja på sådana som ger en risk för biverkningar respektive en förlust av behandlingseffekt.
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Avhandlingen har en särskild inriktning på effekt av interaktioner vid behandling med orala
antikoagulantia, dvs blodförtunnande läkemedel. De blodförtunnande läkemedel som
studeras är warfarin, som funnits länge, och de läkemedel som ingår i den nyare
läkemedelsgruppen NOAK. Dessa läkemedel är apixaban, rivaroxaban, dabigatran och
edoxaban. I en av studierna undersöktes effekterna av interaktionen mellan amiodaron, ett
rytmreglerande läkemedel, och warfarin. Amiodaron påverkar omsättningen av warfarin och
leder till ökad mängd av läkemedlet i kroppen, man kan därför behöva sänka warfarindosen
vid samtidig behandling för att undvika blödning. Effekten av läkemedelsinteraktioner med
NOAK undersöktes i en studie där både risken för blödning och trombos, dvs blodpropp
analyserades. Interaktioner med andra läkemedel som precis som NOAK har blodförtunnande
effekt kan leda till ökad blödningsrisk. Interaktioner med läkemedel som ökar mängden
NOAK i blodet kan också leda till ökad blödningsrisk. Slutligen kan interaktioner som
minskar mängden NOAK i blodet ge minskad behandlingseffekt av NOAK och därmed risk
för trombos.

Syfte
Avhandlingens syfte var att öka kunskapen om förekomst i svensk öppenvård av samtidig
behandling med läkemedel som man vet interagerar. Den syftade också till att undersöka hur
insättning av amiodaron påverkar dosering samt den blodförtunnande effekten av warfarin.
Dessutom syftade den till att undersöka hur risken för blödning och trombos påverkas av
interagerande läkemedel hos patienter som får NOAK.

Metoder
Alla studier i avhandlingen utfördes baserat på data från olika register. Förekomst av
interagerande läkemedelskombinationer undersöktes i två studier där all
läkemedelsbehandling som förekom vid en specifik tidpunkt i början av 2010 studerades, så
kallade tvärsnittsstudier. Den första studien genomfördes baserat på alla receptbelagda
läkemedel utlämnade från svenska apotek till patienter i alla åldrar. Den andra studien
genomfördes på en undergrupp av den första, baserat på patienter som var 17 år eller yngre. I
båda grupperna studerades förekomsten av potentiella läkemedelsinteraktioner. Läkemedel
som ofta förekom i kliniskt betydande potentiella interaktioner identifierades. Den tredje
studien utfördes baserat på patienter som behandlas med warfarin och som inledde
behandling med amiodaron. Detta var en kohortstudie vilket innebär att en grupp följs upp
avseende det man vill mäta. Doseringen av warfarin efter insättning av amiodaron följdes
veckovis under studieperioden. Skillnaden i dos jämfördes innan och efter dosjustering. INR,
som är ett mått på den blodförtunnande behandlingseffekten av warfarin, följdes veckovis
efter insättning av amiodaron. I den fjärde studien ingick alla patienter med förmaksflimmer
75

som hämtat ut något NOAK på apotek mellan 2008 och 2017. Även detta var en
kohortstudie. Skillnaden i risk för blödning respektive trombos hos patienter som då de
började använda NOAK också använde interagerande läkemedel jämfördes med de som inte
använde sådana läkemedel. För interagerande kombinationer av läkemedel som förväntas
leda till fler blödningar undersöktes om risken för blödning ökade. För de kombinationer som
förväntas leda till försämrad effekt av NOAK studerades om risken för trombos ökade.

Resultat
Bland patienter med minst två läkemedel i hela den svenska öppenvårdspopulationen hade 19
% minst en kliniskt betydande potentiell läkemedelsinteraktion. Bland barn upp till 17 år
gamla med minst två läkemedel hade 1,4 % en kliniskt betydande potentiell
läkemedelsinteraktion. Ungefär hälften av kliniskt betydande läkemedelsinteraktioner var av
den typ som potentiellt kan leda till förlust av behandlingseffekt i studien av alla åldrar
medan andelen var lägre bland barn. Ett begränsat antal läkemedel var involverade i en stor
andel av alla kliniskt betydande potentiella läkemedelsinteraktioner.

Den genomsnittliga veckodosen av warfarin var 24,6 % lägre under behandling med
amiodaron, jämfört med innan insättning av amiodaron. Det fanns inga skillnader avseende
denna dossänkning relaterat till ålder eller kön. Genomsnittligt INR per vecka var som högst
den tredje veckan efter att amiodaronbehandling hade inletts. 37,1 % av patienterna hade då
ett INR som låg över det intervall man strävar efter och deras risk för blödning var därmed
större än önskvärt. Innan amiodaron sattes in var denna andel 11,7 %.

Patienter som behandlades med läkemedel som har farmakodynamiska interaktioner med
NOAK hade en ökad risk för blödning jämfört med de som inte fick sådana läkemedel. För
läkemedel som kan öka mängden NOAK i blodet var risken för blödning ökad hos patienter
som tog apixaban. Det var mycket få patienter som använde NOAK tillsammans med
läkemedel som minskar mängden NOAK i blodet och effekten av dessa kombinationer kunde
inte fastställas.

Slutsatser
Ett begränsat antal läkemedel är involverade i en stor andel av kliniskt betydande potentiella
läkemedelsinteraktioner. Uppmärksamhet på dessa läkemedel och hur de används i
kombination med andra läkemedel kan därför bidra till patientsäkerheten. En stor andel av
svenska öppenvårdspatienter behandlas med läkemedelskombinationer som kan leda till
kliniskt betydande interaktioner. En stor andel av dessa interaktioner kan leda till förlust av
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behandlingseffekt. Det är tänkbart att förlust av behandlingseffekt är ett underskattat problem
relaterat till läkemedelsinteraktioner och det är därför viktigt att vara uppmärksam på denna
effekt. Det finns ett stort potentiellt värde i att minska onödig samtidig användning av
interagerande läkemedel och att noggrant värdera risker och nytta med sådan behandling.

Då behandling med amiodaron inleds hos patienter som behandlas med warfarin krävs ofta en
reducerad dos för att undvika överbehandling med warfarin. Frekvent uppföljning med INRmätningar och justering av warfarindosen är viktigt för säker behandling. Den förväntade
genomsnittliga dosreduktionen kan förväntas vara ca 25 %. Det är dock viktigt att vara
uppmärksam på att skillnaden är stor avseende hur mycket dosen behöver förändras mellan
olika patienter.

Behandling med läkemedel som interagerar genom att samverka till en blodförtunnande
effekt, eller med läkemedel som interagerar genom att öka mängden NOAK i blodet leder till
ökad risk för blödning hos patienter som behandlas med NOAK vid förmaksflimmer. För
läkemedel som ökar mängden NOAK i blodet kunde detta bara visas i kombination med
apixaban men det är inte osannolikt att det finns likheter för andra NOAK. Detta behöver
undersökas närmre i ytterligare studier med fler patienter. För läkemedel som minskar
mängden NOAK i blodet kunde inte någon effekt fastställas och även detta behöver
undersökas vidare.

77

12 ACKNOWLEDGEMENTS
During my work with this thesis, and before even starting, there have been many inspiring,
influencing, teaching, aiding, and collaborating with me. I am grateful to all for contributing
to what in the end turned out to be an educational, challenging, and inspirational academical
journey. I would specifically like to thank:

My main supervisor Erik Eliasson. Thank you for all the support and collaboration during
the past years. You were enthusiastic about taking me on as a research student from the
beginning and opened many doors for me along the way. I really appreciate having had not
only a supervisor in you but an experienced colleague who facilitated my development in
research and clinical work and believed in my abilities. I am grateful for all the good advice,
for sharing your medical and scientific competence, and for your positive mindset towards
new scientific projects.

My co-supervisor Jonatan Lindh. You have contributed in an essential way to my education.
Your competence in biostatistics and willingness to share and discuss this, as well as clinical
and scientific aspects on study design, have made you a hugely important part of my doctoral
education. You have always been available for discussions and I have felt that I can rely on
you to help me move forward through difficult problems. Thank you for your guidance and
for setting a great example to reach for with your competence.

My co-supervisor Buster Mannheimer. Thank you for letting me be a part of your project
ideas and for always inspiring me to evaluate things from new viewpoints. You are a creative
and dynamic researcher and your enthusiastic approach to new study ideas is inspirational. I
have always felt that I can discuss study design and implementation with you and get good
advice on how to proceed. Thank you for your efforts to help me progress as a researcher and
for productive discussions during the years.

My mentor Håkan Melhus. Thank you for always making me feel welcome even though we
did not meet very frequently. I really appreciated our discussions on meta-science and the
validity of research results and conclusions.

My co-authors, who in addition to my supervisors contributed to the articles in this thesis,
Birgit Eiermann, Elin Kimland, Marine Andersson, and Rickard Malmström. Thank
you all for good collaboration, for interesting and developing discussions, for sharing your
knowledge and contributing to the content of this thesis and to my education.
78

Mia von Euler, thank you for your guidance on scientific and practical matters regarding my
research and doctoral education. I really appreciate your willingness to give advice and
support, and I have been privileged to benefit from your knowledge and experience. In
addition, thank you for specific advice on medical aspects of study design. You truly set a
great example as a researcher and colleague.

Staffan Rosenborg, thank you for helpful scientific advice and discussions on study design
related to specific studies. Furthermore, thank you for the opportunity to work with clinical
trials and expand my competence within the area. It has contributed with wider perspectives
on research to my doctoral education and important general understanding of research within
the field of in clinical pharmacology.

Jaran Eriksen, Pauline Raaschou, Diana Rydberg, Karolina Nowinski, Lars
Gustafsson, Olov Collste, Mats Frick, Jens Olsson, and Per Tornvall, thank you all for
valuable advice on study design, implementation, and medical aspects of conducting the
studies in this thesis.

Paul Dickman, thank you so much for taking the time to discuss evaluation and
interpretation of survival analyses with me. I really appreciate your willingness to help me
move forward, you contributed with an essential part to my understanding of the
methodology applied in this thesis.

Bengt Sjöborg, thank you for your important contribution in processing data from the
Prescribed Drug Register and the SFINX database.

During my time as a doctoral student I have attended a number of interesting courses. I am
grateful to all the teachers of these courses for important contributions to my education. I
would like to thank Hans Järnbert-Petterson, Matteo Bottai, Nicola Orsini, and Mark
Clements in particular for excellent teaching in biostatistics in various courses. In addition,
Elvar Theodorsson and Mats Hammar for the course in Good Clinical Practice, and Lars
Bernfort and Martin Henriksson for the course in Health Economics. These courses were
really excellent and corresponded to my hopes of high quality academical education.
Furthermore, Olof Breuer and Staffan Rosenborg, thank you for various occasions of great
teaching in pharmacokinetics.

79

Ylva Böttiger and Eva Wikström Jonsson, thank you both for contributing with your
knowledge and expertise in discussions over the years. In addition, you had important roles in
employing me or facilitating time for research during the time I have been working with the
content of this thesis. I am very grateful for your support in these practical aspects of my
doctoral education.

Marja-Liisa Dahl, thank you for good advice and facilitation of practical aspects of my
doctoral education. Your support during the years have been important and I really appreciate
the flexibility I have experienced in making room for my doctoral education in parallel with
other duties at the Department of Clinical Pharmacology.

Georgios Panagiotidis, thank you for good advice during my years as a doctoral student, and
for the opportunity to go through doctoral education at the Division of Clinical Pharmacology
of the Department of Laboratory Medicine.

Marta Stenberg, Karin Nordin, Peter Johansson, and Lisbeth Johansson. Thank you for
being such great colleagues, it is always nice to work with you. Thank you for welcoming me
into the world of clinical trials and for answering my many questions during the years. You
contributed with an important part of my development as a researcher.

Yvonne Elliman, Pamela Grönkvist, Jeannette Grünstein, Catarina Cleveson, and
Margit Ekström. Thank you for all the help and advice with the administrative aspects of
being a researcher and doctoral student during the years. I really appreciate your contribution.

Annika Asplund, thank you for teaching me to search the medical literature in an efficient
and scientifically stringent way. I am really grateful.

Fellow doctoral students, past and present, Fadiea Al-Aieshy, Suzan Al-Mayahi, Christine
Skogastierna, Maria Andersson, Jenny Mullen, Camilla Linder, Madeleine Pettersson
Bergstrand, Annica Börjesson, Michel Arvidsson, and Eric Thelin thank you all for
discussions and suggestions on how to navigate through this process.

80

All my colleagues at Clinical Pharmacology during the years. Thank you for all the
interesting discussions, Journal Clubs, rounds, seminars, lectures, and tutoring. Also thank
you for all the informal aspects of working together, lunches, coffee breaks, after works,
discussions in the corridor etc. You all contributed to my development as a researcher and to
a good working environment.

Matti Sällberg, head of the Department of Laboratory Medicine, Andrej Weintraub, and
Anthony Wright, past and present director of doctoral studies at the department, thank you
for giving me the opportunity to pursue a doctoral education at Karolinska Institutet.

My parents Anne-Marie and Stellan Holm. Your contribution to this thesis cannot be
understated. Thank you for encouraging my critical thinking from an early age and for always
being interested in rational discussions. Thank you for believing in my ability to pursue the
goals I set my mind to achieve. Thank you so much for all the support during my time as a
doctoral student.

My parents-in-law Ann-Christin and Claes Kullberg. Like my parents’ home yours is
always a place for interesting discussion and critical thinking. Knowledge and learning are
held high and you share and listen to thoughts and ideas. Thank you for all the discussions
and for the warm environment that you have welcomed me to in your family.

My brother Anders Holm and my cousins Simon and David Götestrand. I am certain that
our discussions and sparring in rational thinking during the years have constituted an
important foundation for my academical progress. You are all really smart people and I am
fortunate to have had you around from the beginning.

My wife Anna Kullberg, words really are not enough for what you mean to me. Meeting
you along the way was definitely the best consequence of my doctoral studies. You have been
an invaluable wonderful scientific advisor and critical friend during the later years of the
work with my thesis. Thank you for all the advice on everything from study design to
navigation through the process of being a doctoral student. Thank you for all the feedback on
texts I have written and for all the support during this challenging process. Thank you for
always being by my side.

81

Hilma Holm Kullberg, my young padawan. Thank you for brightening the last year of
working with the thesis with your presence. I really look forward to our discussions once you
master the methodology of speech.

I would also like to thank the organizations that made this thesis possible. The Division of
Clinical pharmacology, Department of Laboratory Medicine, Karolinska Institutet, and
the Department of Clinical pharmacology, Karolinska University Hospital for the
opportunity to pursue doctoral education and to develop my scientific and medical
competence. The Department of Philosophy, Lund University for laying the foundation for
my academical and scientific development though studies in e.g. the theory of science and
theory of knowledge. Furthermore, I would like to thank the organizations that funded the
studies of this thesis and my doctoral education, Karolinska Institutet, the Department of
Clinical pharmacology, Karolinska University Hospital, Region Stockholm by the
combined clinical residency and PhD training program, the Swedish Foundation for
Clinical Pharmacology and Pharmacotherapy, the Swedish Society for Medical
Research, Bengt Ihre's fund, and the Swedish Stroke Association.

82

13 REFERENCES
1.

Hansten, P. and J.R. Horn, Hansten and Horn's drug interactions, analysis and
management. 2005, Applied Therapeutics: Vancouver, Wash.

2.

Atkinson Jr, A.J., et al., Drug Interactions, in Principles of Clinical Pharmacology.
2007, Academic Press.

3.

Guideline on the investigation of drug interactions. Investigation of drug interactions.
2012 2015 June 03 [cited 2020 September 01]; Available from:
https://www.ema.europa.eu/en/investigation-drug-interactions.

4.

Clinical Drug Interaction Studies — Cytochrome P450 Enzyme- and TransporterMediated Drug Interactions Guidance for Industry. 2020 [cited 2020 September 01];
Available from: https://www.fda.gov/regulatory-information/search-fda-guidancedocuments/clinical-drug-interaction-studies-cytochrome-p450-enzyme-andtransporter-mediated-drug-interactions.

5.

Janusmed. Available from: https://janusmed.sll.se/#/home.

6.

INXBASE interaction database. Medbase [cited 2020 September 25]; Available
from: https://www.medbase.fi/en/professionals/inxbase.

7.

Mannheimer, B. and E. Eliasson, Drug-drug interactions that reduce the formation of
pharmacologically active metabolites: a poorly understood problem in clinical
practice. J Intern Med, 2010. 268(6): p. 540-8.

8.

Becker, M.L., et al., Hospitalisations and emergency department visits due to drugdrug interactions: a literature review. Pharmacoepidemiol Drug Saf, 2007. 16(6): p.
641-51.

9.

Magro, L., U. Moretti, and R. Leone, Epidemiology and characteristics of adverse
drug reactions caused by drug-drug interactions. Expert Opin Drug Saf, 2012. 11(1):
p. 83-94.

10.

Gonzaga de Andrade Santos, T.N., et al., Prevalence of clinically manifested drug
interactions in hospitalized patients: A systematic review and meta-analysis. PLoS
One, 2020. 15(7): p. e0235353.

11.

Moura, C.S., F.A. Acurcio, and N.O. Belo, Drug-drug interactions associated with
length of stay and cost of hospitalization. J Pharm Pharm Sci, 2009. 12(3): p. 266-72.

12.

Athavale, A.S., B.F.I. Banahan, and C.M. Mendonca, Impact of potential drug-drug
interactions (DDIS) on health outcomes and cost to Medicaid: the monetary benefits
of quality health care. Value in Health, 2011. 14(3): p. A34-A34.

13.

Suh, D.C., et al., Risk of Hemorrhage and Treatment Costs Associated With Warfarin
Drug Interactions in Patients With Atrial Fibrillation. Clinical Therapeutics, 2012.
34(7): p. 1569-1582.

14.

Pergolizzi, J.V., Jr., et al., Economic impact of potential CYP450 pharmacokinetic
drug-drug interactions among chronic low back pain patients taking opioids. Pain
Pract, 2012. 12(1): p. 45-56.

15.

Summers, K.H., et al., Economic impact of potential drug-drug interactions in opioid
analgesics. J Med Econ, 2011. 14(4): p. 390-6.

83

16.

Dionne, P.A., et al., Economic impact of inappropriate benzodiazepine prescribing
and related drug interactions among elderly persons. Psychiatr Serv, 2013. 64(4): p.
331-8.

17.

Saurat, J.H., et al., High prevalence of potential drug-drug interactions for psoriasis
patients prescribed methotrexate or cyclosporine for psoriasis: associated clinical
and economic outcomes in real-world practice. Dermatology, 2010. 220(2): p. 12837.

18.

Demessine, L., et al., Risk and Cost Associated With Drug-Drug Interactions Among
Aging HIV Patients Receiving Combined Antiretroviral Therapy in France. Open
Forum Infect Dis, 2019. 6(3): p. ofz051.

19.

Guo, J.J., et al., Economic and clinical consequences associated with potential drugdrug interactions between antipsychotics and concomitant medications in patients
with schizophrenia. Value in Health, 2008. 11(3): p. A7.

20.

Drug metabolism interactions. Stockley’s Drug Interactions. [cited 2020 September
01]; Available from: http://www.medicinescomplete.com/.

21.

Gugler, R. and H. Allgayer, Effects of antacids on the clinical pharmacokinetics of
drugs. An update. Clin Pharmacokinet, 1990. 18(3): p. 210-9.

22.

Ogawa, R. and H. Echizen, Clinically significant drug interactions with antacids: an
update. Drugs, 2011. 71(14): p. 1839-64.

23.

Deppermann, K.M., et al., Influence of ranitidine, pirenzepine, and aluminum
magnesium hydroxide on the bioavailability of various antibiotics, including
amoxicillin, cephalexin, doxycycline, and amoxicillin-clavulanic acid. Antimicrob
Agents Chemother, 1989. 33(11): p. 1901-7.

24.

General considerations and an outline survey of some basic interaction mechanisms,
in Stockley's Drug Interactions, B. K, Editor. 2008, Pharmaceutical Press.

25.

Drug Development and Drug Interactions: Table of Substrates, Inhibitors and
Inducers. 2020 [cited 2020 September 01]; Available from:
https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-druginteractions-table-substrates-inhibitors-and-inducers.

26.

Goodman & Gilman's: The Pharmacological Basis of Therapeutics. 2018 [cited
2020 September 01]; 13:[Available from: http://accessmedicine.mhmedical.com/.

27.

Steffel, J., et al., The 2018 European Heart Rhythm Association Practical Guide on
the use of non-vitamin K antagonist oral anticoagulants in patients with atrial
fibrillation. Eur Heart J, 2018. 39(16): p. 1330-1393.

28.

Zanger, U.M. and M. Schwab, Cytochrome P450 enzymes in drug metabolism:
regulation of gene expression, enzyme activities, and impact of genetic variation.
Pharmacol Ther, 2013. 138(1): p. 103-41.

29.

Rowland, A., J.O. Miners, and P.I. Mackenzie, The UDP-glucuronosyltransferases:
their role in drug metabolism and detoxification. Int J Biochem Cell Biol, 2013.
45(6): p. 1121-32.

30.

van der Lee, M.J., et al., Lopinavir/ritonavir reduces lamotrigine plasma
concentrations in healthy subjects. Clin Pharmacol Ther, 2006. 80(2): p. 159-68.

84

31.

Ebert, U., et al., Effects of rifampicin and cimetidine on pharmacokinetics and
pharmacodynamics of lamotrigine in healthy subjects. Eur J Clin Pharmacol, 2000.
56(4): p. 299-304.

32.

Lund, M., T.S. Petersen, and K.P. Dalhoff, Clinical Implications of P-Glycoprotein
Modulation in Drug-Drug Interactions. Drugs, 2017. 77(8): p. 859-883.

33.

Hodges, L.M., et al., Very important pharmacogene summary: ABCB1 (MDR1, Pglycoprotein). Pharmacogenet Genomics, 2011. 21(3): p. 152-61.

34.

Drug transporter proteins. Stockley’s Drug Interactions. [cited 2020 September 01];
Available from: http://www.medicinescomplete.com/.

35.

Yu, J., et al., Intestinal Drug Interactions Mediated by OATPs: A Systematic Review
of Preclinical and Clinical Findings. J Pharm Sci, 2017. 106(9): p. 2312-2325.

36.

Le Guellec, C., et al., A case of severe toxicity during coadministration of vincristine
and piperacillin: are drug transporters involved in vincristine hypersensitivity and
drug-drug interactions? J Pediatr Hematol Oncol, 2012. 34(8): p. e341-3.

37.

Drug excretion interactions. Stockley’s Drug Interactions. [cited 2020 September
02]; Available from: http://www.medicinescomplete.com/.

38.

Zurth, C., et al., Drug-Drug Interaction Potential of Darolutamide: In Vitro and
Clinical Studies. Eur J Drug Metab Pharmacokinet, 2019. 44(6): p. 747-759.

39.

Svanström, H., et al., Concomitant use of low-dose methotrexate and NSAIDs and the
risk of serious adverse events among patients with rheumatoid arthritis.
Pharmacoepidemiol Drug Saf, 2018. 27(8): p. 885-893.

40.

Tracy, T.S., et al., The effects of a salicylate, ibuprofen, and naproxen on the
disposition of methotrexate in patients with rheumatoid arthritis. Eur J Clin
Pharmacol, 1992. 42(2): p. 121-5.

41.

Niu, J., R.M. Straubinger, and D.E. Mager, Pharmacodynamic Drug-Drug
Interactions. Clin Pharmacol Ther, 2019. 105(6): p. 1395-1406.

42.

Keyomarsi, K. and R.G. Moran, Folinic acid augmentation of the effects of
fluoropyrimidines on murine and human leukemic cells. Cancer Res, 1986. 46(10): p.
5229-35.

43.

Loke, Y.K., A.N. Trivedi, and S. Singh, Meta-analysis: gastrointestinal bleeding due
to interaction between selective serotonin uptake inhibitors and non-steroidal antiinflammatory drugs. Aliment Pharmacol Ther, 2008. 27(1): p. 31-40.

44.

Alexander, J.H., et al., Apixaban, an oral, direct, selective factor Xa inhibitor, in
combination with antiplatelet therapy after acute coronary syndrome: results of the
Apixaban for Prevention of Acute Ischemic and Safety Events (APPRAISE) trial.
Circulation, 2009. 119(22): p. 2877-85.

45.

Holbrook, A.M., et al., Systematic overview of warfarin and its drug and food
interactions. Arch Intern Med, 2005. 165(10): p. 1095-106.

46.

Urbaniak, A.M., et al., Prescription Patterns of Non-Vitamin K Oral Anticoagulants
Across Indications and Factors Associated with Their Increased Prescribing in Atrial
Fibrillation Between 2012-2015: A Study from the Norwegian Prescription Database.
Drugs Aging, 2017. 34(8): p. 635-645.

85

47.

Weitz, J.I., et al., Trends in Prescribing Oral Anticoagulants in Canada, 2008-2014.
Clin Ther, 2015. 37(11): p. 2506-2514.e4.

48.

Loo, S.Y., et al., Trends in the prescription of novel oral anticoagulants in UK
primary care. Br J Clin Pharmacol, 2017. 83(9): p. 2096-2106.

49.

The National Board of Health and Welfare. Statistikdatabas läkemedel. . 2017 [cited
2017 November 09]; Available from:
http://www.socialstyrelsen.se/statistik/statistikdatabas/lakemedel.

50.

Nutescu, E., I. Chuatrisorn, and E. Hellenbart, Drug and dietary interactions of
warfarin and novel oral anticoagulants: an update. J Thromb Thrombolysis, 2011.
31(3): p. 326-43.

51.

Heimark, L.D., et al., The mechanism of the interaction between amiodarone and
warfarin in humans. Clin Pharmacol Ther, 1992. 51(4): p. 398-407.

52.

Almog, S., et al., Mechanism of warfarin potentiation by amiodarone: dose--and
concentration--dependent inhibition of warfarin elimination. Eur J Clin Pharmacol,
1985. 28(3): p. 257-61.

53.

Medical Products Agency. Läkemedelsfakta. 2017 [cited 2017 November 08];
Available from: https://lakemedelsverket.se/LMF/.

54.

Hellwig, T. and M. Gulseth, Pharmacokinetic and pharmacodynamic drug
interactions with new oral anticoagulants: what do they mean for patients with atrial
fibrillation? Ann Pharmacother, 2013. 47(11): p. 1478-87.

55.

Voukalis, C., G.Y. Lip, and E. Shantsila, Drug-drug interactions of non-vitamin K
oral anticoagulants. Expert Opin Drug Metab Toxicol, 2016. 12(12): p. 1445-1461.

56.

Chang, M., et al., Effect of renal impairment on the pharmacokinetics,
pharmacodynamics, and safety of apixaban. J Clin Pharmacol, 2016. 56(5): p. 63745.

57.

Weinz, C., et al., Metabolism and excretion of rivaroxaban, an oral, direct factor Xa
inhibitor, in rats, dogs, and humans. Drug Metab Dispos, 2009. 37(5): p. 1056-64.

58.

Lip, G.Y. and G. Agnelli, Edoxaban: a focused review of its clinical pharmacology.
Eur Heart J, 2014. 35(28): p. 1844-55.

59.

Mendell, J., et al., Drug-drug interaction studies of cardiovascular drugs involving Pglycoprotein, an efflux transporter, on the pharmacokinetics of edoxaban, an oral
factor Xa inhibitor. Am J Cardiovasc Drugs, 2013. 13(5): p. 331-42.

60.

Stangier, J., et al., The pharmacokinetics, pharmacodynamics and tolerability of
dabigatran etexilate, a new oral direct thrombin inhibitor, in healthy male subjects.
Br J Clin Pharmacol, 2007. 64(3): p. 292-303.

61.

Heidbuchel, H., et al., Updated European Heart Rhythm Association Practical Guide
on the use of non-vitamin K antagonist anticoagulants in patients with non-valvular
atrial fibrillation. Europace, 2015. 17(10): p. 1467-507.

62.

Hirsh, J., et al., Oral anticoagulants: mechanism of action, clinical effectiveness, and
optimal therapeutic range. Chest, 2001. 119(1 Suppl): p. 8s-21s.

63.

Jain, N. and R.F. Reilly, Clinical Pharmacology of Oral Anticoagulants in Patients
with Kidney Disease. Clin J Am Soc Nephrol, 2019. 14(2): p. 278-287.

86

64.

Boyce, M.L., et al., Impact of Aspirin on Warfarin Control as Measured by Time in
Therapeutic Range. Basic Clin Pharmacol Toxicol, 2018. 123(4): p. 504-508.

65.

Hess, C.N., et al., Apixaban Plus Mono Versus Dual Antiplatelet Therapy in Acute
Coronary Syndromes: Insights From the APPRAISE-2 Trial. J Am Coll Cardiol,
2015. 66(7): p. 777-787.

66.

Alexander, J.H., et al., Apixaban with antiplatelet therapy after acute coronary
syndrome. N Engl J Med, 2011. 365(8): p. 699-708.

67.

Mega, J.L., et al., Rivaroxaban in patients with a recent acute coronary syndrome. N
Engl J Med, 2012. 366(1): p. 9-19.

68.

Verheugt, F.W., Combined antiplatelet and novel oral anticoagulant therapy after
acute coronary syndrome: is three a crowd? Eur Heart J, 2013. 34(22): p. 1618-20.

69.

Teoh, L., G. Moses, and M.J. McCullough, A review of drugs that contribute to
bleeding risk in general dental practice. Aust Dent J, 2020. 65(2): p. 118-130.

70.

Barrett, Y.C., et al., A randomised assessment of the pharmacokinetic,
pharmacodynamic and safety interaction between apixaban and enoxaparin in
healthy subjects. Thromb Haemost, 2012. 107(5): p. 916-24.

71.

Offermanns, S., Activation of platelet function through G protein-coupled receptors.
Circ Res, 2006. 99(12): p. 1293-304.

72.

Delaney, J.A., et al., Drug drug interactions between antithrombotic medications and
the risk of gastrointestinal bleeding. Cmaj, 2007. 177(4): p. 347-51.

73.

Yuet, W.C., et al., Selective Serotonin Reuptake Inhibitor Use and Risk of
Gastrointestinal and Intracranial Bleeding. J Am Osteopath Assoc, 2019. 119(2): p.
102-111.

74.

Wallerstedt, S.M., et al., Risk of clinically relevant bleeding in warfarin-treated
patients--influence of SSRI treatment. Pharmacoepidemiol Drug Saf, 2009. 18(5): p.
412-6.

75.

The National Board of Health and Welfare. Statistikdatabas läkemedel 2020 [cited
2020 June 22]; Available from: https://www.socialstyrelsen.se/statistik-ochdata/statistik/statistikamnen/lakemedel/.

76.

Bahar, M.A., et al., Pharmacogenetics of drug-drug interaction and drug-drug-gene
interaction: a systematic review on CYP2C9, CYP2C19 and CYP2D6.
Pharmacogenomics, 2017. 18(7): p. 701-739.

77.

Coutant, D.E. and S.D. Hall, Disease-Drug Interactions in Inflammatory States via
Effects on CYP-Mediated Drug Clearance. J Clin Pharmacol, 2018.

78.

Bottiger, Y., et al., SFINX-a drug-drug interaction database designed for clinical
decision support systems. Eur J Clin Pharmacol, 2009. 65(6): p. 627-33.

79.

Hammar, T., et al., Potential drug-related problems detected by electronic expert
support system: physicians' views on clinical relevance. Int J Clin Pharm, 2015.
37(5): p. 941-8.

80.

Andersson, M.L., et al., Impact of the drug-drug interaction database SFINX on
prevalence of potentially serious drug-drug interactions in primary health care. Eur J
Clin Pharmacol, 2013. 69(3): p. 565-71.

87

81.

Shah, N.R., et al., Improving acceptance of computerized prescribing alerts in
ambulatory care. J Am Med Inform Assoc, 2006. 13(1): p. 5-11.

82.

Zheng, W.Y., et al., Drug-drug interactions and their harmful effects in hospitalised
patients: a systematic review and meta-analysis. Eur J Clin Pharmacol, 2018. 74(1):
p. 15-27.

83.

Espinosa-Bosch, M., et al., Prevalence of drug interactions in hospital healthcare. Int
J Clin Pharm, 2012. 34(6): p. 807-17.

84.

Hosia-Randell, H.M., S.M. Muurinen, and K.H. Pitkala, Exposure to potentially
inappropriate drugs and drug-drug interactions in elderly nursing home residents in
Helsinki, Finland: a cross-sectional study. Drugs Aging, 2008. 25(8): p. 683-92.

85.

Stockley's Drug Interactions. Medicines Complete [cited 2020 September 25];
Available from: https://www.medicinescomplete.com/.

86.

Drug Interactions. IBM Micromedex [cited 2020 September 25]; Available from:
https://www.micromedexsolutions.com/.

87.

Merlo, J., et al., Prescriptions with potential drug interactions dispensed at Swedish
pharmacies in January 1999: cross sectional study. Bmj, 2001. 323(7310): p. 427-8.

88.

Haider, S.I., et al., Trends in polypharmacy and potential drug-drug interactions
across educational groups in elderly patients in Sweden for the period 1992 - 2002.
Int J Clin Pharmacol Ther, 2007. 45(12): p. 643-53.

89.

Johnell, K. and I. Klarin, The relationship between number of drugs and potential
drug-drug interactions in the elderly: a study of over 600,000 elderly patients from
the Swedish Prescribed Drug Register. Drug Saf, 2007. 30(10): p. 911-8.

90.

Hovstadius, B., et al., Increasing polypharmacy - an individual-based study of the
Swedish population 2005-2008. BMC Clin Pharmacol, 2010. 10: p. 16.

91.

Langerová, P., et al., Incidence of potential drug interactions in medication
prescriptions for children and adolescents in the University Hospital Olomouc, Czech
Republic. Eur J Pediatr, 2013. 172(5): p. 631-8.

92.

Ismail, M., et al., Potential drug-drug interactions in pediatric patients admitted to
intensive care unit of Khyber Teaching Hospital, Peshawar, Pakistan: A crosssectional study. J Crit Care, 2017. 40: p. 243-250.

93.

Feinstein, J., et al., Potential drug-drug interactions in infant, child, and adolescent
patients in children's hospitals. Pediatrics, 2015. 135(1): p. e99-108.

94.

Oshikoya, K.A., et al., Potential drug-drug interactions in paediatric outpatient
prescriptions in Nigeria and implications for the future. Expert Rev Clin Pharmacol,
2016. 9(11): p. 1505-1515.

95.

Dai, D., et al., Epidemiology of Polypharmacy and Potential Drug-Drug Interactions
Among Pediatric Patients in ICUs of U.S. Children's Hospitals. Pediatr Crit Care
Med, 2016. 17(5): p. e218-28.

96.

Fernandez de Palencia Espinosa, M.A., et al., Pharmacoepidemiological study of
drug-drug interactions in onco-hematological pediatric patients. Int J Clin Pharm,
2014. 36(6): p. 1160-9.

97.

Balk, T.E., et al., Drug-drug interactions in pediatric oncology patients. Pediatr
Blood Cancer, 2017. 64(7).

88

98.

Lebowitz, M.B., et al., Drug-Drug Interactions Among Hospitalized Children
Receiving Chronic Antiepileptic Drug Therapy. Hosp Pediatr, 2016. 6(5): p. 282-9.

99.

Novak, P.H., et al., Acute drug prescribing to children on chronic antiepilepsy
therapy and the potential for adverse drug interactions in primary care. Br J Clin
Pharmacol, 2005. 59(6): p. 712-7.

100.

Lisby, S.M. and M.C. Nahata, Medication use and potential drug interactions in
pediatric patients with infectious diseases. Hosp Pharm, 1987. 22(4): p. 354, 356.

101.

Yeh, M.L., et al., Potential drug-drug interactions in pediatric outpatient
prescriptions for newborns and infants. Comput Methods Programs Biomed, 2014.
113(1): p. 15-22.

102.

McDonald, M.G., et al., Warfarin-amiodarone drug-drug interactions: determination
of [I](u)/K(I,u) for amiodarone and its plasma metabolites. Clin Pharmacol Ther,
2012. 91(4): p. 709-17.

103.

Vitry, A.I., et al., Major bleeding risk associated with warfarin and co-medications in
the elderly population. Pharmacoepidemiology and Drug Safety, 2011. 20(10): p.
1057-1063.

104.

Lu, Y., et al., Characteristics of the amiodarone-warfarin interaction during longterm follow-up. Am J Health Syst Pharm, 2008. 65(10): p. 947-52.

105.

Sanoski, C.A. and J.L. Bauman, Clinical observations with the amiodarone/warfarin
interaction: dosing relationships with long-term therapy. Chest, 2002. 121(1): p. 1923.

106.

Kerin, N.Z., et al., The incidence, magnitude, and time course of the amiodaronewarfarin interaction. Arch Intern Med, 1988. 148(8): p. 1779-81.

107.

Zhu, J., et al., Trends and Variation in Oral Anticoagulant Choice in Patients with
Atrial Fibrillation, 2010-2017. Pharmacotherapy, 2018. 38(9): p. 907-920.

108.

Huisman, M.V., et al., Antithrombotic Treatment Patterns in Patients with Newly
Diagnosed Nonvalvular Atrial Fibrillation: The GLORIA-AF Registry, Phase II. Am
J Med, 2015. 128(12): p. 1306-13.e1.

109.

Jaspers Focks, J., et al., Polypharmacy and effects of apixaban versus warfarin in
patients with atrial fibrillation: post hoc analysis of the ARISTOTLE trial. Bmj, 2016.
353: p. i2868.

110.

Piccini, J.P., et al., Polypharmacy and the Efficacy and Safety of Rivaroxaban Versus
Warfarin in the Prevention of Stroke in Patients With Nonvalvular Atrial Fibrillation.
Circulation, 2016. 133(4): p. 352-60.

111.

Harskamp, R.E., et al., Impact of Polypharmacy and P-Glycoprotein- and CYP3A4Modulating Drugs on Safety and Efficacy of Oral Anticoagulation Therapy in
Patients with Atrial Fibrillation. Cardiovasc Drugs Ther, 2019.

112.

Chang, S.H., et al., Association Between Use of Non-Vitamin K Oral Anticoagulants
With and Without Concurrent Medications and Risk of Major Bleeding in
Nonvalvular Atrial Fibrillation. Jama, 2017. 318(13): p. 1250-1259.

113.

Zhang, Y., et al., Risk of major bleeding among users of direct oral anticoagulants
combined with interacting drugs: A population-based nested case-control study. Br J
Clin Pharmacol, 2020. 86(6): p. 1150-1164.

89

114.

The National Board of Health and Welfare. Register. 2019 [cited 2020 June 12];
Available from: www.socialstyrelsen.se/statistik-och-data/register/.

115.

WHO Collaborating Centre for Drug Statistics Methodology. ATC Structure and
Principles. 2018 2018 February 15 [cited 2020 September 09]; Available from:
https://www.whocc.no/atc/structure_and_principles/.

116.

Auricula. [cited 2020 September 09]; Available from: http://www.ucr.uu.se/auricula/.

117.

Journalia. [cited 2020 September 09]; Available from: http://www.journalia.se/.

118.

Läkemedelsregistret. 2020 July 09 [cited 2020 September 10]; Available from:
https://www.socialstyrelsen.se/statistik-och-data/register/allaregister/lakemedelsregistret/.

119.

Wettermark, B., et al., The new Swedish Prescribed Drug Register--opportunities for
pharmacoepidemiological research and experience from the first six months.
Pharmacoepidemiol Drug Saf, 2007. 16(7): p. 726-35.

120.

Patientregistret. 2020 March 06 [cited 2020 September 10]; Available from:
https://www.socialstyrelsen.se/statistik-och-data/register/alla-register/patientregistret/.

121.

World Health Organization. Classifications. 2020 [cited 2019 October 31]; Available
from: www.who.int/classifications/icd/en/.

122.

Ingelsson, E., et al., The validity of a diagnosis of heart failure in a hospital discharge
register. Eur J Heart Fail, 2005. 7(5): p. 787-91.

123.

Linnersjö, A., et al., Recent time trends in acute myocardial infarction in Stockholm,
Sweden. Int J Cardiol, 2000. 76(1): p. 17-21.

124.

Ludvigsson, J.F., et al., External review and validation of the Swedish national
inpatient register. BMC Public Health, 2011. 11: p. 450.

125.

Ragnarson Tennvall, G., J. Apelqvist, and M. Eneroth, The inpatient care of patients
with diabetes mellitus and foot ulcers. A validation study of the correspondence
between medical records and the Swedish Inpatient Registry with the consequences
for cost estimations. J Intern Med, 2000. 248(5): p. 397-405.

126.

Smith, J.G., et al., Atrial fibrillation in the Malmö Diet and Cancer study: a study of
occurrence, risk factors and diagnostic validity. Eur J Epidemiol, 2010. 25(2): p. 95102.

127.

Dödsorsaksregistret. [cited 2020 September 10]; Available from:
https://www.socialstyrelsen.se/statistik-och-data/register/allaregister/dodsorsaksregistret/.

128.

Structure and principles. Available from:
https://www.whocc.no/atc/structure_and_principles/.

129.

ATC alterations from 2005-2020. 2018 November 28 [cited 2019 September 27];
Available from:
https://www.whocc.no/atc_ddd_alterations__cumulative/atc_alterations/.

130.

Camm, A.J., et al., Guidelines for the management of atrial fibrillation: the Task
Force for the Management of Atrial Fibrillation of the European Society of
Cardiology (ESC). Eur Heart J, 2010. 31(19): p. 2369-429.

90

131.

Lip, G.Y.H., et al., Refining Clinical Risk Stratification for Predicting Stroke and
Thromboembolism in Atrial Fibrillation Using a Novel Risk Factor-Based Approach:
The Euro Heart Survey on Atrial Fibrillation. Chest, 2010. 137(2): p. 263-272.

132.

Pisters, R., et al., A Novel User-Friendly Score (HAS-BLED) To Assess 1-Year Risk of
Major Bleeding in Patients With Atrial Fibrillation: The Euro Heart Survey. Chest,
2010. 138(5): p. 1093-1100.

133.

Forslund, T., et al., Stroke and bleeding with non-vitamin K antagonist oral
anticoagulant or warfarin treatment in patients with non-valvular atrial fibrillation: a
population-based cohort study. Europace, 2017.

134.

Rydberg, D.M., et al., Risk factors for severe bleeding events during warfarin
treatment: the influence of sex, age, comorbidity and co-medication. Eur J Clin
Pharmacol, 2020.

135.

Friberg, L., M. Rosenqvist, and G.Y. Lip, Evaluation of risk stratification schemes for
ischaemic stroke and bleeding in 182 678 patients with atrial fibrillation: the Swedish
Atrial Fibrillation cohort study. Eur Heart J, 2012. 33(12): p. 1500-10.

136.

Rosendaal, F.R., et al., A method to determine the optimal intensity of oral
anticoagulant therapy. Thromb Haemost, 1993. 69(3): p. 236-9.

137.

IBM SPSS Statistics for Windows, Version 22.0. 2013, IBM Corp.: Armonk, NY.

138.

R Core Team. R: A language and environment for statistical computing. 2019;
Available from: https://www.R-project.org/.

139.

WMA Declaration of Helsinki – Ethical Principles for Medical Research Involving
Human Subjects. 2018 July 09 [cited 2020 September 28]; Available from:
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principlesfor-medical-research-involving-human-subjects/.

140.

Good research practice. 2011 [cited 2020 September 28]; Available from:
https://www.vr.se/english/analysis/reports/our-reports/2017-08-31-good-researchpractice.html.

141.

Statistics Sweden. [cited 2013 November]; Available from: http://www.scb.se.

142.

Holm, J., et al., A limited number of prescribed drugs account for the great majority
of drug-drug interactions. Eur J Clin Pharmacol, 2014. 70(11): p. 1375-83.

143.

Janchawee, B., et al., Pharmacoepidemiologic study of potential drug interactions in
outpatients of a university hospital in Thailand. J Clin Pharm Ther, 2005. 30(1): p.
13-20.

144.

Lin, C.F., C.Y. Wang, and C.H. Bai, Polypharmacy, aging and potential drug-drug
interactions in outpatients in Taiwan: a retrospective computerized screening study.
Drugs Aging, 2011. 28(3): p. 219-25.

145.

Cruciol-Souza, J.M. and J.C. Thomson, Prevalence of potential drug-drug
interactions and its associated factors in a Brazilian teaching hospital. J Pharm
Pharm Sci, 2006. 9(3): p. 427-33.

146.

Linnarsson, R., Drug interactions in primary health care. A retrospective database
study and its implications for the design of a computerized decision support system.
Scand J Prim Health Care, 1993. 11(3): p. 181-6.

91

147.

Bjerrum, L., et al., Exposure to potential drug interactions in primary health care.
Scand J Prim Health Care, 2003. 21(3): p. 153-8.

148.

Teramura-Gronblad, M., et al., Potentially severe drug-drug interactions among older
people and associations in assisted living facilities in Finland: a cross-sectional
study. Scand J Prim Health Care, 2016. 34(3): p. 250-7.

149.

Bakken, M.S., et al., Inappropriate prescribing for older people admitted to an
intermediate-care nursing home unit and hospital wards. Scand J Prim Health Care,
2012. 30(3): p. 169-75.

150.

Bergendal, L., A. Friberg, and A. Schaffrath, Potential drug--drug interactions in
5,125 mostly elderly out-patients in Gothenburg, Sweden. Pharm World Sci, 1995.
17(5): p. 152-7.

151.

Bjorkman, I.K., et al., Drug-drug interactions in the elderly. Ann Pharmacother,
2002. 36(11): p. 1675-81.

152.

Malone, D.C., et al., Assessment of potential drug-drug interactions with a
prescription claims database. Am J Health Syst Pharm, 2005. 62(19): p. 1983-91.

153.

Zhan, C., et al., Suboptimal prescribing in elderly outpatients: potentially harmful
drug-drug and drug-disease combinations. J Am Geriatr Soc, 2005. 53(2): p. 262-7.

154.

Nobili, A., et al., Potentially severe drug interactions in elderly outpatients: results of
an observational study of an administrative prescription database. J Clin Pharm Ther,
2009. 34(4): p. 377-86.

155.

Teixeira, J.J., et al., Potential drug-drug interactions in prescriptions to patients over
45 years of age in primary care, southern Brazil. PLoS One, 2012. 7(10): p. e47062.

156.

Haasum, Y., J. Fastbom, and K. Johnell, Institutionalization as a risk factor for
inappropriate drug use in the elderly: a Swedish nationwide register-based study.
Ann Pharmacother, 2012. 46(3): p. 339-46.

157.

Sonnerstam, E., et al., Clinically relevant drug-drug interactions among elderly
people with dementia. Eur J Clin Pharmacol, 2018.

158.

Andersson, M.L., et al., High Prevalence of Drug-Drug Interactions in Primary
Health Care is Caused by Prescriptions from other Healthcare Units. Basic Clin
Pharmacol Toxicol, 2018. 122(5): p. 512-516.

159.

Molden, E., et al., Co-prescription of cytochrome P450 2D6/3A4 inhibitor-substrate
pairs in clinical practice. A retrospective analysis of data from Norwegian primary
pharmacies. Eur J Clin Pharmacol, 2005. 61(2): p. 119-25.

160.

Gagne, J.J., V. Maio, and C. Rabinowitz, Prevalence and predictors of potential
drug-drug interactions in Regione Emilia-Romagna, Italy. J Clin Pharm Ther, 2008.
33(2): p. 141-51.

161.

Jazbar, J., et al., Clinically relevant potential drug-drug interactions among
outpatients: A nationwide database study. Res Social Adm Pharm, 2017.

162.

Hansten, P.D., J.R. Horn, and T.K. Hazlet, ORCA: OpeRational ClassificAtion of
drug interactions. J Am Pharm Assoc (Wash), 2001. 41(2): p. 161-5.

163.

Jazbar, J., et al., Clinically relevant potential drug-drug interactions among
outpatients: A nationwide database study. Res Social Adm Pharm, 2018. 14(6): p.
572-580.

92

164.

Secoli, S.R., et al., Risk of potential drug-drug interactions among Brazilian elderly:
a population-based, cross-sectional study. Drugs Aging, 2010. 27(9): p. 759-70.

165.

Becker, M.L., et al., Increasing exposure to drug-drug interactions between 1992 and
2005 in people aged > or = 55 years. Drugs Aging, 2008. 25(2): p. 145-52.

166.

Petrini, E., et al., Risk of drug interactions and prescription appropriateness in elderly
patients. Ir J Med Sci, 2020. 189(3): p. 953-959.

167.

Iniesta-Navalon, C., et al., Potential and clinical relevant drug-drug interactions
among elderly from nursing homes: a multicentre study in Murcia, Spain. Cien Saude
Colet, 2019. 24(5): p. 1895-1902.

168.

Dias, B.M., F.S.D. Santos, and A.M.M. Reis, Potential drug interactions in drug
therapy prescribed for older adults at hospital discharge: cross-sectional study. Sao
Paulo Med J, 2019. 137(4): p. 369-378.

169.

van Heerden, J.A., et al., Prevalence of potentially serious drug-drug interactions
among South African elderly private health sector patients using the Mimica
Matanovic/Vlahovic-Palcevski protocol. Int J Pharm Pract, 2018. 26(2): p. 156-164.

170.

Fung, K.W., et al., Comparison of three commercial knowledge bases for detection of
drug-drug interactions in clinical decision support. J Am Med Inform Assoc, 2017.
24(4): p. 806-812.

171.

Toivo, T.M., et al., Identifying high risk medications causing potential drug-drug
interactions in outpatients: A prescription database study based on an online
surveillance system. Res Social Adm Pharm, 2016. 12(4): p. 559-68.

172.

Shah, S.S., et al., Off-label drug use in hospitalized children. Arch Pediatr Adolesc
Med, 2007. 161(3): p. 282-90.

173.

Kimland, E., et al., Paediatric drug use with focus on off-label prescriptions at
Swedish hospitals - a nationwide study. Acta Paediatr, 2012. 101(7): p. 772-8.

174.

Olsson, J., et al., Paediatric drug use with focus on off-label prescriptions in Swedish
outpatient care--a nationwide study. Acta Paediatr, 2011. 100(9): p. 1272-5.

175.

Rashed, A.N., et al., Risk factors associated with adverse drug reactions in
hospitalised children: international multicentre study. Eur J Clin Pharmacol, 2012.
68(5): p. 801-10.

176.

Adibe, M.O., P.C. Ewelum, and K.C. Amorha, Evaluation of drug-drug interactions
among patients with chronic kidney disease in a South-Eastern Nigeria tertiary
hospital: a retrospective study. Pan Afr Med J, 2017. 28: p. 199.

177.

Barrett, J.S., et al., Risk assessment of drug interaction potential and concomitant
dosing pattern on targeted toxicities in pediatric cancer patients. Aaps j, 2013. 15(3):
p. 775-86.

178.

Hadjibabaie, M., et al., Potential drug-drug interactions at a referral hematologyoncology ward in Iran: a cross-sectional study. Cancer Chemother Pharmacol, 2013.
71(6): p. 1619-27.

179.

Santibanez, C., et al., [Characteristics of drug interactions in a pediatric intensive
care unit]. Rev Chil Pediatr, 2014. 85(5): p. 546-53.

93

180.

Björck, F., et al., Warfarin treatment quality is consistently high in both
anticoagulation clinics and primary care setting in Sweden. Thromb Res, 2015.
136(2): p. 216-20.

181.

Klein, T.E., et al., Estimation of the warfarin dose with clinical and pharmacogenetic
data. N Engl J Med, 2009. 360(8): p. 753-64.

182.

Gage, B.F., et al., Use of pharmacogenetic and clinical factors to predict the
therapeutic dose of warfarin. Clin Pharmacol Ther, 2008. 84(3): p. 326-31.

183.

Zhong, S.L., et al., Integrating interacting drugs and genetic variations to improve
the predictability of warfarin maintenance dose in Chinese patients. Pharmacogenet
Genomics, 2012. 22(3): p. 176-82.

184.

Zhong, S.L., et al., The influence of genetic polymorphisms and interacting drugs on
initial response to warfarin in Chinese patients with heart valve replacement. Eur J
Clin Pharmacol, 2011. 67(6): p. 581-90.

185.

Lee, M.T., et al., Concomitant Use of NSAIDs or SSRIs with NOACs Requires
Monitoring for Bleeding. Yonsei Med J, 2020. 61(9): p. 741-749.

186.

Linnebur, S.A. and J.T. Hanlon, Drug Interactions With Non-Vitamin K Oral
Anticoagulants. Jama, 2018. 319(8): p. 828-829.

187.

Chang, S.H., M.S. Wen, and C.F. Kuo, Drug Interactions With Non-Vitamin K Oral
Anticoagulants-Reply. Jama, 2018. 319(8): p. 830-831.

188.

Sennesael, A.L., S. Henrard, and A. Spinewine, Drug Interactions With Non-Vitamin
K Oral Anticoagulants. Jama, 2018. 319(8): p. 829.

189.

Jimmy, B. and J. Jose, Patient medication adherence: measures in daily practice.
Oman Med J, 2011. 26(3): p. 155-9.

190.

Glintborg, B., S.E. Andersen, and K. Dalhoff, Drug-drug interactions among recently
hospitalised patients--frequent but mostly clinically insignificant. Eur J Clin
Pharmacol, 2005. 61(9): p. 675-81.

191.

Ayenew, W., G. Asmamaw, and A. Issa, Prevalence of potential drug-drug
interactions and associated factors among outpatients and inpatients in Ethiopian
hospitals: a systematic review and meta-analysis of observational studies. BMC
Pharmacol Toxicol, 2020. 21(1): p. 63.

192.

Heinze, G. and P. Juni, An overview of the objectives of and the approaches to
propensity score analyses. Eur Heart J, 2011. 32(14): p. 1704-8.

193.

Bender, R. and S. Lange, Adjusting for multiple testing--when and how? J Clin
Epidemiol, 2001. 54(4): p. 343-9.

194.

Rothman, K.J., No adjustments are needed for multiple comparisons. Epidemiology,
1990. 1(1): p. 43-6.

94

