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General introduction and
scope of this thesis

Type 2 diabetes
Burden of the disease
Estimates from the international diabetes federation indicate that around 463
million people worldwide were affected by diabetes in 2019.1 It is projected
that over the next 25 years this number will increase to 700 million, which
will place a heavy burden on affected individuals and their relatives as well
as national health care budgets and expenditures.2 Approximately nine out
of every ten patients with diabetes are diagnosed with type 2 diabetes.2
Approximately 40% of patients diagnosed with type 2 diabetes develop
chronic kidney disease during their life, which is accompanied with a marked
reduction in quality of life and life expectancy.1 Annually, an estimated 4.2
million deaths worldwide can be attributed to complications associated with
type 2 diabetes. Cardiovascular complications are considered to be the
main cause of mortality in patients with type 2 diabetes.1 A patient with type
2 diabetes has a doubled risk of developing cardiovascular complications
compared to the general population and this risk is even further increased
in patients with type 2 diabetes and chronic kidney disease.1,3 Specifically, a
patient with type 2 diabetes and chronic kidney disease has a doubled risk
of cardiovascular mortality compared to patients with diabetes without kidney
disease.4,5
Management of patients
Management of patients with type 2 diabetes is focussed on improving quality
of life and, in particular, the prevention or delay of complications.6,7 Several
studies have demonstrated that optimising glycaemic control reduces clinical
symptoms and delays the progressive loss of kidney function.8,9 Traditionally,
treatment strategies therefore focussed on optimising glycaemic control,
either by life style interventions or, if deemed insufficient, by glucose-lowering
medication like metformin or sulphonylurea derivatives.6
The risk of complications can however also be reduced by targeting non
glycaemic risk markers. For example, improved cardiovascular and k
 idney
outcomes in patients with type 2 diabetes can be achieved by lowering body
weight, improving lipid profile, lowering systolic blood pressure and r educing
albuminuria.6 Management of patients with type 2 diabetes is therefore not
limited to optimising glycaemic control, but is also focused on targeting and
optimising other risk markers. As with glycaemic control, these risk m
 arkers
are addressed using life style interventions, but more frequently this is
insufficient and non-glycaemic medication is required. For example, statins
can be used to improve lipid profile, blood pressure lowering medication to
reduce systolic blood pressure and drugs targeting the renin–angiotensin–
aldosterone system to reduce albuminuria.6 Thus, patients with type 2
diabetes commonly use multiple drugs that not only target glycaemic risk
markers, but also a wide range of other cardio-renal risk markers.
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Residual Risk of developing complications remains high
Despite targeting both glycaemic and non-glycaemic risk markers, the r esidual
risk of developing complications remains high, specifically among patients
with type 2 diabetes and chronic kidney disease. This is illustrated by the
results of the RENAAL and IDNT trials, which evaluated the e
 fficacy and
safety of two renin-angiotensin-aldosterone system inhibitors in p
 atients with
type 2 diabetes. Losartan and irbesartan compared to placebo s uccessfully
reduced the risk of developing end-stage kidney disease by 28% and 23%,
respectively.10,11 However, 15.9% of patients on losartan and 14.2% of patients
on irbesartan still developed end-stage kidney disease. In current practice,
renin-angiotensin-aldosterone system inhibitors are considered to be the
primary standard of care when it comes to kidney protection, but the results of
the RENAAL and IDNT trials indicate that the residual risk of developing e
 ndstage kidney disease remains high even in patients using r enin-angiotensinaldosterone system inhibitors.
More recently, g
 lycaemic treatment options, such as the sodium-glucose
co-linked transporter 2 inhibitors, have been shown to reduce the risk of
end-stage kidney disease, in addition to optimising glycaemic control. In
the CREDENCE trial, the sodium-glucose co-linked transporter 2 inhibitor,
canagliflozin reduced the risk of end-stage kidney disease by 32% c ompared
to placebo in patients with type 2 diabetes and chronic kidney disease
on stable renin-angiotensin-aldosterone system inhibitors.12 Consequently,
an u
 pdated consensus report by the American Diabetes Association and
the European Association for the Study of Diabetes, now recommends to
treat patients with type 2 diabetes mellitus and chronic kidney disease with
sodium-glucose c o-linked transporter 2 inhibitors, s pecifically in patients with
albuminuria.6,7 These drugs are a welcome new treatment option for patients
with type 2 diabetes and chronic kidney disease, but approximately 8% of
patients on canagliflozin still developed end-stage kidney disease in the
CREDENCE trial, which emphasises the continued need for developing new
treatment options that reduce the risk of kidney complications.

Unsuccessful drug development
In the last decades, several treatment strategies have been explored to
lower the residual risk of developing kidney complications in patients with
type 2 d
 iabetes.13,14 Despite successful results in short-term phase 2 trials on
surrogate outcomes for long-term renoprotection, several drugs failed to
demonstrate renoprotection in long-term outcome trials.13,14 The absence of
successful long-term confirmatory trials in the field of diabetes and chronic
kidney disease can in hindsight be, at least in part, attributed to deficiencies
in clinical trial design including, wrong endpoint selection, inadequate dose
selection, and large between-subject variability in drug response. This is
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illustrated below by two examples with the endothelin receptor antagonist
avosentan and the erythropoiesis-stimulating agent darbepoetin alfa.

Endothelin receptor antagonist avosentan: The ASCEND trial
Endothelin-1 has been implicated in the progression of diabetic kidney
disease.15 Blocking the endothelin receptor proved to provide favourable
effects on renal risk markers, such as albuminuria and blood pressure,
but fluid retention, which may lead to heart failure and mortality, has also
been o
 bserved in some patients.13,16-18 The degree of fluid retention is
dose-dependent and is aggravated in patients with kidney insufficiency.19
Consequently, the maximum tolerated dose of endothelin receptor
antagonists is largely limited to the degree of fluid retention. Dose s election
of the endothelin receptor antagonist has been challenging, which is
best illustrated by the phase 3 ASCEND trial with the endothelin r eceptor
antagonist avosentan. Despite a clear albuminuria lowering effect of
avosentan, which indicates long-term kidney protection, the trial terminated
early due to a marked increase in heart failure and mortality in the active
treatment arms.13 In hindsight, results of an earlier phase 2 trial suggested that
maximum albuminuria lowering was already achieved at a much lower dose of
avosentan than the two doses used in the ASCEND trial.20 More importantly,
the degree of fluid retention was markedly less at lower avosentan d
 osages
suggesting that a lower and safer dose could have been used for the
confirmatory trial.20 Careful dose selection, balancing individual response to
maximise albuminuria reduction and minimise fluid retention, might thus be the
key to success for endothelin receptor antagonists future practice.
Erythropoiesis-stimulating agent darbepoetin alfa: The TREAT trial
Anaemia is caused by a reduced amount of haemoglobin molecules in
the blood and is considered a risk factor for kidney and cardiovascular
complications. Treatment with erythropoiesis-stimulating agents aimed to
increase haemoglobin concentrations, by stimulating the production of red
blood cells, and was thus expected to lower the risk of developing kidney
and cardiovascular complications.14 For the erythropoiesis-stimulating agent
darbepoetin alfa, the efficacy and safety in patients with type 2 diabetes and
chronic kidney disease was investigated in the phase 3 TREAT trial.14 The
dose of darbepoetin alfa could be adjusted throughout the trial to increase
the haemoglobin concentration to approximately 13.0 g/dL. However, despite
adequate haemoglobin concentrations in patients receiving active treatment,
no reduction in the risk of cardiovascular and kidney events was observed. In
contrast, the risk of stroke almost doubled in patients receiving d
 arbepoetin
alfa compared to placebo.14 Thus, it appeared that darbepoetin alfa induced
more harm than benefit. Post-hoc analyses of the trial suggested that p
 atients
with a poor haemoglobin response during the first weeks of treatment
had a higher risk of developing cardiovascular and kidney c omplications.21
Furthermore, patients with a poor haemoglobin response also received
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 igher dosages of darbepoetin alfa throughout the trial. Finally, more adverse
h
events were observed as compared to patients with a better initial response
in haemoglobin.21 These findings suggest that a large between-subject
variability in response exists with a proportion of patients remaining therapy
resistant even after receiving high individually up-titrated doses, which can
translate into long-term harmful effects. These two examples underscore
the importance of evaluating drug response on an individual basis in drug
development and clinical trial design.

Personalised Medicine
Focusing on the individual patient
Variability in drug response also affects clinical practice. Patients with type 2
diabetes are, for example, monitored by measuring the surrogate o
 utcome
glycated haemoglobin (HbA1c), which is a biomarker for blood g
 lucose
concentrations over longer time periods.6 Guidelines recommend to initiate
anti-diabetic therapy if HbA1c is high. As the disease p
 rogresses, initial
treatment is no longer sufficient to maintain adequate HbA1c c oncentrations
and intensification of therapy is needed. For instance, the dose of initial
treatment will be increased or additional anti-diabetic drugs will be
added. Guidelines are however typically based on trial results o
 btained in
large populations and clinicians will need to translate these r esults to an
individual patient. A major difficulty in this translation is that drug response
varies s ignificantly between patients, which is generally not reflected in
treatment guidelines nor the design of clinical trials. The degree of longterm c ardiovascular and kidney protection of anti-diabetic therapies is
therefore also expected to vary substantially between patients. It is essential
to u
 nderstand the source of variability in drug response so that individual
treatment can be tailored to the individual patient. The so called personalised
medicine approach.
Types of variability
It is important to acknowledge that different types of variability play a role
in the overall variability in drug response. We consider two types of drug
response variability most important. First of all, there is variability between
patients in drug response in the on-target parameter (i.e. the cardiovascular
risk factor to which the drug is targeted and developed), which could be
caused by many factors including differences in patient characteristics,
genetic susceptibility, differences in pharmacokinetics (e.g. plasma exposure
of a drug), differences in pharmacodynamics (e.g. receptor density) or
differences in concomitant medication. For instance, large variability between
patients in drug response was observed in albuminuria, for drugs targeting the
renin–angiotensin–aldosterone system. In the ALTITUDE trial, large variation
in response to a
 lbuminuria (interquartile range: -48.7 to 41.9%) was observed
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in patients treated with aliskiren. Also, the RENAAL trial demonstrated
significant variability between patients in albuminuria response after treatment
with losartan.22,23 New therapies are no exception. The sodium-glucose colinked transporter 2 inhibitor dapagliflozin reduced albuminuria in the overall
population, but individual drug response ranged from -84% to +94%.24
Secondly, a drug has multiple treatment effects and the pattern of these
effects can vary between patients. For example, sodium-glucose c o-linked
transporter 2 inhibitors decrease Hba1c, body weight, blood pressure and
albuminuria on a population level. These effects vary between patients.24,25
For instance, for one patient significant reductions in body weight and systolic
blood pressure can be observed, whereas for another patient body weight
can be reduced but systolic blood pressure can be increased. The off-target
effects may influence long-term cardiovascular and kidney outcomes as much
or potentially even more than the on-target glycaemic effects.26 Yet, important
decisions in the development program of anti-diabetic drugs, such as dose
selection, remain solely based on drug effects in glycaemic risk markers.
In addition, variability in response is currently not taken into account in the
design of clinical trials. In order to tailor treatment to an individual patient, it is
important to address the variability in drug response and weigh the influence
of multiple drug effects on long-term treatment outcomes.

Regulatory perspective
Regulatory authorities have developed multiple guidance documents
to facilitate drug development of new anti-diabetic drugs. Currently, a
new guideline is under development (CPMP/EWP/1080/00 Rev. 2) by the
European Medicines Agency (EMA), which states that the primary aim of
confirmatory studies is to demonstrate favourable effects on glycaemic
control.27 The guideline also states that it is important to consider effects on
other c ardiovascular risk markers (i.e. neutral or beneficial effects on short
term cardiovascular risk markers should preferably be shown). Evaluation of
disease-specific patient reported outcomes is recommended to c ontextualise
observed effects on glucose biomarkers. It is however not mandatory
to demonstrate beneficial effects on long-term cardiovascular or kidney
complications, only the safety profile (including cardiovascular safety) should
be adequately characterised for a new anti-diabetic drug.27,28 Therefore, the
EMA also appears to focus solely on glycaemic control and an adequate
safety profile and does not take drug effects of multiple risk markers into
account.
In the last decade, the view of the EMA with respect to cardiovascular safety
differed from the view of the FDA. In 2008, the FDA released a Guidance for
Industry document, which required demonstration of cardiovascular s afety

16

for all drugs intended for the treatment or prevention of type 2 diabetes.
A new draft Guidance for Industry has however recently been released:
“evaluating the safety of new drugs for improving glycemic control”.29 This
new g
 uidance replaces the old guidance and focuses on the overall s afety
profile of a
 nti-diabetic drugs, in particular on sufficient patient exposure
to a
 dequately characterise the safety profile. Somewhat surprisingly, FDA
considers c ardiovascular safety still important, but, as opposed to the original
guidance, cardiovascular safety does not have to be thoroughly reviewed
anymore during drug development. The rationale for this is that none of
the c ardiovascular outcome trials, submitted to the FDA, have identified an
increased risk for ischemic cardiovascular events. Consequently, with this
recent update of the FDA Guidance, the views of EMA and FDA appear to
align again.29,30
From a safety perspective, the view of the regulatory authorities is
understood, but both regulatory authorities appear to overlook the fact that
one of the most important goals of anti-diabetic treatment is to prevent or
delay c ardiovascular and kidney complications. As a result of the initial FDA
Guidance, medicine developers have conducted various large outcome
trials to evaluate cardiovascular and kidney safety. The results indicated that
some of these new therapies are safe, but more importantly, even p
 rotective
effects were observed with respect to long-term cardiovascular and k
 idney
complications.31-39 The initial FDA guidance, in addition to safety data,
therefore contributed to the generation of evidence regarding drug efficacy
in terms of cardiovascular and kidney outcomes. The change in regulatory
demand could however translate in less initiatives to conduct large outcome
trials, which would be unfortunate as history has taught us that important
knowledge can be generated from these trials. Thus, from an efficacy point
of view, the new guidance is not understood. If the current regulatory view is
maintained, more evidence for cardiovascular and kidney efficacy will have
to be generated by evaluation of short-term changes in risk markers, which
emphasizes the need for adequately quantifying the relationship between risk
markers and long-term outcomes.

How to improve drug development?
Addressing variability in drug response
In order to reduce apparent therapy resistance in patients with type 2
diabetes and chronic kidney disease, we first need to create a better
understanding of the variability in drug response. This can be done by
identifying determinants that explain variability in exposure and variability
in response to treatment (both in efficacy and safety). Finally, we need to
address these factors by modifying individual treatment (e.g. dose adaptions).
This step requires adequate characterisation of the dose-exposure-response
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r elationship. For example, after administration of the same dose, patients with
severe kidney impairment will have a higher plasma exposure to a renally
excreted drug as compared to patients with a normal kidney function. Patients
with severe kidney impairment have a higher probability of developing
adverse events as a consequence of the higher plasma exposure. If we
understand how plasma exposure is related to the probability of developing
adverse events, then we can modify the dose to achieve a tolerable exposure
level in patients with severe kidney impairment. This is, for example, the case
for dipeptidyl peptidase-4 inhibitors, excluding linagliptin, which require a
reduced dose in patients with kidney impairment.40 Understanding variability
in response will thus aid in a tailoring drug therapies to individual patients.
Not only management of patients, but also development of new therapies
can benefit from an improved understanding of variability in response. For
instance, the design of clinical trials can be adapted to include patients
that are likely to respond to therapy and to exclude patients that are more
vulnerable to the harms of therapy. The SONAR trial, investigated the efficacy
and safety of the endothelin receptor antagonist atrasentan in patients with
type 2 diabetes and chronic kidney disease.41 In an enrichment period, all
patients were treated with 0.75 mg atrasentan, after which the renoprotective
properties were evaluated by determining the response in albuminuria. The
response in albuminuria however varied significantly between patients in the
enrichment period (Figure 1, left). Only patients that demonstrated at least a
30% reduction in albuminuria during the enrichment period were eligible for
inclusion in the double-blind period of the trial. Furthermore, patients that
showed signs of fluid retention were excluded from the enrichment period.
By excluding patients from the SONAR trial, overall variability in drug response
is reduced and the probability of a favourable benefit/risk profile is increased.
(Figure 1, right)
If we are however able to identify covariates that explain which patients will
respond to treatment then we can optimise treatment with atrasentan before
they are exposed to the drug. For example, if patients that do not respond
have a low plasma exposure, we can steepen the curve reflected in Figure
1 (right), by increasing the dose of atrasentan in non-responders, instead of
excluding patients from the trial. As a result, the percentage of n
 on-responders
in the population will decrease. On the other hand, patients that have a high
plasma exposure to atrasentan will have a higher probability to respond to
atrasentan, but might also experience more adverse events. Consequently,
drug response in these patients might benefit from dose reductions.
The design of clinical trials can thus be optimised by explaining variability
in response. Either by, but not limited to, selecting an appropriate patient
population that is likely to benefit from the therapy under investigation or by
determining an optimal dose based on an individual balance of benefits and
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harms. This will increase the probability of successful treatments reaching the
market.
Figure 1. Simulated example of variability in albuminuria response without
addressing variability (left) and with addressing variability (right). Red area
displays non-responders, green area displays responders.
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How to quantify variability in drug response and identify factors that
explain variability in response?
A frequently used tool to create a better understanding of variability in drug
response is the population approach, in which all subjects in a population
are modelled simultaneously using a non-linear mixed-effects model. Nonlinear refers to the fact that one or multiple partial derivatives, which are
necessary to find the most optimal solution for every model parameter, is
dependent on any other model parameter. The term mixed-effects refers to
the parameterisation of the model, which, consists of two types of effects:
the fixed and random effects. Fixed effects are model parameters that are
similar for all individuals in a population, whereas random-effects are model
parameters that represent a deviation from the fixed population parameters
(e.g. residual error and variability between subjects).42 Importantly, this is not
limited to between-subject variability, but can also be variability betweenstudies, between-investigators, between clinical sites, etc. In this way a better
understanding is generated about the source of variability.
The difference between classical regression analyses and a population
approach is that it is often assumed in classical regression analyses that
only one level of unexplained variability exists (i.e. the difference between
the model prediction and observation), whereas a population approach
partitions variability into multiple levels. In a population approach, subject-
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specific characteristics can be implemented in the model by evaluating the
association with specific model parameters instead of only observations.
For e
 xample, if the clearance of a drug is associated with body weight, body
weight can be built directly into the model parameter representing clearance.
This way both the random effect representing the individual deviation from
the population mean clearance and the random effect representing the
remaining residual error in the model can be reduced, which improves the
predictive p
 erformance of a model and aids in creating an understanding of
where v ariability in observations is coming from. As the total individual drug
exposure is dependent on dose and clearance, we now have the ability to
derive the exposure for different people with different body weights, and can,
if need be, adjust the dose on an individual basis. Additionally, advantages of
a population approach are that data does not need to be dense or rich, as in
the analysis of single subject data and that data can be collected at irregular
sampling times, although careful consideration of the sampling scheme is
needed to obtain reasonable results. On the other hand, disadvantages are
that the models constructed using a population approach are mathematically
and statistically complex, which makes them difficult to interpret and apply by
others.42
In recent years, modelling and simulation techniques (and particularly the
population approach) has become an important tool to integrate available
knowledge and multiple datasets to aid the decision making process in drug
development and patient care.42 The importance of modelling and simulation
is also acknowledged by regulatory authorities. Both EMA and FDA have
developed several Guidelines to facilitate implementation of modelling and
simulation analyses in regulatory submissions (e.g. the EMA Guideline on
reporting results of population pharmacokinetic analyses or the FDA Guidance
for industry on population pharmacokinetics).43,44 In addition, EMA founded
the modelling and simulation working party that aims to enhance awareness,
provide advice and improve regulatory review of modelling and simulation
analyses.

Scope of this thesis
In this thesis, we aim to improve the understanding of variability in anti-diabetic
drug response, focusing specifically on renal and cardiovascular risk markers,
by quantifying the dose-exposure-response relationship of anti-diabetic drugs.
Chapter 2 concerns a case study of a large cardiovascular outcome trial,
the AleCardio trial, which investigated the efficacy and safety of aleglitazar, a
PPAR-α and PPAR-γ agonist. Dose selection of aleglitazar focussed on both
glycaemic markers as well as non-glycaemic markers. Nonetheless, the trial
terminated early due to futility and increased number of safety s ignals as
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c ompared to placebo. As dose selection focussed on multiple risk m
 arkers,
the reason for the early termination of the trial was not understood. We
investigated whether an increased exposure to aleglitazar 150 µg/day, as
compared to earlier observations in phase 2 studies, could be the reason for
the increased incidence of safety findings during the trial.
The dose finding of aleglitazar was based on both glycaemic and nonglycaemic markers, but for a newer anti-diabetic drug, dapagliflozin, dosefinding mainly focussed on glycaemic control. Therefore, in c hapter 3, we
evaluated whether the relationship between plasma-exposure and drug
response follows the same relationship for both glycaemic and n
 on-glycaemic
risk markers in patients with type 2 diabetes. This way, we can evaluate
whether the currently registered glycaemic dosing regimen of d
 apagliflozin
is also optimal for targeting cardiovascular and kidney protection. For
this analysis, we used data of the clinical development programme of
dapagliflozin that evaluated a dose range of 2.5 mg to 50 mg, which allowed
characterisation of the dose-response relationship.
The results of the AleCardio trial had indicated that the relationship b
 etween
dose, exposure and response could be different between patient p
 opulations.
Furthermore, for dapagliflozin, the previous chapter demonstrated that
variability in both glycaemic and non-glycaemic response could be e
 xplained
by plasma exposure. Therefore, instead of only looking at patients with type 2
diabetes, we also evaluated whether there was a relationship between p
 lasma
exposure to dapagliflozin and response in patients with d
 iabetic kidney
disease and in patients with non-diabetic kidney disease.
In chapter 4, we used data of the IMPROVE trial, which was a cross-over trial
in patients with diabetic kidney disease that evaluated the consistency of the
albuminuria-lowering effect of dapagliflozin upon re-exposure to dapagliflozin.
We evaluated whether the exposure to dapagliflozin was consistent upon
re-exposure and whether exposure was associated with between-patient
variability in several renal risk markers. In chapter 5, we used data of the
DIAMOND trial, which was a cross-over trial in patients with non-diabetic
kidney disease that evaluated the effect of dapagliflozin on renal risk m
 arkers.
A population pharmacokinetic model was developed in order to explain
variability in plasma exposure. Subsequently, the relationship between plasma
exposure and renal risk markers was evaluated.
The results of previous chapters have indicated that dose selection of
anti-diabetic drugs should not be exclusively based on glycaemic drug effects,
but that multiple non-glycaemic drug effects should also be considered to
facilitate dose selection of anti-diabetic drugs with optimal cardiovascular and
renal protective abilities. Therefore, in chapter 6, we evaluated the currently
used dose selection process of recently registered drugs for the treatment or
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prevention of type 2 diabetes using regulatory drug application dossiers and
European Public Assessment Reports. It is anticipated that, for these drugs,
dose justification to regulatory authorities focussed on glycaemic drug effects.
However, it is unknown whether drug effects in non-glycaemic risk markers
are also taken into account. Furthermore, we investigated whether the optimal
dose for glycaemic control is equivalent to the optimal dose for cardiovascular
and kidney protection.
The lessons learned in previous chapters were applied to the clinical
development programme of atrasentan. Atrasentan has been shown to reduce
albuminuria in patients with type 2 diabetes and chronic kidney disease in
the phase 2 dose finding RADAR trial. Fluid retention was however observed
in some patients. Therefore, in chapter 7, we evaluated the atrasentan doseexposure-response relationship of both albuminuria, as efficacy marker for
renoprotection, and body weight increase, as safety marker for fluid retention.
This way, we will be able to identify the most optimal dose of atrasentan for
further clinical development based on a balance in two risk markers.
In chapter 8, we investigated whether plasma exposure to atrasentan is able
to explain variability in drug response in patients included in the enrichment
phase of the SONAR trial. We will develop a population pharmacokinetic
model to estimate individual plasma exposure to atrasentan of all patients
included in the enrichment period of the trial. Secondly, we will evaluate
which factors explain variability in drug response focusing on renoprotection,
reflected by change in albuminuria, and fluid retention, reflected by change in
b-type natriuretic peptide.
In the final chapter 9 of this thesis, we will investigate whether the atrasentan
plasma exposure of patients included in the double-blind period of the phase
3 SONAR trial is comparable to the plasma exposure observed in the phase 2
RADAR trial. Furthermore, the optimal dose of atrasentan was selected based
on surrogate outcomes for renoprotection and fluid retention. It is however
unknown whether atrasentan plasma exposure is also associated with longterm treatment outcomes. We will therefore evaluate the association between
plasma exposure and kidney and fluid retention related outcomes.
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