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Chapter 1 – Introduction and aim of the thesis
___________________________________________________________________________
Introduction
Chronic kidney disease (CKD) is a worldwide health problem associated with significant
morbidity and mortality. Globally, diabetic nephropathy (diabetic kidney disease) is the leading
cause of CKD.1 Blood vessels in the kidneys of patients with diabetic nephropathy are
damaged, which affects the organs’ ability to filter out exogenous and endogenous substances.
Figure 1 shows a conceptual model for stages in the initiation, progression, and complications
of CKD. In many patients progression of CKD occurs at a slow but relentless rate. 2 Treatment
of CKD aims to slow the progressive decline in renal function in order to ultimately delay the
initiation of renal replacement therapies (RRT; chronic dialysis and renal transplantation).
However, despite the increase in prevalence of CKD and the need for novel treatment strategies
to mitigate the burden of the disease, few proven therapies are effective, and the residual risk
remains very high.3 We clearly need to find new targets and drugs or improve the use of older
ones. However, for each new drug the renal or cardiovascular efficacy needs to be established
in generally long-lasting and expensive hard outcome trials. These end points should thus be
accurate (to measure what it is purporting to measure), precise (to measure with minimal
variability), and reliable (duplicate independent measurements should produce the same result).
The currently used established hard end point(s) in clinical trials of CKD progression
is the composite of RRT and doubling of serum creatinine. Although this end point has been,
and is still used in many landmark clinical trials in renal and cardiovascular disease, 4, 5 it is
subject to debate for several reasons. First, the individual components may not have optimal
accuracy, precision and reliability. Second, the end point occurs only when renal function has
substantially deteriorated requiring clinical trials of long duration or large sample sizes. Thus,
in order to accrue sufficient end points within a reasonable amount of time, patients at late
stages of disease with severely reduced eGFR levels and high proteinuria need to be included,
whereas patients at earlier stages of disease, who may particularly benefit from the therapy, are
mostly excluded.3, 6 Consequently, there has been interest in the last years to develop alternative
end points which will take less long to occur with the hope to design more efficient trials in
order to facilitate and accelerate the development of novel interventions for CKD.
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Renal replacement therapy as hard end point
RRT is used as a clinical end point in large intervention trials because it represents a more or
less exact moment in time when the kidney fails to function. In addition, it is associated with a
high burden of disease including a decreased quality of life and significant mortality. Although
it is beyond doubt that the initiation of RRT has a direct impact on an individual's wellbeing
and therefore represents a clinically meaningful end point, there are limitations of using RRT

1

as end point in trials. Although RRT has been considered an objective end point, the decision
to start RRT are based on many subjective factors including dialysis availability, local
guidelines, preferences of physicians and patient wellbeing. These subjective factors can make
RRT a less ideal end point and may influence clinical trial results.
Glomerular filtration-based renal end points
Glomerular filtration has, rightly or wrongly, been used as the ultimate measure of the function
of the kidneys. GFR-based parameters are therefore prominent components of a renal end point.
Several have been used.
Fixed serum creatinine threshold as a renal end point
A defined serum creatinine threshold of 6 mg/dL (530 µmol/L) or estimated GFR (eGFR)
threshold of 15 ml/min/1.73m2 is used as the filtration component of a hard renal end point in
several trials.7, 8 Since the same serum creatinine value represents different eGFR values for
different patients recent trials included a predefined eGFR threshold rather than a predefined
serum creatinine threshold in the definition of the hard renal end point. A threshold of 15
ml/min/1.73m2 has been chosen since it represents the threshold at which most practice
guidelines recommend to start planning RRT.9 The advantage of using a fixed serum creatinine
or eGFR threshold compared to RRT is that a similar end point definition is applied to all
patients as opposed to RRT initiation.
Doubling of serum creatinine as a renal end point
Doubling of serum creatinine has been accepted as a valid component of a hard renal end point.
Most patients show a linear loss of renal filtration over time and thus doubling of serum
creatinine reflects a sustained loss in patients starting eGFR. The doubling of serum creatinine
end point is thus directly related to eGFR decline. Although the same serum creatinine value
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represents different eGFR values for different patients, the change in serum creatinine over
time within a patient will reflect a deterioration of eGFR for that patient.
Towards a lesser change in estimated glomerular filtration rate as an end point
Although the inclusion of doubling of serum creatinine or a fixed serum creatinine threshold
as a component of a hard renal end point increases the event rate and power of clinical trials it
is still a late event in progression of kidney disease. Therefore, it is most appropriate in clinical
trials for patients with later stages of kidney disease or those with rapid progression. To
examine alternative earlier renal end points for randomized controlled trials the National
Kidney Foundation (NKF) in collaboration with the Food and Drug Administration (FDA)
studied alternative options as described in a series of studies and reports.10-14 The first metaanalyses evaluated in a heterogeneous database of 1.7 million participants from 35 cohorts the
risk of end-stage renal disease (ESRD) as a function of the percentage change in eGFR over a
2-year baseline period.11 The study demonstrated a strong and consistent association between
changes in eGFR and ESRD: A 30% decline in eGFR during a 2-year baseline period was
associated with an approximately five-fold increased risk of ESRD compared to no change in
eGFR whereas a 57% decline in eGFR (equivalent to a doubling of serum creatinine) was
associated with a 30-fold increased risk of ESRD. These results were confirmed and extended
in a second meta-analysis of 37 randomized controlled clinical trials involving 9488
participants.13 This meta-analysis tested the associations across different treatments frequently
used in the CKD population and documented a strong association between small percentage
changes in eGFR and development of ESRD regardless of the intervention used, baseline
proteinuria, or eGFR. Although of interest, these observational studies are not sufficient to
claim valid surrogacy. It is imperative to also assess whether the treatment effects on the
surrogate (e.g. 30% or 40% eGFR decline) correlates with the treatment effect on the
established end point.
One challenge when using lesser declines in eGFR as end point is that many
interventions to slow the progression of CKD, including low protein diet, renin-angiotensinaldosterone-system inhibitors, sodium glucose co-transport inhibitors, and endothelin receptor
antagonists, differentially affect eGFR over time: initially the cause an acute fall in eGFR
whereas during long-term follow-up the slow rate of eGFR decline. The initial acute effect is
often a hemodynamic effect, reflecting a reduction in intra-glomerular pressure, and is
associated with long-term renoprotection. When a lesser change in eGFR is used as end point,
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the initial acute effect on GFR may lead to more end points in the active treatment arm which
decreases statistical power and can bias clinical trial results.
Estimated glomerular filtration rate slope as a renal end point
An intuitively more representative end point to evaluate the effect of an intervention on renal
function is to compare the slope of (e)GFR decline over time. This takes into account all the

1

available data of a patient over time. This end point has been used in past clinical trials although
it is not accepted by the regulatory agencies as hard end point to obtain drug marketing
authorization.15-17 GFR slope as end point provides good statistical power under two key
assumptions. First, the rate of GFR decline is constant during follow up, and second, the
treatment effect does not depend on the underlying rate of GFR decline. These assumptions are
frequently violated.
As discussed above, many renoprotective interventions have acute (reversible) effects
on GFR in the opposite direction as the effect during long-term treatment. The acute effect can
obscure the interpretation of trial results since the drug effect on the overall GFR slope may be
neutral whereas the effect may be beneficial if the initial acute effect is excluded. Such
ambiguity has indeed been observed in past clinical trials. For example, the effect of a low
protein diet on overall GFR slope was neutral while low protein diet significantly slowed the
chronic rate of GFR decline.15 On the other hand, the primary comparison of ramipril versus
amlodipine in the AASK trial was inconclusive because the overall rate of GFR decline did not
differ between the treatment arms due to the fact that amlodipine caused an initial rise in GFR. 16
When the initial effect of amlodipine on GFR was excluded, the slope of chronic renal function
decline was in fact slower in the ramipril arm. As a result of this ambiguity it is recommended
that GFR or serum creatinine is measured after treatment discontinuation to verify whether a
potential initial effect on GFR is reversible after treatment discontinuation. One can also
calculate GFR decline from a pre-defined post-randomization visit to avoid the problems with
potential acute effects on GFR. However, one should be careful since this approach violates
the comparisons of randomized comparisons because the treatment groups can differ at the
post-randomization time point.
Second, statistical power of (e)GFR slope analyses is compromised if the treatment
effect is greater in those with a faster progression. In this situation the larger treatment effect
in those with a fast progression is diluted by the smaller treatment effects in those with a
moderate or slow progression. As a result, the difference between the GFR slopes attenuates
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and statistical power decreases. In such instances, a time-to-event analysis (e.g. time to
doubling of serum creatinine) may be more powerful since these analyses reflect the treatment
effect in the patients who reach the event which usually are the patients with the fastest rate of
GFR decline.

Aim of the thesis
Clinical trial end points assess the efficacy and safety of drugs being tested. The current
established trial end points in CKD are a mixture of a filtration based end point (doubling of
serum creatinine or eGFR slope) and overall function of kidney (renal replacement
component). The question is whether we have to focus only on the filtration component, the
overall function, or its combination. The aim of this thesis is therefore to analyze the existing
clinical trial data to critically examine the advantages and disadvantages of the components of
the current hard clinical end point in order to ultimately define the most optimal renal end point
in clinical trials of CKD.
The decline in eGFR over time (eGFR slope) has been used as an end point to establish
drug efficacy.15, 16, 18 For analysis and interpretation of drug efficacy, it is assumed that renal
function declines linearly over time. In recent years, a few studies have suggested that eGFR
does not decline linearly over time.19, 20 This means modeling eGFR decline as a trial end point
using linear models may not always be appropriate. However, these studies investigated the
linearity of renal function trajectories in single cohorts with specific characteristics using
different analytical methods. To overcome these limitations, we undertook in chapter two a
systematic analysis to determine whether eGFR trajectories are linear or nonlinear in six
clinical trials of patients with and without diabetes, at different stages of CKD using a uniform
analytical approach.
The slope of eGFR decline provides great statistical power than a dichotomous
outcome, such as a fixed percentage eGFR decline, but only if the treatment effect does not
depend on the underlying rate of renal function decline, so called uniform treatment effect.
However, some interventions to slow the progression of CKD such as a low protein diet, are
proportional to the underlying rate of renal function decline. Whether the effects of Angiotensin
Receptor Blockers (ARBs) on eGFR slope are uniform or proportional has not been
investigated. Therefore, in chapter three we tested whether the effects of ARBs on the slope
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of eGFR are uniform or proportional in patients with type 2 diabetes and nephropathy and
whether eGFR slope would improve statistical power in clinical trials with ARBs.
In addition to the eGFR slope, a sustained doubling of serum creatinine from baseline,
corresponding to a 57% decline in estimated eGFR, is also frequently used as a component of
a composite kidney end point in clinical trials. However, the doubling of serum creatinine was
somewhat arbitrarily chosen and empirical evidence whether a doubling in serum creatinine is

1

the most optimal increase to establish drug efficacy is lacking. In chapter four we investigated
if alternative end points defined by lesser declines in eGFR (increases in serum creatinine)
would improve statistical power of clinical trials.
Renal Replacement Therapy (RRT) and doubling of serum creatinine are considered
the objective hard end points in nephrology intervention trials. Since both are assumed to reflect
changes in renal filtration capacity, drug effects, if present, are attributed to renal function
protection. However, the decisions to start RRT are not only based on renal filtration capacity
but also on other factors. However, the decision to start RRT may not only based on renal
filtration capacity but may also be driven by subjective parameters such as availability of renal
replacement therapies, local guidelines, health insurance of the patient, differences among
doctors in interpretation of the guideline, and patient suitability for RRT. 21, 22 Since drugs are
developed on the expectation that they will slow loss of the filtration capacity the multiple
parameters which drive RRT decision may impact results of clinical trials using a combined
end point of RRT and a fixed percentage decrease in eGFR. To this end we compared in
chapter five the time to RRT with the time to a fixed eGFR threshold, and assessed the effect
of the renoprotective drug irbesartan on both components.
This thesis ends by summarizing the main findings and by discussing future
perspectives in regards to the use of renal end points in clinical trials of CKD progression.
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Figure 1: Conceptual model for CKD. Continuum of development, progression, and
complications of CKD and therapeutic interventions to improve outcomes. Thick horizontal
arrows between circles represent the progressive nature of CKD. Complications refer to all
complications of CKD, including complications of decreased GFR, cardiovascular disease, and
adverse effects of drugs to prevent or treat the disease.2
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___________________________________________________________________________
Abstract
Background: In clinical practice and in clinical trials changes in serum creatinine are used to
evaluate changes in kidney function. It has been assumed that these changes follow a linear
pattern when serum creatinine is converted to estimated glomerular filtration rate (eGFR).
However, the paradigm that kidney function declines linearly over time has been questioned
by studies showing either linear or nonlinear patterns. To verify how this impact on kidney end
points in intervention trials, we analyzed eGFR trajectories in multiple clinical trials of patients
with and without diabetes.
Study design: Longitudinal observational study
Setting and participants: Six clinical trials with repeated measurements of serum creatinine.
Predictor: Patient demographic and clinical parameters.
Outcomes: Probability of nonlinear eGFR function trajectory calculated for each patient from
a Bayesian model of individual eGFR trajectories.
Results: The median probability of a nonlinear eGFR decline in all trials was 0.26 [0.13 –
0.48]. The median probability was 0.28 in diabetes vs. 0.09 in non-diabetes trials (p<0.01). The
percentage of patients with a >50% probability of nonlinear eGFR decline was generally low,
ranging from 19.3 to 31.7% in the diabetes and from 15.1 to 21.2% in the non-diabetic trials.
In the pooled dataset, a multivariable linear regression showed that higher baseline eGFR, male
gender, diabetes status, steeper eGFR slope, and non-renin-angiotensin-aldosterone-system
antihypertensives, were independently associated with a greater probability of a nonlinear
eGFR trajectory.
Conclusion: In both diabetes and non-diabetes trials the majority of patients show a more or
less linear eGFR decline. These data support the paradigm that in diabetic and non-diabetic
kidney disease eGFR decline progresses linearly over time during a clinical trial period.
However, in diabetes one should take the nonlinearity proportion into account in the design of
a clinical trial.
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Introduction
To evaluate the effectiveness of interventions on delaying the progression of chronic kidney
disease (CKD) clinical trials enroll patients who are likely to reach end-stage renal disease
(ESRD) in the near future. Landmark clinical trials have used this clinically meaningful end
point.1,

2

By definition, glomerular filtration rate (GFR) must decline to reach ESRD.

Accordingly, a couple of trials have used the rate of GFR decline over time (GFR slope) as
clinical trial end point.3-7 The advantage of using rate of change in GFR as end point is that it
provides greater statistical power than binary outcomes such as ESRD. However, a key
assumption to use GFR slope as clinical trial end point is that the decline in GFR is linear over

2

time.8
An early relatively small study showed that in patients with diabetic nephropathy,
kidney function declines linearly over time.9 However, this study had a relatively short followup and the study group consisting of only nine individuals. In contrast, a more contemporary
and larger study concluded that many Afro-American patients with hypertensive
nephrosclerosis, have a nonlinear eGFR trajectory or a prolonged period of nonprogression. 10
Another study reported that 46% of patients show a nonlinear kidney function decline before
reaching dialysis.11 These data challenge the existing paradigm of linear kidney function
trajectories which may have important implications for the analysis and interpretation of
clinical trials using eGFR slope as end point. However, these prior studies investigated the
linearity of eGFR trajectories in single cohorts with specific characteristics using different
analytical methods.
To overcome these limitations we undertook a pooled analysis of six clinical trials
comparing eGFR trajectories in clinical trials of patients with and without diabetes, at different
stages of CKD using a uniform analytical approach.
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Methods
Study design
We included six clinical trials with longitudinal measurements of serum creatinine. Study
selection criteria included randomized controlled clinical trials with sequential serum
creatinine measurements enrolling patients with non-diabetic CKD or type 2 diabetes and
CKD, and availability of individual patient data. The selected studies enrolled patients with
type 2 diabetes in the early (BENEDICT [Bergamo Nephrologic Diabetes Complications
Trial]) and advanced stage of renal disease (RENAAL [Reduction of Endpoints in NIDDM
with the Angiotensin II Antagonist Losartan] and IDNT [Irbesartan type II Diabetic
Nephropathy Trial]).1, 2, 12 In addition, patients without diabetes and nephropathy participating
in the REIN [Ramipril Efficacy In Nephropathy], ROAD [Renoprotection of Optimal
Antiproteinuric Doses], and ESBARI [Efficacy and safety of Benazepril for Advanced chronic
Renal Insufficiency] clinical trials were also included. 6, 7, 13, 14 The details of all trials have been
described previously. The main inclusion and exclusion criteria are summarized in table 1. 1, 2,
6, 7, 12-14

We included three diabetes trials. The BENEDICT trial tested the effect of the
angiotensin converting enzyme inhibitor (ACEi) trandolapril alone or in combination with the
calcium channel blocker (CCB) verapamil, on preventing micro-albuminuria in patients who
had normal urinary albumin excretion level (UAE rate <20 µg/min) with eGFR of greater than
60 mL/min/1.73m2. The median follow-up duration was 3.6 years. Serum creatinine was
measured every 3 months.12 The RENAAL and IDNT trials assessed the effect of angiotensin
receptor blockers (losartan and irbesartan) in protecting against the progression of diabetic
nephropathy in patients with overt proteinuria (at least 500 mg/day and at least 900 mg/day for
RENAAL and IDNT, respectively) with eGFR between 30 and 60 mL/min/1.73m2. Patients
were followed over a treatment period of 3.4 and 2.6 years for RENAAL and IDNT
respectively and serum creatinine was measured at baseline, month 1, and every 3 months
thereafter.1, 2 The IDNT trial also included a CCB arm (Amlodipine).
We also included three non-diabetes trials. The REIN trial assessed whether the ACEi
Ramipril slows the progression of GFR decline in patients with non-diabetic kidney disease
and proteinuria (≥1 g/day for ≥ 3 months).6, 7 The ROAD trial assessed whether the optimal
antiproteinuric dosages of the ACEi benazepril or ARB losartan, as compared with their
conventional antihypertensive dosages, could improve kidney outcomes in patients without
diabetes and with proteinuria (>1.0 g/day for ≥ 3 months). 13 The ESBARI trial examined the

24

Chapter 2 – Progressive renal function loss, a straight line?
___________________________________________________________________________
efficacy of benazepril in patients without diabetes and proteinuria (>0.3 g/day for ≥3 months). 14
The ROAD and ESBARI trials were both conducted in China. All non-diabetic trials enrolled
patients with a creatinine clearance between 20 and 70 mL/min. Median follow-up in REIN,
ROAD and ESBARI were 2.6, 3.7, and 3.4 years, respectively. 7, 13, 14 Serum creatinine was
measured in the REIN trial at baseline, month 1, 3, 6 and every 6 months thereafter. It was
measured every 3 months in the ESBARI trial, and every 4 months in the ROAD trial.
All the trials were conducted according to the principles outlined in the Declaration of
Helsinki. All patients gave informed consent. The clinical trial protocols were approved by
each relevant ethics committees.

2

Measurement of kidney function
For all clinical trials, serum creatinine measurements were available every three to six months.
In all trials serum creatinine was measured in a central laboratory. eGFR was estimated using
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation.15
For the purpose of analysis, patients with minimum of three valid eGFR measurements within
a follow-up duration of at least two years were included.
Statistical analysis
We followed a Bayesian approach, similar to the one used in the AASK trial, to model
individual’s eGFR trajectory.10 As described previously, this technique produces a smooth
curve for each patient’s eGFR trajectory to reduce the effect of measurement error, short-term
biological variation, and other noise in eGFR values. For each individual patient, the Bayesian
approach produced 3,000 Monte Carlo samples to approximate the posterior distribution of all
modelling parameters, which resulted to 3,000 smooth curves that quantified the uncertainty in
the true trajectory. The smoothness of the curve was determined automatically from the data,
thereby avoiding input from the analyst regarding the amount of deviation of the curve from
linearity. Under this approach for each patient the most likely trajectory was estimated by an
average of 3,000 Monte Carlo trajectories with 95% credible intervals. Furthermore, we
calculated the probability that a patient’s trajectory showed deviation from linearity as a
proportion of the 3,000 Monte Carlo trajectories.
A trajectory is defined as nonlinear if the mean slope for half of follow-up months with
a faster decline and the mean slope for the other with a slower decline differed by more than 3
ml/min/1.73m2 per year. There is no widely accepted threshold for the definition of nonlinear
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trajectory, so we considered difference in slopes of 3 ml/min/1.73m2 per year as representative
of potentially large deviation from linearity.
We summarized descriptive data for baseline clinical and demographic characteristics
using means ± standard deviations (or medians and interquartile ranges) for continuous data
and as frequencies and percentages for categorical variables. We calculated within-patient
linear regression to assess the eGFR slope. We performed univariable and multivariable linear
regression analysis to determine which patient characteristics were associated with nonlinear
kidney function decline. Patient characteristics that were (p-value <0.1) in the univariable
analysis were selected for the multivariable linear regression. A backward selection procedure
was used in the multivariable linear regression model for selection of covariates for the final
model. A p-value <0.05 was considered statistically significant. Statistical analyses were
performed in R software, version i386 3.1.1 (www.R-project.org).
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Results
Baseline characteristics
The patient characteristics are shown in Table 2. The non-diabetic patients were younger
compared to the diabetes patients, and mean baseline eGFR was lower in ESBARI and ROAD
compared to the other trials. The median follow-up period and the median frequency of serum
creatinine measurements were similar in all trials. Patients who were excluded from the
analysis because of insufficient serum creatinine measurements during follow-up had a lower
baseline eGFR and higher blood pressure and albuminuria (Table S1).
Patterns of renal function trajectories and distribution of probability of nonlinearity
Figure 1 illustrates the eGFR trajectories of selected individual patients with increasing
probability of nonlinearity. The median probability of a nonlinear eGFR decline in all trials
was 0.26 [0.13 – 0.48]. When individual trials were analyzed, the median probability of
nonlinearity was less than 0.31 in all trials (Table 3 and Fig 2). The median probability of a
nonlinear eGFR trajectory was higher in diabetes than in non-diabetes trials (0.28 [0.17 to 0.51]
vs. 0.09 [0.00 to 0.34]; p<0.01; Fig 2 and Fig S1).
The percentages of diabetic patients with a probability of nonlinearity <10% was 5.3%,
17.2%, and 11.9% in the BENEDICT, RENAAL, and IDNT trials, respectively (Table 3). In
clinical trials enrolling non-diabetic patients, 22.4%, 52.9%, and 71.6% of patients in REIN,
ROAD and ESBARI, respectively, showed a <10% probability of nonlinearity. The percentage
of patients with a >50% probability of a nonlinear eGFR decline in the diabetic and in the nondiabetic trials ranged from 19.3 to 31.7% and from 15.1 to 21.2%, respectively (Table 3).
Repeating the analysis and excluding the acute effects of ARBs on eGFR by using the
month three eGFR measurement as baseline provided similar results (Table S2). Additionally,
selecting patients with a minimum of five eGFR measurements provided similar results as the
main analyses (Table S3). When a threshold of 5 mL/min/1.73m2 per year was used to define
a nonlinear trajectory the proportion of patients with probability of nonlinearity <10%
increased in all trials (Table S4).
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Table 2: Baseline characteristics of patients with or without diabetes at early and late stage
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Figure 1: Examples of observed trajectories with increasing probability of nonlinearity to
indicate the increasing oscillation with increasing probability of nonlinearity. The graphs in the
left two columns correspond to the largest group of individuals in each trial (all with low
probability of nonlinearity.). For illustration purpose individuals with a probability of
nonlinearity of ~0.5 and ~0.9 were also selected. Dots represent single eGFR measurements
and the smooth curve represent estimated trajectory. The bisque color band is the 95% Bayesian
confidence interval. The red vertical dotted lines mark the observed time of either ESRD, death,
or censoring.
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Factors associated with nonlinear renal function decline
In the pooled database, univariate linear regression analysis revealed that higher baseline
eGFR, male gender, a diagnosis of type 2 diabetes, steeper eGFR slope, longer follow-up, a
larger number of serum creatinine measurements during follow-up, and non-renin-angiotensinaldosterone-system (RAAS) inhibitor treatment assignment were significantly associated with
a higher probability of nonlinearity. At multiple linear regression, a diagnosis of type 2
diabetes, higher baseline eGFR, male gender, steeper eGFR slope, non–RAAS inhibitor
treatment assignment were independently associated with a higher probability of a nonlinear
eGFR trajectory (Table 4).
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Figure 2: Distribution of probability of nonlinearity in six clinical trials. The histograms
indicate the distribution of probability of nonlinearity plotted to the scale of the left vertical
axis. The blue curve indicates the percentage of patients with higher probability of nonlinearity
plotted to the scale of the right vertical axis.
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Table3:3:Proportion
Proportionofofpatients
patientswith
withprobability
probabilityofof
nonlinearity
<10%
>50%
Table
nonlinearity
<10%
andand
>50%
Probabilityofof
Probability
nonlinearity
nonlinearity
Median(IQR)
(IQR)
Median

Probability
Probability
Probability
of of
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of of
eGFR
slope
eGFR
slope
nonlinearity<10%; nonlinearity>50;
nonlinearity>50;
nonlinearity<10%;
Mean
Mean
(SD)(SD)
n (%)
n (%)
n (%)
n (%)
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Type 2 diabetes
BENEDICT
BENEDICT (N=809)

0.27[0.19
[0.19– –0.42]
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(5.3)
4343
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(19.3)
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(19.3)
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(24.0)
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(24.0)

-4.50
(3.87)
-4.50
(3.87)

IDNT
IDNT (N=1087)
(N=1087)

0.31[0.18
[0.18– –0.59]
0.59]
0.31
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[0.12– –0.39]
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n, n,
number
of patients
withwith
specified
probability
of of
Abbreviations:
N, total
total number
number ofofpatients
patientsinineach
eachstudy;
study;
number
of patients
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2
2
nonlinearity; IQR,
IQR, interquartile
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SD, standard
standarddeviation;
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eGFRslope,
slope,mL/min/1.73m
mL/min/1.73mper
peryear
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Discussion
Discussion
Recent studies have suggested that in contrast to the existing paradigm kidney function may
Recent studies have suggested that in contrast to the existing paradigm kidney function may
not always decline linearly over time. In this analysis of five randomized controlled clinical
not always decline linearly over time. In this analysis of five randomized controlled clinical
trials, we showed that eGFR trajectories are linear in the vast majority of non-diabetic patients.
trials, we showed that eGFR trajectories are linear in the vast majority of non-diabetic
In patients with type 2 diabetes, it is reasonable to assume that the trajectories are linear in most
patients. In patients with type 2 diabetes, it is reasonable to assume that the trajectories are
patients although eGFR patterns tend to fluctuate more than in the included non-diabetic trials.
linear in most patients although eGFR patterns tend to fluctuate more than in the included
For clinical trial purposes creatinine based end points can be used both in diabetic and nonnon-diabetic trials. For clinical trial purposes creatinine based end points can be used both in
diabetic populations. However, in diabetes one should take the nonlinearity proportion into
diabetic and non-diabetic populations. However, in diabetes one should take the nonlinearity
consideration when designing clinical trials and managing patients in clinical practice.
proportion into consideration when designing clinical trials and managing patients in clinical
How do our results compare to literature? A number of studies have suggested that
practice.
eGFR decline follows a linear pattern.9, 16-19 However, these studies were relatively small and
How do our results compare to literature? A number of studies have suggested that
included predominantly diabetic individuals with impaired kidney function. A more recent
eGFR decline follows a linear pattern.9, 16-19 However, these studies were relatively small and
larger study in 161 patients with type 1 diabetes reported that eGFR decline was linear in 68%
included predominantly diabetic individuals with impaired kidney function. A more recent
of patients, in 15% the trajectory was mild enough to satisfy a linear model, and only in 17%
study
in 161 patients
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reported
thatstudy
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lineara in
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strong nonlinear GFR decline or nonlinear GFR improvement.21 In contrast, another study in
342 adult patients with CKD showed that 46% of patients had a nonlinear decline. 11 Similar,
data were reported in children with mild to moderate CKD in whom it was shown that the
period before kidney replacement therapy (KRT) was characterized by an accelerated eGFR
decline suggestive of a nonlinear trajectory.22 Finally, a study in Afro-Americans with
hypertensive nephrosclerosis participating in the AASK trial concluded that many had a
nonlinear trajectory with periods of acceleration or deceleration of kidney function decline,
although the data suggested that eGFR decline was linear in the majority of patients. 10 It must
be noted that the median follow-up period in the AASK trial was 9 years which was markedly
longer compared to the trials included in the present analysis. The likelihood to detect a
nonlinear GFR decline is connected to the length of follow-up as there is more opportunity to
occur and detect a nonlinear pattern. However, the median follow-up duration in our studies is
typical for clinical trials, and our results are only applicable to clinical trials with similar followup time as the included trials in the present study. We did not observe a difference in the
probability of nonlinearity when the population was stratified according the median follow-up
duration and at multivariable analysis, follow-up duration was not associated with the
probability of nonlinearity. The SHARP trial, a randomized controlled trial of more than 9000
patients with diabetic and non-diabetic kidney disease, reported little evidence of nonlinear
eGFR decline during the trial period23 which is in line with the present findings.
What could be the explanation for the observed difference in eGFR trajectories in
patients with and without diabetes? Differences between the design of the diabetes and nondiabetes trials may account for part of the observed differences in GFR trajectories. Notably,
506 of the 676 non-diabetic patients were recruited in China whereas two of the diabetes trials
(RENAAL and IDNT) recruited patients from different countries around the globe. The
different patients from different regions, different background therapies and environmental
factors, differences in trial designs can explain the observed differences. In addition, non-linear
eGFR trajectories are also strongly determined by the number of eGFR measurements and
length of follow-up. Both the number of eGFR measurements and follow-up duration were
larger in the diabetes trials which may explain the observed difference with the non-diabetes
trials. Alternatively, a physiological explanation could be that a more severe dysfunction of the
autoregulation of the afferent arteriole in the kidney of patients with diabetes compared to nondiabetes, leads to a direct transmission of fluctuations in systemic blood pressure into the
glomerular capillary network. This would in turn induce acute fluctuations in GFR leading to
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a higher likelihood of nonlinear trajectories. Another possibility may be that episodes of acute
kidney injury which are more common in diabetes than non-diabetes,24 lead to more
fluctuations in eGFR over time.
In addition, to differences in diabetes status we also observed that higher baseline eGFR
and steeper eGFR decline during follow-up were independent determinants of a higher
probability of nonlinearity. Kidney function decline is generally slower in patients with a
higher baseline eGFR. Because of their slower rate of eGFR decline, they may be more likely
to show fluctuating eGFR patterns over time due to biological/measurement variability in
serum creatinine. We also found that a steeper eGFR decline during follow-up was associated

2

with a higher probability of a nonlinear trajectory. It may be that episodes of acute kidney
injury, which are more often observed in patients with a steeper eGFR decline, 25 explains the
higher likelihood of a nonlinear eGFR trajectory. The acute effects of RAAS intervention had
no effect on eGFR trajectories. This finding is in line with the AASK trial where exclusion of
patients assigned to amlodipine, which causes a temporal elevation of GFR, had little impact
on the percentage patients with a nonlinear trajectory.10
What are the implications of our study? Each eGFR based end point such as eGFR
slope, doubling of serum creatinine or the more recently proposed 30% and 40% eGFR decline
end points, may be affected by nonlinear eGFR declines in particular when the distribution of
linear and nonlinear patterns is different between randomized groups. In our analyses, the
occurrence of nonlinear patterns was low and similar between treatment groups and the impact
of the differences in eGFR patterns on eventual trial outcomes is likely small. A trial design to
compare mean slopes of GFR decline versus time between randomized groups may have
greater statistical power than comparison of time to a predefined GFR decline threshold. This
may be particularly true at higher GFR where interventions may prevent the onset of CKD.
Our data support use of eGFR decline as potential trial outcome, although the proportion with
nonlinear declines in the diabetes population should be considered and additional research is
required to understand the impact of nonlinear eGFR trajectories on the validity of eGFR based
end points. Furthermore, additional challenges remain including acute hemodynamic effects
which pose serious problems in analyzing drug effects on GFR and led to substantial
controversy.26 From a clinical perspective, assuming a linear eGFR decline allows the
clinicians to approximate the time interval when KRT will be required and will help to identify
high risk individuals. We note, however, that eGFR trajectories were nonlinear in a proportion
of patients with type 2 diabetes. Identifying time-dependent factors and predictors for these
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nonlinear patterns will be important in regards to the clinical care of patients with CKD and
future planning of KRT services.
The results of this study should be interpreted with the limitations in mind. Notably, we
excluded individuals with a follow-up less than 2 years. This restriction was necessary since it
takes time to detect a non-linear pattern. Yet, despite this restriction, the median follow-up was
shorter as in previous studies on this topic. However, the median follow-up in our study was
similar as in other clinical trials of chronic kidney disease progression and our results may still
apply to clinical trials. Exclusion of patients with less than 2 years follow-up or less than three
serum creatinine measurements resulted in a population with slightly higher eGFR and lower
proteinuria and blood pressure levels than the originally randomized clinical trial population.
The results cannot be generalized to the broader population of patients with CKD since the
clinical trial populations are selected to be at high risk to progress towards ESRD and are
generally healthier than a similar population treated in clinical practice with lower risk of acute
kidney injury. These differences may impact the trajectories observed in clinical trials and
general practice. The study results should therefore not be directly extrapolated to the average
patient treated in clinical practice. The non-diabetic cohorts were mainly derived from clinical
trials in China. This limits the generalizability of the results although we have no evidence that
eGFR trajectories are region dependent. Furthermore, we used eGFR instead of directly
measured GFR. This may have influenced our results. Third, the definition of nonlinearity is
subjective. We used a difference in eGFR slope of 3 ml/min/1.73m2 to indicate nonlinearity
but the conclusions were not altered in sensitivity analyses using alternative definitions for
nonlinearity.
In conclusion, we showed that in both diabetes and non-diabetes trials many patients
had a more or less linear renal function decline. However, nonlinear trajectories are observed
in a set of patients, particularly in the diabetic population. These data support the traditional
paradigm that in diabetic and non-diabetic kidney disease renal function loss progresses
linearly over time and suggest it is reasonable to use eGFR slope as clinical trial end point.
Further research is needed to address whether the proportion of patients with nonlinear
trajectories affects the validity of end points based on change in eGFR (including end points
based on eGFR slope or designated changes in eGFR) in randomized clinical trials.
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Table 4: Factors associated with probability of nonlinear eGFR trajectory
Variables
Variables

Variables

Multivariate
linear
Multivariate
linear
regression
regression
Univariate linear regression
Multivariate linear regression
Coefficien
pCoefficienSE
pCoefficient (β)
SE
p-value
t
(β)
value
Coefficient
(β)
SE
p-value
SE
Coefficient (β)
SE
p-value
Coefficient
t (β)(β) SE p-value
value
Univariate
Univariatelinear
linearregression
regression

N=
N=
3523
N=
3523
3523

Prob
Prob
.noninearity:
Prob
.noninearity:
Median
(IQR)
.noninearity:
Median (IQR)

1755

0.18
0.18 [0.06-0.47]
[0.06-0.47]

Ref
Ref
Ref
0.078
0.078

1662 0.26 [0.15-0.46]
1662
0.26 [0.10-0.51]
[0.15-0.46]
1662 0.24
1662 0.26
0.24[0.15-0.46]
[0.10-0.51]
1662

Ref
Ref
0.004
0.004
Ref

0.010
0.010

1662
1904 0.24
0.26[0.10-0.51]
[0.12-0.48]

0.004
Ref
Ref
0.003
0.003

0.009
0.009

Baseline
Baseline
Baseline

Median (IQR)

eGFR
eGFR

eGFR <46.6
<46.6(ml/min/1.73m
(ml/min/1.73m22))
2
<46.6≥46.6
(ml/min/1.73m
) 22))
≥46.6
(ml/min/1.73m
(ml/min/1.73m
≥46.6Albuminuria
(ml/min/1.73m2)
Albuminuria
<808 (mg/g)
<808
Albuminuria
≥808(mg/g)
(mg/g)
≥808
(mg/g)
<808Age
(mg/g)
Age
≥808
(mg/g)
<60.0 years
≥60.0years
years
Age <60.0
≥60.0 years
Gender

1755
[0.06-0.47]
1754 0.18
0.30[0.20-0.49]
0.30[0.20-0.49]
1754 0.30[0.20-0.49]

1904
1619
1619

0.26 [0.14-0.49]
[0.12-0.48]
0.25
0.25 [0.14-0.49]

0.078

Ref

0.009
0.009

0.009

0.010

0.001
0.001

0.001

Ref
Ref
Ref 0.01
0.056
0.0100.001
0.001
0.056
0 0.01

0.056

0

0.001

0.7
0.7

2

0.7
0.8
0.8

<60.0 years
Male
Gender
≥60.0
years

1904 0.26 [0.12-0.48]
2224 0.25
0.26[0.14-0.49]
[0.14-0.50]
1619

<14 Non–RAASi
≥14 RAASi

2026
1693 0.25
0.28[0.11-0.47]
[0.16-0.52]
1830 0.26
0.23[0.16-0.51]
[0.10-0.43]
1497

Ref
Ref
-0.056
0.032

0.009
0.009

0.001
0.001

RAASi

1830

-0.056

0.009

0.001

Ref
0.003
-0.026
Ref

Ref
0.009
0.8
Female
1299 0.25
0.010
0.007
-0.017
0.009
0.08
Male
2224
0.26 [0.12-0.44]
[0.14-0.50]
Ref
0.00
Gender
Systolic blood pressure
0.08
Female
1299 0.25 [0.12-0.44]
-0.026
0.010
0.007
-0.017
1792 0.26
0.25[0.14-0.50]
[0.13-0.46]
Ref
Male <151.0 (mm/Hg)
2224
Ref
Ref 9
0.00
Systolic
pressure
≥151.0blood
(mm/Hg)
1731 0.25
0.26[0.12-0.44]
[0.13-0.51]
0.015
0.009
Female
1299
-0.026
0.010 0.10.007
-0.017
0.08
9
<151.0 (mm/Hg)
1792 0.25 [0.13-0.46]
Ref
Diastolic
blood pressure
Systolic
blood(mm/Hg)
pressure
≥151.0
(mm/Hg)
1731
0.26 [0.13-0.49]
[0.13-0.51]
0.015
0.009
0.1
<86.0
1779 0.25
Ref
<151.0
(mm/Hg)
1792
Ref
≥86.0
(mm/Hg)
1744 0.25
0.26[0.13-0.46]
[0.13-0.48]
-0.003
0.009
0.8
Diastolic
blood pressure
Diabetes
<86.0
(mm/Hg)
1779 0.26
0.25[0.13-0.51]
[0.13-0.49]
Ref
≥151.0
(mm/Hg)
1731
0.015
0.009
0.1
Noblood
676
0.09
Ref
Ref
≥86.0
(mm/Hg)
1744
0.26 [0.00-0.34]
[0.13-0.48]
-0.003
0.009
0.8
Diastolic
pressure
Yes
2847
0.28
[0.17-0.51]
0.135
0.011
0.001
0.098
0.012 0.001
<86.0
(mm/Hg)
1779 0.25 [0.13-0.49]
Ref
Diabetes
≥86.0Follow-up
(mm/Hg)
1744
0.26
[0.13-0.48]
-0.003
0.009
0.8
No
676
0.09 [0.00-0.34]
Ref
Ref
0.01
eGFR
0.001
Yes slope
2847 0.28 [0.17-0.51]
0.135
0.011
0.001
0.098
Diabetes
2
<-2.9 mL/min/1.73m2/year
1762 0.28 [0.14-0.55]
Ref
Ref
No Follow-up
676
Ref
Ref
≥-2.9 mL/min/1.73m2/year
1761 0.09
0.24[0.00-0.34]
[0.12-0.41]
-0.069
0.009
0.001
-0.065
0.009
0.01 0.001
Yes Follow-up duration
2847 0.28 [0.17-0.51]
0.135
0.011
0.001
0.098
0.001
2
eGFR
<3.2slope
years
1763 0.24 [0.09-0.46]
Ref
2
Follow-up
/year
<-2.9
1762
0.28 [0.16-0.50]
[0.14-0.55]
Ref
Ref
≥3.2 mL/min/1.73m
years
1760 0.26
0.040
0.009
0.001
0.00
2
≥-2.9
mL/min/1.73m
/year (n)
1761 0.24 [0.12-0.41]
-0.069
0.009
0.001
-0.065
0.001
S.
Creatinine
measurements
9
eGFR slope
<14
2026 0.25 [0.11-0.47]
Ref
Follow-up duration2
<-2.9 ≥14
mL/min/1.73m /year
1762
Ref
Ref
1497 0.28
0.26[0.14-0.55]
[0.16-0.51]
0.032
0.009
0.001
0.00
<3.2 years
1763 0.24 [0.09-0.46]
Ref
≥-2.9Treatment,
mL/min/1.73m
1761 0.24 [0.12-0.41]
-0.069
0.009
0.001
-0.065
0.001
n (%) 2/year
≥3.2 years
1760 0.26 [0.16-0.50]
0.040
0.009
0.001
9
Non–RAASi
1693 0.28 [0.16-0.52]
Ref
Ref
S. Creatinine
measurements (n)
Follow-up
duration
RAASi
1830 0.23 [0.10-0.43]
-0.056
0.009
0.001
-0.021
0.009
0.02
<14
2026 0.24
0.25 [0.11-0.47]
Ref
<3.2 Abbreviations:
years
1763
Ref
S.Creatinine, serum
creatinine; [0.09-0.46]
Prob, probability; Non-RAASi,
non–renin–angiotensin–aldosterone system inhibitors;
≥14
1497
0.26
[0.16-0.51]
0.032
0.009
≥3.2 RAASi,
years renin–angiotensin–aldosterone
1760
0.26
[0.16-0.50]
0.040
0.009 0.001
0.001
system
inhibitors.
Note: RAASi,
consists of ARB/ACEi
with
or without calcium channel blockers;
Non-RAASi,
consists
of
placebo
and/or
calcium
channel
blocker;
SE,
standard
error
S. Creatinine
measurements
(n)
Treatment, n (%)

Ref
-0.021

0.00
0.02
9
Abbreviations:
Treatment,
n (%) S.Creatinine, serum creatinine; Prob, probability; Non-RAASi, non–renin–angiotensin–aldosterone system
inhibitors; RAASi, renin–angiotensin–aldosterone
system inhibitors. Note:
or without calcium
Non–RAASi
1693 0.28 [0.16-0.52]
Ref RAASi, consists of ARB/ACEi withRef
0.00
channel blockers; Non-RAASi, consists of placebo and/or calcium channel blocker; SE, standard error

0.23 [0.10-0.43]

-0.021

0.02
9
37
Abbreviations: S.Creatinine,
serum creatinine; Prob, probability; Non-RAASi, non–renin–angiotensin–aldosterone system
inhibitors; RAASi, renin–angiotensin–aldosterone system inhibitors. Note: RAASi, consists of ARB/ACEi with or without calcium
channel blockers; Non-RAASi, consists of placebo and/or calcium channel blocker; SE, standard error
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the first three month of follow-up

50 (44.2)

43.4 (13.7)

(N=113)

ESBARI

Table S2: Proportion of patients with probability of nonlinearity <10% and >50% excluding

138 (64.2)

n (%)

eGFR slope
Mean (SD)

168 (20.8)

-0.88 (2.45)

250 (26.3)

-4.48 (4.06)

315 (29.0)

-4.84 (4.96)

33 (19.4)

-4.24 (4.40)

44 (15.1)

-2.21 (2.29)

32 (14.9)

-2.75 (1.37)
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[1076 – 3587]
[798 – 3532]
[4.8 – 11.8]

42.6 (17.8)

2000
1982

36.2 (12.0)

7.1

78.8 (14.4)
eGFR (ml/min/1.73m )

Proteinuria (mg/g)

Albuminuria/

86.4 (11.2)
86.6 (7.9)

2

Diastolic BP (mm/Hg)

83.0 (10.9)

160.0 (20.7)
152.0 (14.3)
Systolic BP (mm/Hg)

155.0 (19.4)

402 (64.0)
192 (48.6)
Male gender, n, (%)

343 (61.0)

58.9 (7.8)
59.8 (7.9)
64.2 (7.7)
Age (years)

Baseline

(N=562)
(N=395)

(N=628)

RENAAL
BENEDICT

With
diabetes
Diabetes

Table S1: Baseline characteristics of excluded participants

Supplement

IDNT

Abbreviations: N, total number of patients in each study; n, number of patients with specified probability of
nonlinearity; IQR, interquartile range; SD, standard deviation; eGFR slope, mL/min/1.73m2 per year
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Table
S2:S2:
Proportion
of of
patients
<10%and
and>50%
>50%excluding
excluding
Table
Proportion
patientswith
withprobability
probability of
of nonlinearity
nonlinearity <10%
the first
three
month
of of
follow-up
the first
three
month
follow-up
Probability
Probabilityofof
nonlinearity
nonlinearity

Probability
Probabilityof
of

Probability
of
Probability of

nonlinearity<10%; nonlinearity>50%;
nonlinearity>50%;
nonlinearity<10%;

Median(IQR)
(IQR)
Median

(%)
nn(%)

(%)
nn (%)

BENEDICT
(N=809)
BENEDICT
(N=809)

0.35
[0.26– –0.46]
0.46]
0.35
[0.26

(0.9)
77(0.9)

168 (20.8)
(20.8)
168

RENAAL (N=951)

0.32 [0.21 – 0.52]

61 (6.4)

250 (26.3)

IDNT (N=1087)

0.37 [0.26 – 0.54]

39 (3.6)

315 (29.0)

eGFR
eGFRslope
slope
Mean
Mean(SD)
(SD)

Diabetes
With
diabetes
RENAAL (N=951)
IDNT (N=1087)
Non-diabetes

Without diabetes
REIN (N=170)

0.32 [0.21 – 0.52]
0.37 [0.26 – 0.54]
0.33 [0.18 – 0.44]

61 (6.4)
39 (3.6)

26 (15.3)

250 (26.3)

33 (19.4)

-4.24 (4.40)

44 (15.1)

-2.21 (2.29)

32 (14.9)

-2.75 (1.37)

26 (15.3)

33 (19.4)

ROAD (N=291)

0.11 [0.01 – 0.31]

141 (48.5)

44 (15.1)

ESBARI (N=215)

0.02 [0.0 – 0.23]

141 (48.5)
138 (64.2)

-4.48 (4.06)

-4.84 (4.96)

0.33 [0.18 – 0.44]

0.11 [0.01 – 0.31]

-4.48 (4.06)

315 (29.0)

REIN (N=170)

ROAD (N=291)

-0.88
-0.88(2.45)
(2.45)

-4.84 (4.96)

2

-4.24 (4.40)
-2.21 (2.29)

ESBARI
(N=215)
0.02 [0.0 – 0.23]
138 (64.2)
32 (14.9)
-2.75 (1.37)
Abbreviations: N, total number of patients in each study; n, number of patients with specified probability of

nonlinearity; N,
IQR,
interquartile
SD, standard
slope,
year probability of
Abbreviations:
total
number range;
of patients
in eachdeviation;
study; n,eGFR
number
ofmL/min/1.73m
patients with per
specified
nonlinearity; IQR, interquartile range; SD, standard deviation; eGFR slope, mL/min/1.73m2 per year
2

43

43

Chapter
2 – 2Progressive
renal
function
loss,
a straight
Chapter
– Progressive
renal
function
loss,
a straightline?
line?
___________________________________________________________________________
___________________________________________________________________________
Table
S3:S3:
Proportion
of of
patients
with
Table
Proportion
patients
withprobability
probabilityofofnonlinearity
nonlinearity<10%
<10% and
and >50%
>50% using
using
minimum
of five
eGFR
measurements
minimum
of five
eGFR
measurements
Probability
Probability
of of
nonlinearity
nonlinearity
Median
(IQR)
Median
(IQR)
Diabetes
With diabetes
BENEDICT
(N=809) 0.27
0.27
[0.19
– 0.42]
BENEDICT
(N=809)
[0.19
– 0.42]
RENAAL (N=951)
0.24 [0.13 – 0.48]
RENAAL
(N=951)
0.24
[0.13 – 0.48]
IDNT (N=1087)
0.31 [0.18 – 0.59]
IDNT (N=1087)
0.31 [0.18 – 0.59]
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Without diabetes
REIN (N=170)
0.23 [0.12 – 0.39]
REIN (N=170)
0.23 [0.12 – 0.39]
ROAD (N=291)
0.07 [0.0 – 0.31]
ROAD (N=291)
0.07 [0.0 – 0.31]
ESBARI (N=215)
0.0 [0.0 – 0.14]
ESBARI (N=215)
0.0 [0.0 – 0.14]

Probability
Probability
Probability
of of
Probability
ofof
eGFRslope
slope
eGFR
nonlinearity
<10%; nonlinearity
nonlinearity
>50%;
nonlinearity
<10%;
>50%;
Mean(SD)
(SD)
Mean
n (%)
n (%)
n (%)
n (%)
(5.3)
4343
(5.3)
(17.2)
164164
(17.2)
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(19.3)
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(19.3)
228 (24.0)
228
(24.0)

-0.99(2.28)
(2.28)
-0.99
-4.50 (3.87)
-4.50
(3.87)

38 (22.4)
38 (22.4)
154 (52.9)
154 (52.9)
154 (71.6)
154 (71.6)

36 (21.2)
36 (21.2)
44 (15.1)
44 (15.1)
38 (17.7)
38 (17.7)

-4.09 (4.10)
-4.09 (4.10)
-2.30 (2.39)
-2.30 (2.39)
-2.92 (1.42)
-2.92 (1.42)

129 (11.9)
129 (11.9)

345 (31.7)
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-5.17 (4.67)

Abbreviations: N, total number of patients in each study; n, number of patients with specified probability of
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in each deviation;
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Table S4: Proportion of patients with probability of nonlinearity <10% and >50% using a
Table S4: Proportion of patients with probability of nonlinearity <10% and >50% using a
threshold of 5 mL/min/1.73m2 for the definition of nonlinear trajectory
threshold of 5 mL/min/1.73m2 for the definition of nonlinear trajectory
Probability of
Probability of
Probability of
eGFR slope
Probability of
Probability of
Probability of
nonlinearity
nonlinearity <10%;
nonlinearity >50%; eGFR slope
Mean (SD)
nonlinearity
nonlinearity <10%;
nonlinearity >50%;
Median (IQR)
n (%)
n (%)
Mean (SD)
Median (IQR)
n (%)
n (%)

Diabetes
WithBENEDICT
diabetes (N=809) 0.14 [0.08 – 0.28]
BENEDICT
(N=809)
[0.08[0.03
– 0.28]
RENAAL
(N=951) 0.14 0.10
– 0.28]

271 (33.5)
271 470
(33.5)
(49.4)

97 (12.0)
97 (12.0)
138 (14.5)

0.10 0.17
[0.03[0.06
– 0.28]
– 0.44]

470 393
(49.4)
(36.2)

138224
(14.5)
(20.6)

-0.99 (2.28)
-0.99
(2.28)
-4.50
(3.87)
-4.50
(3.87)
-5.17
(4.67)

0.17 [0.06 – 0.44]

393 (36.2)

224 (20.6)

-5.17 (4.67)

RENAAL
IDNT (N=951)
(N=1087)
IDNTNon-diabetes
(N=1087)
Without
REINdiabetes
(N=170)
REINROAD
(N=170)
(N=291)
ROAD
(N=291)
ESBARI
(N=215)

0.09 [0.02 – 0.24]

90 (52.9)

18 (10.6)

-4.09 (4.10)

0.09 [0.02
– 0.24]
0.0 [0.0
– 0.09]

90 (52.9)
224 (77.0)

18 (10.6)
17 (5.8)

-4.09
(4.10)
-2.30
(2.39)

0.0 [0.0
0.09]
0.0 –[0.0
– 0.0]

224 190
(77.0)
(88.4)

17 (5.8)
15 (7.0)

-2.30
(2.39)
-2.92
(1.42)

Abbreviations:
number
patients in each
probability
ESBARI
(N=215) N, total 0.0
[0.0 –of0.0]
190 study;
(88.4)n, number of patients
15 (7.0)with specified
-2.92
(1.42) of
nonlinearity; IQR, interquartile range; SD, standard deviation; eGFR slope, mL/min/1.73m2 per year
Abbreviations: N, total number of patients in each study; n, number of patients with specified probability of
nonlinearity; IQR, interquartile range; SD, standard deviation; eGFR slope, mL/min/1.73m2 per year
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Figure S1: Distribution of probability of nonlinearity in clinical trials. The histograms indicate
the distribution of probability of nonlinearity plotted to the scale of vertical axis on the left.
And the curve indicates the percentage of patients with higher probability nonlinearity plotted
to the scale of vertical axis on the right.

100
80

50
60

40
30

40

20

20

10
0

0

0.4

0.6

0.8

1.0

80

50
40

60

30

40

20

20

10
0

0

0.0

Probability of nonlinearity

40

60

30

40

20

20

10
0

0

0.2

0.4

0.6

0.8

1.0

Percentage of patients

80

50

0.0

70

100

RENAAL

60

30

40

20

20

10

0

0
0.6

Probability of nonlinearity

100
80

50
40

60

30

40

20

20

0

0
0.0

0.2

70

0.8

1.0

Percentage of patients

60

40

0.4

% with higher probability of nonlinearity

Percentage of patients

80

0.2

1.0

10

100

50

0.0

0.8

0.4

0.6

0.8

1.0

Probability of nonlinearity

IDNT

60

0.6

ROAD

60

Probability of nonlinearity

70

0.4

Probability of nonlinearity

% with higher probability of nonlinearity

Percentage of patients

70

0.2

2

% with higher probability of nonlinearity

0.2

100

REIN

60

100

ESBARI

60

80

50
40

60

30

40

20

20

10
0

0
0.0

0.2

0.4

% with higher probability of nonlinearity

0.0

70
Percentage of patients

BENEDICT

60

% with higher probability of nonlinearity

Percentage of patients

70

Non-diabetes
% with higher probability of nonlinearity

Diabetes

0.6

0.8

1.0

Probability of nonlinearity

45

___________________________________________________________________________

Chapter 3
Slope of glomerular filtration rate as clinical trial end point

Misghina Weldegiorgis
Dick de Zeeuw
Tom Greene
Hiddo J. L. Heerspink

Submitted

Chapter 3 – Slope of glomerular filtration rate as clinical trial end point
___________________________________________________________________________
Abstract
Background: End-stage renal disease and doubling of serum creatinine are established timeto-event end points in nephrology trials. In some trials the slope of eGFR decline is used as end
point. This end point provides great statistical power but only if the treatment effect does not
depend on the underlying rate of renal function decline. If this assumption is violated, statistical
power is compromised as the lack of treatment effect in a subset of the population (e.g. slow
progressors) dilutes the overall treatment effect. We tested whether the effect of Angiotensin
Receptor Blockers (ARB) on eGFR decline depends on the underlying rate of renal function
decline.
Methods: We used data from the RENAAL and IDNT trials. The trials tested the
renoprotective effect of losartan (RENAAL) and irbesartan (IDNT). We used linear mixed
models to calculate the eGFR slope from baseline to month 3, and from month 3 until month
48 to exclude the acute effects of ARBs on eGFR.
Results: In RENAAL, during the first 3 months the losartan group had a faster rate of eGFR
decline than the placebo group (-2.3 (SD: 1.4) versus -1.6 (SD: 1.4) ml/min/1.73m2; p<0.001).
After 3 months, the mean eGFR decline was smaller in the losartan versus placebo group (-4.4
(SD: 2.8) vs. -5.2 (SD: 3.1) ml/min/1.73m2/year; p<0.001). The variability in eGFR decline
during long-term follow-up was also smaller in the losartan group (variance 8.0 vs. 10.0;
p=0.005). The attenuation of both the mean and variability of the slope suggests larger
treatment effects in those with higher eGFR decline. Similar results were observed in the IDNT
trial.
Conclusion: In patients with type 2 diabetes and nephropathy the relative treatment effects of
ARBs are larger in patients with a faster rate of eGFR decline. The absence of treatment effect
in slow progressors dilutes the greater treatment effect in fast progressors if eGFR slope is used
as end point. These findings suggest that time-to-event end points may be preferred when
testing renoprotective effects of ARBs.
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Introduction
In some clinical trials of progression of chronic kidney disease, the rate of renal function
decline is used as end point to test drug efficacy, such as the Modification of Diet for Renal
Disease (MDRD), Afro-American Study of Kidney Disease (AASK) and DETAIL trials.1-3 If
sequential measures of eGFR are used to determine the eGFR slope, the end point provides
great statistical power if two key assumptions are fulfilled. First, the mean rate of renal function
decline must be constant over time during long-term follow-up in both the active and control
groups. Second, the drug effect must be independent of the underlying rate of renal function
decline.4, 5
The latter assumption may not hold true in all circumstances. For example, in the
MDRD study, the effect of dietary protein intake on delaying the progression of kidney disease
depended on the underlying rate of renal function decline. The study reported that the effect of
dietary protein restriction on long-term slope of glomerular filtration rate (GFR) decline was

3

larger among patients with a faster decline in GFR, whereas no treatment effect could be
detected in patients with a slow rate of renal function decline.6 This so-called non-uniform or
proportional treatment effect results in a decrease in statistical power as the treatment effect is
diluted through the inclusion of a subgroup of patients without progressive renal function loss
in whom no treatment effect can be detected.4, 5
One drug class commonly used to delay progression of kidney disease in diabetes and
non-diabetes is angiotensin receptor blockers (ARBs). Whether the effects of ARBs on the rate
of eGFR decline are uniform or proportional has not been investigated. We therefore tested
whether the effects of ARBs on the slope of estimated glomerular filtration rate (eGFR) are
uniform or proportional in patients with type 2 diabetes and nephropathy.
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Methods
Study design
The RENAAL (Reduction of End points in NIDDM with the Angiotensin II Antagonist
Losartan) and IDNT (Irbesartan type II Diabetic Nephropathy Trial) are multicenter
randomized clinical trials designed to test the efficacy of an ARB (losartan in RENAAL,
irbesartan in IDNT) on renal (primary end point) and cardiovascular outcomes (secondary end
point) in individuals with type 2 diabetes and nephropathy. In addition, the IDNT included a
calcium channel blocker (amlodipine) treatment arm. For the purpose of this analysis we
combined the calcium channel blocker arm with the placebo arm (non-RAASi arm) in line with
other analyses from the IDNT trial as well.7 The detailed study design, inclusion and exclusion
criteria, and study outcomes have been reported elsewhere. 8, 9 In brief, inclusion criteria of both
trials were similar and consisted of being in the age group between 30 - 70 years, a serum
creatinine level of 1.3 to 3.0 mg/dl in the RENAAL and 1.0 to 3.0 mg/dl in the IDNT, who
have type 2 diabetes as well as having hypertension and nephropathy. The exclusion criteria of
both trials were individuals with type 1 diabetes or renal disease not related to diabetes. The
average follow-up duration was 3.4 years in RENAAL and 3.0 years in IDNT. All patients
gave written informed consent. Both trials were approved by all relevant ethics committees and
conducted according to guidelines of the Declaration of Helsinki.
Measurements and outcome
Serum creatinine and electrolytes were measured at a screening visit, randomization visit, at
the first month, at three months after randomization, and subsequently at three-monthly
intervals. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) study equation
was used to calculate estimated glomerular filtration rate (eGFR). 10 The outcome of the present
study was change in eGFR from baseline (eGFR slope).
Statistical Analysis
Acute (baseline to month 3) eGFR slope and chronic (from month 3 to month 48) eGFR slope
were compared in the ARB and placebo treatment arms. eGFR slopes were calculated by a
linear mixed effects model with random intercepts and random slopes. We compared the kernel
density plot of the chronic slope between ARB and placebo treatment arms. Subsequently, we
used a quantile-quantile plot to compare the slopes between the placebo and ARB treatment
arms. Mean, standard deviation, or variance are provided for continuous variables, whereas
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number of patients and percentages are provided for categorical variables. We compared
groups using the independent sample T-test and F-test, as appropriate. A nominal p-value ≤0.05
(two-sided) was used to indicate statistical significance. Analyses were conducted with R
statistical software version 3.1.0 (www.R-project.org).

Results
The present study included a total of 3223 (99.8% of total cohort) patients (1513 from
RENAAL and 1710 from IDNT). Five patients were excluded as these had no or only one
eGFR measurement during follow-up. As shown in table 1, the baseline characteristics were
well balanced between the treatment arms in both the RENAAL and IDNT t. Mean baseline
eGFR was 38.7 ± 12 ml/min/1.73m2/year in the RENAAL trial. Mean baseline eGFR was 46.7
± 18 ml/min/1.73m2/year in IDNT.

3

In RENAAL, the overall mean slope was -5.9 ± 3.9 ml/min/1.73m2/year in the placebo
group and -5.2 ± 3.7 ml/min/1.73m2/year in the losartan group. However, the eGFR decline
appeared to follow a two-slope model. During the first 3 months the losartan group had a larger
mean eGFR decline than the placebo group (-2.3 (SD: 1.4) vs. -1.6 (SD: 1.4) ml/min/1.73m2;
p<0.001). The variability in eGFR decline during the first 3 months was similar in the losartan
and placebo groups (variance 1.8 vs. 2.0; p=0.374) (Figure 1A) indicating a shift of the
distribution to the left without a change in the spread. After 3 months, the mean eGFR slope
was smaller in the losartan vs. placebo group (-4.4 (SD: 2.8) vs. -5.2 (SD: 3.1)
ml/min/1.73m2/year; p<0.001). The variability in eGFR decline during long-term follow-up
was also smaller in the losartan group (variance 8.0 vs. 10.0; p=0.005; indicating a shift of the
left end of the distribution to the center; Figure 1B). When the eGFR slope in the placebo group
was plotted against the eGFR slope in the losartan group, we observed that patients in the
losartan group with a faster decline in eGFR deviated from the line of identity, indicating a
larger treatment effect in these patients (Figure 2A).
We replicated the analyses in a similar trial of patients with diabetes and nephropathy,
the IDNT trial. Again we observed that the ARB group had a larger eGFR decline during the
first 3 months compared to the non-RAASi group (-2.8 (SD: 1.4) vs. -2.6 (SD: 1.5))
ml/min/1.73m2; p=0.035) (Figure 1A). The variability in eGFR decline during the first 3
months was similar in the irbesartan and non-RAASi groups (variance 2.1 vs. 2.1; p=0.641).
After 3 months, mean annual eGFR decline was less in the irbesartan compared to the non-
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RAASi group -4.0 ml/min/1.73m2/year (SD: 3.4) vs. -5.3 ml/min/1.73m2/year (SD: 3.7);
p<0.001). The variance in eGFR decline was also smaller in the irbesartan compared to nonRAASi group (11.5 vs. 13.6; p=0.026) (Figure 1B). (Figure 2B).

Table 1: Baseline characteristics of the included population.

Parameter
Age (years)
Female Gender n, (%)
Race n, (%)
Caucasian
Black
Hispanic
Asian
Other
Serum creatinine (mg/dL)
eGFR (ml/min/1.73m2)
UACR (mg/g)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Body Mass Index (kg/m2)
Hemoglobin (mg/dL)
Calcium (mg/dL)
Phosphate (mg/dL)
CVD history (yes), n, (%)

RENAAL
Placebo
Losartan
(N=762)
(N=751)
60.3 (7.5)
60.0 (7.4)
268 (35.2)
289 (38.5)
377 (49.5)
105 (13.8)
137 (18.0)
135 (17.7)
8 (1.1)
1.9 (0.5)
38.8 (12.7)
1261
[571 - 2473]
153 (19.9)
82.4 (10.6)
29.4 (6.2)
12.5 (1.8)
9.4 (0.5)
3.9 (0.6)
342 (44.9)

358 (47.7)
125 (16.6)
140 (18.6)
117 (15.6)
11 (1.5)
1.9 (0.5)
38.5 (12.0)
1237
[546 - 2654]
152 (18.7)
82.4 (10.3)
30.0 (6.4)
12.5 (1.9)
9.4 (0.5)
3.9 (0.7)
345 (45.9)

IDNT
Non-RAASi
Irbesartan
(N=1132)
(N=578)
58.7 (8.1)
59.3 (7.1)
372 (32.9)
201 (34.8)
804 (71.0)
161 (14.2)
55 (4.9)
61 (5.4)
51 (4.5)
1.7 (0.6)
47.1 (18.5)
1497
[743 - 2658]
158 (19.8)
86.9 (10.9)
30.7 (5.9)
12.9 (1.9)
9.2 (0.6)
3.8 (0.7)
500 (44.2)

437 (75.6)
63 (10.9)
28 (4.8)
24 (4.2)
26 (4.5)
1.7 (0.5)
45.8 (17.4)
1502
[813 - 2827]
161 (19.5)
86.8 (11.3)
31.0 (5.5)
12.9 (1.9)
9.1 (0.5)
3.8 (0.6)
276 (47.8)

Note: Mean (SD) or numbers (%) were provided for normal distributed continuous variables and categorical
variables, respectively. Because of the skewed distribution of the urinary albumin: creatinine ratio (UACR)
median and 25th – 75th percentile are presented.
Abbreviations: BP, blood pressure; UACR, urinary albumin to creatinine ratio; CVD, cardiovascular disease.
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Figure 1: Distribution of eGFR slopes for non-RAASi vs. ARB
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Figure 2: QQ plot of chronic eGFR slopes for non-RAASi vs. ARB. The QQ plot deviates
from the line of identity at larger eGFR decline suggesting that ARBs are slowing eGFR decline
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Discussion
Using the slope of renal function decline as clinical trial end point can increase power of a
clinical trial particularly if the treatment effect does not depend on the underlying rate of renal
function decline. In two similar trials of patients with diabetes and nephropathy treated with
the ARBs losartan and irbesartan we observed a uniform decrease in eGFR during the first
three months of ARB treatment. After three months we noted a slower rate of eGFR decline
with ARB treatment as well as a decrease in variability in the distribution of eGFR declines
suggesting a proportionately greater beneficial effect of ARB treatment in the subgroup of
patients with more rapid eGFR decline. This proportional treatment effect compromise the
statistical power of clinical trials testing the effects of ARBs on eGFR slope as the larger
treatment effect in the rapid progressors is diluted by the lack of a treatment effect in the slow
progressors.
Our results indicate some methodological issues that should be considered when
designing new clinical trials for renoprotective interventions. The currently used end points in
clinical trials of CKD are end-stage renal disease and sustained doubling of serum creatinine
which take a long time to manifest and lead to large trials of long duration. There is ongoing
interest whether alternative end points for trials of CKD should be used. The slope of renal
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function decline appears to be a useful end point as it reflects the rate of progressive function
loss and also predict the time when the kidney stops functioning.11 However, many dietary and
pharmacological interventions produce opposite effects on eGFR: initially they cause a
reduction in eGFR which is followed by an attenuation of the chronic slope of eGFR decline.
These effects complicate the interpretation of drug effects on eGFR. In addition, as we showed
in this study, if the beneficial effect of the intervention is greater in patients with a faster rate
of eGFR decline, the time to overcome an opposite initial short-term effect will be greater
compared to a situation where the long-term effect is present in all patients regardless of the
underlying rate of renal function decline. Thus when calculation the power of a clinical trial
the direction and magnitude of the initial short-term effect should be included in the modeling
as well as the presence or absence of proportional treatment effects. In such cases a joint model
with both terms for proportional and additive treatment effects could be considered, but they
require more complex and less transparent analytic methods. 4

3

In contrast to slope outcome, binary outcomes such as a doubling of serum creatinine
or more recently proposed 30% and 40% eGFR decline are more sensitive to the treatment
effect in patients with the fastest rate of renal function decline. Patients with a faster rate of
renal function decline will reach the outcome of interest earlier which drives the power of a
clinical trial with a binary end points as they are determined by the number of events (i.e. the
number of patients who reach the event). Patients with a slow progression of renal disease will
reach the end of the study without developing an event and therefore will be censored from the
analysis. Thus, when the treatment effect is proportional to the underlying progression rate the
time to event analysis focuses on patients with the largest hypothesized effect. Indeed, in the
RENAAL trial it was reported that losartan reduces the risk of doubling of serum creatinine by
25% and ESRD by 28%. However, losartan was associated with a 15.2% decline in eGFR. 12
The greater effect on the time-to-event outcome compared to the eGFR decline supports the
notion that that a dichotomous end point may provide more statistical power to detect an effect
of an ARB compared to eGFR slope.
A trial design comparing mean slopes of eGFR decline may be particular useful at
earlier stages of chronic kidney disease where hard end points trials would require unfeasible
large sample size or long follow-up. However, the above considerations suggest that when
eGFR slope is used as clinical trial end point, ARBs and possibly other interventions should be
tested in patients known to have a fast rate of renal function decline. The challenge will be how
to identify these patients when eGFR is only moderately impaired and albuminuria is in the
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normal or low microalbuminuria range. Advancements in biomarker discovery have yielded
additional biomarkers which may help to more accurately identify rapid progressors. Examples
of such biomarkers include TNF-Receptors13 or soluble urokinase plasminogen activator
receptor (SuPAR)14. Combining these biomarkers into a panel may even further improve the
predictive performance and selection of patients most likely to progress. 15 However, the
performance of these biomarker panels should be particularly tested in early stages of kidney
disease where eGFR slope may be an appropriate alternative to dichotomous outcomes.
How do our results compare to literature? The Modification of Diet in Renal Disease
trial was a factorial trial to test the effect of a low protein diet and intensive blood pressure
control in slowing the rate of eGFR decline. The primary results of this trial were inconclusive
with regard to the efficacy of this intervention. Subsequent post-hoc analyses revealed that as
seen with ARBs, the low protein diet produced a proportional greater treatment effect in the
subgroup of patients with more rapid eGFR decline.6 In contrast to ARBs and low protein diet,
a recent analysis of the EMPAREG trial evaluating the effect of empagliflozin on eGFR decline
indicated that empagliflozin caused a uniform acute effect on eGFR (shift in the distribution of
eGFR decline to the left with no change in spread) during the first four weeks of treatment.
During the chronic four years treatment phase empagliflozin reduced eGFR decline regardless
of the individual renal function trajectory.16 Thus, the SGLT2 inhibitor empagliflozin exerted
a uniform treatment effect across the entire distribution of renal function.
We acknowledge this post-hoc study has limitations. First, our analyses of comparing
eGFR decline from month 3 onwards violate the randomization principle and our prone to
confounding. Second, no data was available on measured GFR and estimation formula were
used to calculate renal function. eGFR may differ from measured GFR in particular when
considering changes in GFR over time.17 This phenomenon may have influenced our results.
Third, the results of this study can only be generalized to patients with diabetes and kidney
disease with severe proteinuria.
In conclusion, in patients with type 2 diabetes and nephropathy the relative treatment
effects of ARBs are larger in patients with a faster rate of eGFR decline. The absence of
treatment effect in slow progressors dilutes the greater treatment effect in fast progressors if
eGFR slope is used as end point. The proportional treatment effect compromises statistical
power and suggests that a time-to-event end point such as the time to renal replacement therapy
or doubling of serum creatinine may be preferred when determining the renoprotective effects
of ARBs.
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Abstract
Background: A doubling of serum creatinine value, corresponding to a 57% decline in
estimated glomerular filtration rate (eGFR), is used frequently as a component of a composite
kidney end point in clinical trials in type 2 diabetes. The aim of this study was to determine
whether alternative end points defined by smaller declines in eGFR would improve the
statistical power of these clinical trials.
Study design: Post hoc analyses of 2 multinational randomized controlled trials (Reduction of
End points in Non–Insulin-Dependent Diabetes With the Angiotensin II Antagonist Losartan
[RENAAL] and Irbesartan Diabetic Nephropathy Trial [IDNT]) that assessed the treatment
effect of the angiotensin receptor blockers (ARBs) losartan and irbesartan.
Setting and participants: 1,513 (RENAAL) and 1,715 (IDNT) adult patients with type 2
diabetes and nephropathy.
Predictor: Established versus alternative end points defined as a confirmed doubling of serum
creatinine level versus confirmed eGFR decline of 57%, 40%, 30%, or 20% as a component of
a composite end point of end-stage renal disease or eGFR,15 mL/min/1.73m2.
Outcomes: Numbers of patients reaching end points, precision (standard error), and
significance (z score) of ARB treatment effect (HR) during follow-up.
Results: Lesser eGFR declines resulted in a greater number of patients reaching end points in
both treatment groups and lower standard error of the HR, but the effect on z score was
counterbalanced by attenuation of the HR. When calculating the eGFR decline from month 3,
attenuation of the HR was less pronounced.
Conclusions: Despite increases in precision of the treatment effect, eGFR declines less than a
doubling of serum creatinine value did not consistently improve statistical power of the clinical
trials due to attenuation of the treatment effect. Attenuation of the treatment effect appears to
be due in part to acute effects of ARBs on eGFR. These findings should be taken into account
when using lesser eGFR declines as alternative end points for clinical trials.
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Introduction
Diabetic nephropathy remains the main cause of end stage renal disease (ESRD) in developed
countries, although angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor
blockers (ARBs) have been proved to be effective treatments in slowing the progression of
kidney disease and are widely used.1-3 New treatments are needed to mitigate the burden of
disease.
Evaluating the efficacy of new treatments in large scale trials requires use of clinically
meaningful end points. A doubling of serum creatinine value reflects a large decline in
glomerular filtration rate (GFR) and is a well-accepted surrogate for kidney disease
progression. Doubling of serum creatinine level has been used often in combination with ESRD
as a composite end point in clinical trials of diabetic nephropathy and other causes of chronic
kidney disease.
Doubling of serum creatinine is a late event in the progression of kidney disease; thus
it is most appropriate in clinical trials for patients with later stages of kidney disease or those
with rapid progression in order to obtain sufficient end points within a realistic period.
Exclusion of patients with earlier stages of kidney disease is particularly unfortunate because

4

interventions in the early course of the disease may be more efficacious and cost-effective than
at later stages of disease.4
One strategy to overcome this problem might be to adopt smaller changes in estimated
GFR (eGFR) as a component of a composite kidney end point. Possibly this strategy could
increase the number of patients with end points, thereby increasing the statistical power of the
trial and reducing the number of patients or follow up times and, consequently, trial expense.
One of the challenges to this strategy is that ACE-inhibitors and ARBs differentially affect
GFR over time. They cause an initial (“acute”) decrease in GFR, followed by slower long-term
(“chronic”) GFR decline.5-7 End points based on smaller declines in GFR are more likely to be
confounded by acute effects on GFR, thus complicating the interpretation of the trial results.
The Reduction of End points in Non-Insulin Dependent Diabetes With the Angiotensin
II Antagonist Losartan (RENAAL) and Irbesartan Diabetic Nephropathy Trial (IDNT)
demonstrated that the ARBs losartan and irbesartan decreased the incidence of serum creatinine
doubling or ESRD.1,2 We performed a post hoc analysis of these trials to determine whether
adopting lesser decreases in eGFR as end point would have yielded more end points while
maintaining similar magnitude of treatment effects, and whether acute effects on GFR decline
would have influenced these results.

63

Chapter 4 – Estimated GFR decline as a surrogate end point for kidney failure
___________________________________________________________________________
Methods
Patient population and study design
Both RENAAL and IDNT were international, randomized, double-blind, placebo-controlled,
clinical trials that assessed the effect of losartan and irbesartan, respectively, versus placebo in
patients with type 2 diabetes and nephropathy. IDNT also included a calcium channel blocker
arm. The study design, inclusion and exclusion criteria, and outcome measures have been
reported elsewhere.8,9 In brief, patients aged 30-70 years with type 2 diabetes and nephropathy,
defined as serum creatinine level of 1.0-3.0 mg/dL and proteinuria were enrolled in both trials.
Proteinuria was defined as urinary total protein excretion rate >900 mg/d in IDNT and as
urinary albumin excretion rate >500 mg/d or urinary albumin-creatinine ratio from a first
morning void >300 mg/g in the RENAAL study. Exclusion criteria for both trials were type 1
diabetes and nondiabetic kidney disease.
After a screening phase, patients were randomly assigned to either losartan (50 mg/d
[titrated to 100 mg/d after 4 weeks]) or matched placebo in RENAAL, or to irbesartan (75 mg/d
[stepwise uptitrated to 300 mg/day after 4 weeks], amlodipine 2.5 mg/day (step-wise up titrated
to 10 mg/d after 4weeks]) or matched placebo in IDNT. Blood pressure was targeted to 140/90
mmHg in RENAAL and 135/85 mmHg in IDNT. If the blood pressure targets were not
achieved by the assigned treatments, open-label antihypertensive medications were prescribed,
such as diuretics, calcium channel blockers or β-blockers (but not ACE inhibitors or ARBs).
Since IDNT included a calcium channel blocker arm, open label calcium channel blockers were
not allowed in this trial. The median duration of follow-up was 3.4 years in RENAAL and 3.0
years in IDNT. RENAAL and IDNT were conducted according to the principles outlined in the
Declaration of Helsinki. All patients signed informed consent. The protocol was approved by
all relevant ethics committees.
Study visits and measurements
Participants were seen at a screening visit, randomization visit, at 1 and 3 months after
randomization, and subsequently at 3-month intervals. All patients were treated according
national and international treatment guidelines. The timing, selection, and dose of all
concomitant medications used to achieve guideline-recommended targets were at the
responsible physician’s discretion. At each visit, serum creatinine and electrolytes were
measured, as well as blood pressure and proteinuria. Serum creatinine assays were not
calibrated to current reference standards. Serum creatinine values were reduced by 5% to
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calibrate serum creatinine values to creatinine assays standardized to isotope-dilution mass
spectroscopy-traceable reference methods for use in the CKD-EPI (Chronic Kidney Disease
Epidemiology Collaboration) creatinine equation to estimate GFR. 10 Twenty-one individuals
in IDNT with missing baseline eGFR values were excluded from the analysis.
Definition of established and alternative kidney end points
The original end point used in both trials was time from baseline to the first confirmed doubling
in serum creatinine value or ESRD (defined as initiation of long-term dialysis therapy or kidney
transplantation [or serum creatinine level >6.0 mg/dL in IDNT]). In both trials, ESRD end
points were adjudicated by independent outcome committees blinded to group allocation using
rigorous end point definitions. Confirmation of doubling of serum creatinine level was a
sustained elevation for 4 weeks.
For our analysis, we defined 2 established end points as time from baseline to the first
occurrence of (1) ESRD as defined in the previous paragraph or (2) the composite of a
confirmed doubling in serum creatinine value from baseline, eGFR <15 mL/min/1.73m2
(restricted to people who started the study with baseline eGFR >25 mL/min per 1.73m2) or

4

ESRD. The eGFR threshold of 15 mL/min/1.73m2 is consistent with the definition of kidney
failure from KDIGO (Kidney Disease: Improving Global Outcomes) and was chosen in order
to include an objective component to the end point because the decision to initiate dialysis
therapy or kidney transplantation may be affected by factors other than GFR. We defined
alternative end points as the time from baseline to the first occurrence of a composite of a
confirmed relative decline in eGFR, eGFR <15 mL/min/1.73m2, or ESRD. The confirmed
relative declines in eGFR were 20%, 30%, 40%, and 57% from the baseline measurement. Of
note, these declines are equivalent to an increase in serum creatinine level from baseline of
20%, 34%, 53%, and 100% (doubling), respectively. Confirmation was defined as sustained
eGFR decline until the next visit (3 months). To assess the impact of the duration of followup, subsequent analyses were conducted restricting follow-up to 12, 18, and 24 months.
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Analyses using eGFR at 3 months as baseline
To assess the impact of acute effects of ARBs on GFR on the comparison of established and
alternative end points, we conducted an additional analysis calculating eGFR change from
month 3 of follow-up. Missing observations at the month-3 visit (N=350) were imputed using
postrandomization eGFR values recorded between 2 and 5 months.
Statistical Analysis
Unadjusted Cox proportional hazard regression analysis was performed to assess the treatment
effect on the established and alternative end points. The proportional hazard assumption was
verified by visual inspection of the Kaplan-Meier plot and by testing the significance of the
correlation coefficient between survival time and the scaled Schoenfeld residuals. The
precision of the treatment effect on the established and alternative end points was reflected by
the standard error of the treatment effect. The significance of the treatment effect was
calculated by z score, which can be calculated from log hazard ratio (HR; b)/standard error.
The z scores more negative (smaller) than -1.96 demonstrate a significant treatment effect in
favor of losartan or irbesartan when using a 2-sided type 1 error of 5%, without multiple
comparison adjustment. Analyses were performed using SAS, version 9.2 (SAS Institute Inc),
and R statistical software, version 2.14.1 (R Project for Statistical Computing).
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Results
Key baseline characteristics of RENAAL and IDNT are listed in Table 1. Baseline
characteristics were well balanced among randomized treatment groups. Persons participating
in IDNT had slightly higher blood pressure, albuminuria, and eGFRs at study entry. During
follow-up, there were 341 (22.5%) and 286 (16.8%) ESRD events in RENAAL and IDNT and
509 (33.6%) and 476 (28.1%) composite established end points defined as eGFR <15
mL/min/1.73m2 (for people who started the study with baseline eGFR >25 mL/min/1.73m2),
doubling of serum creatinine level, or ESRD, respectively (Table 2). As expected, adopting
lesser declines in eGFR as the alternative end point increased the number of events and
restricting the duration of follow-up decreased the number of events for each alternative end
point (Table 2).
Treatment effects using prerandomization eGFR as baseline
The number of alternative end points during the first 3 months of follow-up was higher in the
ARB compared to the placebo or amlodipine treatment arm, but the pattern reversed during
longer follow-up intervals (Supplement Table S1). Treatment effects of losartan and irbesartan

4

on established and alternative end points and their standard errors are summarized in Figs 1-3,
left panels. At each follow-up period, there was increased precision of the treatment effect
(smaller standard error) for alternative end points with lesser decline in eGFR (e.g. standard
error of 0.09 for eGFR decline of 57% vs. 0.06 for 20% during the full duration of follow-up
in RENAAL; top left panels, Figs 1-3). The precision decreased (larger standard error) with
shorter follow-up (e.g. 0.09 in the full duration of follow-up vs. 0.20 for 12 months for eGFR
decline of 57%).
Over the full duration of follow up, effect sizes (where effect size is 1 – HR x 100%)
of losartan on the established end points of ESRD or the composite of doubling of serum
creatinine, eGFR <15 mL/min/1.73m2, or ESRD were 27% (HR, 0.73; 95% confidence interval
[CI], 0.59 – 0.90) and 18% (HR, 0.82; 95% CI, 0.69 – 0.97), respectively (Fig 1, left panel).
During this same interval, the treatment effect of losartan on the alternative end point consisting
of the composite of ESRD, eGFR <15 mL/min/1.73m2, or a confirmed 57% eGFR decline was
similar (effect size, 20%; HR, 0.80; 95%CI, 0.67 – 0.94) to the established composite end point
and decreased when the 57% eGFR decline was replaced by a 40% eGFR decline (effect size,
9%; HR, 0.91; 95% CI, 0.78 – 1.04), further decreased for the 30% eGFR decline, and reversed
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for the 20% eGFR decline. As a result of decreasing effect sizes, the z-scores did not become
smaller for alternative end points using lesser declines in eGFR.
If the duration of follow-up was restricted to 24, 18, and 12 months, results were similar.
That is, the magnitude of the treatment effects generally attenuated with lesser eGFR declines.
Attenuation of the treatment effect offset the effect on the z-score of the increase in precision,
such that the z-scores did not become smaller when using alternative end points with lesser
eGFR declines (Fig 1).
Comparable results were observed in IDNT (Fig 2 and 3, left panels), although the
standard errors were larger, reflecting smaller number of patients enrolled in the treatment
arms. In general, treatment effect attenuated with lesser eGFR declines, preventing more
negative z-scores despite improved precision.
Results were essentially similar when the alternative end point included the composite
of eGFR decline and ESRD alone (Supplement Table S2).
Treatment effects using eGFR at 3 month as baseline
When using the 3 month follow-up visit as the baseline, the precision of the treatment
effect again was higher with alternative end points using lesser declines in eGFR at each
follow-up period (Figs 1-3, right panels). There was little attenuation of the treatment effect of
losartan (Fig 1), but a modest decrease in the treatment effect of irbesartan (Figs 2 and 3).
Consequently, the z-scores for 40%, 30%, and 20% eGFR decline for treatment comparisons
at shorter follow-up intervals were comparable to a 57% eGFR decline.
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Table 1: Baseline characteristics of the RENAAL and IDNT populations.
Parameter

RENAAL

IDNT

Placebo

Losartan

Placebo

Amlodipine

Irbesartan

N=762

N=751

N=565

N=557

N=572

60.3 (8)

60.0 (7)

58.3 (8)

59.1 (8)

59.3 (7)

494 (64.8)

462 (61.5)

399 (70.6)

354 (63.6)

375 (65.6)

White

377 (49.5)

358 (47.7)

413 (73.1)

385 (69.1)

431 (75.3)

Black

105 (13.8)

125 (16.6)

76 (13.5)

84 (15.1)

63 (11.0)

Hispanic

137 (18.0)

140 (18.6)

26 (4.6)

29 (5.2)

28 (4.9)

Asian

135 (17.7)

117 (15.6)

27 (4.8)

33 (5.9)

24 (4.2)

Other

8 (1.0)

11 (1.5)

23 (4.1)

26 (4.7)

26 (4.5)

153.2 (20)

151.8 (19)

158.2 (21)

159.7 (19)

160.5 (19)

82.4 (11)

82.4 (10)

86.9 (11)

87.0 (11)

86.8 (11)

Body Mass Index (kg/m )

29.4 (6.2)

30.0 (6.4)

30.6 (5.9)

30.9 (5.9)

31.1 (5.5)

Hemoglobin A1c (%)

8.4 (1.6)

8.5 (1.7)

8.2 (1.8)

8.2 (1.7)

8.1 (1.7)

LDL cholesterol (mg/dL)

142.3 (45)

142.1 (47)

141.7 (49)

141.4 (42)

144.8 (47)

HDL cholesterol (mg/dL)

44.9 (15)

45.2 (16)

42.4 (14)

42.2 (14)

42.6 (14)

Hemoglobin (mg/dL)

12.5 (1.8)

12.5 (1.8)

13.0 (1.9)

12.9 (1.9)

12.9 (1.9)

Serum creatinine (mg/dL)

1.9 (0.5)

1.9 (0.5)

1.7 (0.6)

1.7 (0.6)

1.7 (0.5)

41.4 (13.5)

41.1 (12.7)

50.5 (20.0)

50.3 (18.5)

49.8 (18.9)

1261

1237

1623

1415

1502

[569 – 2473]

[546 – 2666]

[776 – 2791]

[712- 2485]

[809 – 2829]

257 (33.7)

265 (35.3)

247 (43.7)

249 (44.7)

273 (47.7)

Diuretic (n. %)

436 (57.2)

442 (58.9)

265 (46.9)

255 (45.8)

275 (48.1)

β blocker (n. %)

140 (18.4)

137 (18.2)

108 (19.1)

96 (17.6)

106 (18.5)

CCB (n. %)†

546 (71.7)

532 (70.8)

215 (38.1)

209 (37.5)

229 (40.0)

Age (year)
Gender, male (n. %)
Race (n. %)

Systolic BP (mmHg)
Diastolic BP (mmHg)
2

eGFR (mL/min/1.73m )
2

ACR (mg/g) [median, IQR]

CVD history (n.%)

4

Antihypertensive med.

Note: Data are Mean and standard deviation unless otherwise indicated.† Open label CCB were discontinued in the IDNT
trial
Abbreviations: ACR, albumin:creatinine ratio; BP, blood pressure; CVD, cardiovascular disease; eGFR, estimated
glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; med, medication
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decline was calculated from baseline (lower left) or month 3 (lower right). The dotted

horizontal line in each middle panel indicates statistical significance (z-score=-1.96). Top

panels indicate the standard error of the log hazard ratio. The dotted vertical lines in lower

panels indicate the 95% confidence interval.

509 (33.6)

Composite

510 (34.6)

738 (48.8)

929 (61.4)

1127 (74.5)

57%

40%

30%

20%

1114 (65.8)

872 (51.5)

663 (39.1)

440 (29.5)

476 (28.1)

286 (16.8)

IDNT

914 (60.4)

674 (44.5)

474 (31.3)

290 (19.7)

285 (18.8)

159 (10.5)

RENAAL

832 (49.1)

579 (34.2)

382 (22.6)

232 (15.5)

254 (15.0)

146 (8.6)

IDNT

24 months

767 (50.7)

523 (34.6)

332 (21.9)

195 (12.9)

193 (12.9)

90 (5.9)

RENAAL

642 (37.9)

396 (23.4)

251 (14.8)

149 (8.8)

165 (9.7)

103 (6.0)

IDNT

18 months

creatinine level (EGS) and on alternative kidney end points defined as the composite of ESRD,

eGFR <15 mL/min/1.73m2, or proportional changes in eGFR (57%, 40%, 30%, or 20%). Lower

panels shows the treatment effect on the established and alternative end points if the eGFR
597 (39.5)

364 (24.1)

201 (13.2)

104 (7.1)

90 (6.0)

32 (2.1)

RENAAL

end points (black squares in lower panels) of end-stage renal disease (ESRD; E) or composite
451 (26.6)

257 (15.1)

144 (8.5)

86 (5.6)

92 (5.4)

57 (3.4)

IDNT

Figure 1: Treatment effect of losartan versus placebo in RENAAL on the established kidney

of ESRD, estimated glomerular filtration rate (eGFR) <15 mL/min/1.73m2, doubling of serum

Note: Numbers of participants with end points are reported during the overall follow-up period and after 24, 18, and 12 months. Values are given as number of events (percentage).
Abbreviations: eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; SCr, serum creatinine.
a
At 41 months/36 months.
b
Composite end point: ESRD, eGFR <15mL/min/1.73m2, or doubling of SCr.
c
Composite end point: ESRD or eGFR <15 mL/min/1.73m2.

or eGFR decline

Composite of ESRD/eGFRc

of ESRD/eGFR/SCr

341 (22.5)

Dialysis

b

RENAAL

Overalla

Table 2: Number of patients with established and alternative kidney end points observed in RENAAL and IDNT

End point
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Figure 1: Treatment effect of losartan versus placebo in RENAAL on the established kidney
end points (black squares in lower panels) of end-stage renal disease (ESRD; E) or composite
of ESRD, estimated glomerular filtration rate (eGFR) <15 mL/min/1.73m2, doubling of serum
creatinine level (EGS) and on alternative kidney end points defined as the composite of ESRD,
eGFR <15 mL/min/1.73m2, or proportional changes in eGFR (57%, 40%, 30%, or 20%). Lower
panels shows the treatment effect on the established and alternative end points if the eGFR
decline was calculated from baseline (lower left) or month 3 (lower right). The dotted
horizontal line in each middle panel indicates statistical significance (z-score=-1.96). Top
panels indicate the standard error of the log hazard ratio. The dotted vertical lines in lower
panels indicate the 95% confidence interval.

4
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Figure 2: Treatment effect of irbesartan versus placebo in IDNT on the established kidney end
points (black squares in lower panels) of end-stage renal disease (ESRD; E) or composite of
ESRD, estimated glomerular filtration rate (eGFR) <15 mL/min/1.73m2, doubling of serum
creatinine level (EGS) and on alternative kidney end points defined as the composite of ESRD,
eGFR <15 mL/min/1.73m2, or proportional changes in eGFR (57%, 40%, 30%, or 20%). Lower
panels shows the treatment effect on the established and alternative end points if the eGFR
decline was calculated from baseline (lower left) or month 3 (lower right). The dotted
horizontal line in each middle panel indicates statistical significance (z-score=-1.96). Top
panels indicate the standard error of the log hazard ratio. The dotted vertical lines in lower
panels indicate the 95% confidence interval.
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Figure 3: Treatment effect of irbesartan versus amlodipine in IDNT on the established kidney
end points (black squares in lower panels) of end-stage renal disease (ESRD; E) or composite
of ESRD, estimated glomerular filtration rate (eGFR) <15 mL/min/1.73m2, doubling of serum
creatinine level (EGS) and on alternative kidney end points defined as the composite of ESRD,
eGFR <15 mL/min/1.73m2, or proportional changes in eGFR (57%, 40%, 30%, or 20%). Lower
panels shows the treatment effect on the established and alternative end points if the eGFR
decline was calculated from baseline (lower left) or month 3 (lower right). The dotted
horizontal line in each middle panel indicates statistical significance (z-score=-1.96). Top
panels indicate the standard error of the log hazard ratio. The dotted vertical lines in lower
panels indicate the 95% confidence interval.

4

Discussion
In this study, we tested a strategy of adopting lesser declines in eGFR as alternative end points
for progression of kidney disease in 2 large trials of ARBs for diabetes and nephropathy.
Compared to the established end point of a doubling of serum creatinine value (equivalent to a
57% eGFR decline), we observed a larger number of alternative end points, leading to greater
precision of the estimate of treatment effects. However, we also observed attenuation of the
magnitude of the treatment effect, which prevented a gain in statistical significance. However,
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when eGFR decline was computed from month 3 of follow-up rather than from the
prerandomization value, attenuation of the treatment effect was less. These results suggest that
despite increases in precision, use of alternative end points with eGFR declines less than a
doubling of serum creatinine level may not improve statistical power, particularly in settings
in which a drug exerts an acute effect on GFR opposite in direction to the long term chronic
effect.
As previously shown,7,11 losartan and irbesartan caused a reduction in eGFR during the
first month of treatment (acute effect), whereas they slow the rate of eGFR decline in the
ensuing years (chronic effect). Based on studies in experimental models, 12 the acute effect is
hypothesized to reflect a reversible decline in single-nephron GFR, whereas the chronic effect
is hypothesized to reflect a slowing in the irreversible loss in nephrons. In our analysis, the
acute effect led to additional end points in the ARB treatment arm that diluted the chronic
treatment effect. The treatment effect could be demonstrated by excluding the impact of the
acute effect by computing eGFR decline from 3 months after baseline. Computing eGFR
decline from a postrandomization baseline would violate the principles of randomized study
design because the treatment groups can differ at this point as a result of the treatment. For
drugs without acute effects on GFR, adopting lesser declines in eGFR as alternative end points
may be less likely to lead to attenuation of the treatment effect. An alternative explanation of
the attenuation of the treatment effect may be that the magnitude of the ARB treatment effect
is proportional to the underlying rate of decline in eGFR, leading to larger treatment effects
among patients with larger eGFR declines and smaller treatment effects among subjects with
smaller eGFR declines. In this setting, including lesser eGFR declines in the clinical trial end
point attenuates the treatment effect.13,14 This would not be affected by computing eGFR
decline from a postrandomization baseline.
What are the implications of our study? The currently established kidney end point for
clinical trials of kidney disease progression is the composite of doubling of serum creatinine
level or ESRD. These end points are late events in the progression of kidney disease, leading
to complex and large trials requiring significant human and financial resources. In addition, in
order to obtain sufficient end points within a reasonable time, patients at earlier stages of kidney
disease, who may particularly benefit from therapy, typically are excluded from these
confirmatory trials. These considerations may have hampered the development of interventions
for slowing the progression of diabetic nephropathy and other causes of chronic kidney disease.
Our findings suggest that for drugs with an acute effect on GFR, lesser eGFR declines as end
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point may not improve statistical significance. When we used month 3 of follow-up as baseline,
we observed that similar statistical significance could be achieved in some cases with shorter
follow-up intervals by using lesser eGFR decline thresholds. This is consistent with the
possibility that using lesser thresholds may allow shorter up follow-up periods in certain
situations when an acute effect is not expected. However, these results were not consistent
across all intervals, and we suggest that these findings should be confirmed in future clinical
trials. Such studies, if possible, should focus on patients at earlier stages of disease when
intervention may have a greater beneficial impact. In addition, they preferably should include
analysis of multiple clinical trials including populations with various causes of chronic kidney
disease receiving different interventions to most reliably assess the robustness of the proposed
alternative kidney end points.
The strength of this study is the availability of individual patient data from 2
independent clinical trials of study populations with similar disease characteristics treated with
a similar class of agent, a comprehensive analysis of alternative end points and durations of
follow-up, and the comparability of the results. In addition, the availability of eGFR recordings
at 3-month interval allowed use of confirmed end points for all analyses and evaluation of the

4

acute effect.
This study has limitations. First, results of this study should be interpreted in the context
of the enrolled population with its specific disease characteristics, evaluated interventions, and
applied clinical trial designs. It is possible that different results would be obtained in other
populations or in other trials using different drugs or dietary interventions. Second, the analysis
of the treatment effect using month 3 as the baseline measurement violates the randomization
principle and may be subject to bias. Therefore, results can only be interpreted as hypothesis
generating.
In conclusion, adopting eGFR declines less than a doubling of serum creatinine level
as clinical trial end points may not improve statistical power, particularly for drugs that exert
acute GFR effects, such as ARBs. These results should be taken into account when developing
alternative definitions for kidney end point in clinical trials.
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Abstract
Background: Renal Replacement Therapy (RRT) and doubling of serum creatinine (DSCr)
are considered the objective hard end points in nephrology intervention trials. Since both are
assumed to reflect changes in the filtration capacity of the kidney, drug effects, if present, are
attributed to kidney protection. However, decisions to start RRT are not only based on filtration
capacity of the kidney but also on other factors. We therefore compared the time to RRT with
the time to a fixed estimated glomerular filtration rate (eGFR) threshold and assessed the effect
of the renoprotective drug irbesartan on both components.
Methods: Post-hoc analysis of two clinical trials, Irbesartan Diabetic Nephropathy Trial
(IDNT) and Reduction of End points in Non-insulin dependent diabetes mellitus with the
Angiotensin II Antagonist Losartan (RENAAL), in patients with type 2 diabetes and
nephropathy. The time to a predefined eGFR level of 11 mL/min/1.73m2 (eGFR11), calculated
by within-patient linear regression, was compared with the time to RRT or sustained serum
creatinine ≥6mg/dL.
Results: A large difference was observed in the median time to RRT (779 days) compared to
eGFR11 (677 days; p=0.012). We also observed a large variation in the difference between the
time to RRT and eGFR11. In IDNT, the hazard ratio for the effect of irbesartan on the serum
creatinine ≥6.0mg/dL end point was 0.60 (95%CI 0.39 to 0.91; p=0.015), whereas it was
substantially smaller on the RRT end point (hazard ratio: 0.78 (95%CI 0.58 to 1.07; p=0.121)).
Conclusion: The present study shows a substantial difference in the time to RRT and a fixed
eGFR threshold and shows that the effect of an ARB on a filtration based end point versus RRT
varies. This implies that evaluating renoprotective effects of drugs with a combined RRT and
DSCr end point may be subject to more than testing “renoprotection”. Future trials should
register all parameters that lead to RRT decision to know at what level the drug is working.
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Introduction
Trials to test the efficacy of novel drugs to slow progression of chronic kidney disease (CKD)
should use well defined end points. Renal replacement therapy (RRT; chronic dialysis or
kidney transplantation) and doubling of serum creatinine (DSCr) are currently considered to
be the best objective renal end points and are therefore the obvious clinically relevant end point
in trials on slowing CKD progression.1, 2
Both RRT and DSCr are assumed to measure the filtration capacity of the kidney, and
thus drugs tested in trials with this combined end point are assumed to be tested for an effect
on kidney function/filtration. If there is a reduction in this combined end point with the
experimental drug, it can be labeled as renoprotective. This is all based on the assumption that
both RRT and DSCr are indeed only reflecting changes in filtration capacity of the kidney.
However, the decision for dialysis or transplantation is made not only on filtering capacity of
the kidneys, but also on other parameters like judgment and decision of the physician, patient's
wellbeing and co-morbidities, uremic symptoms, local habits and guidelines, and/or
availability of RRT. These factors may influence the time to the RRT end point and could
potentially lead to different treatment effects when considering a filtration based end point (e.g.
doubling of serum creatinine or fixed serum creatinine threshold) with the RRT end point.
Since drugs are usually developed based on an expectation that they will slow loss of the
filtration capacity of the kidney (i.e. serum creatinine or estimated glomerular filtration rate

5

eGFR), the result of trials that use a combined RRT/DSCr end point may result in unexpected
outcomes through potential effects on other parameters than filtering capacity.
To test whether a change in the end point RRT actually reflects filtering capacity
changes, we evaluated in the Irbesartan Diabetic Nephropathy Trial (IDNT) and Reduction of
End points in non-insulin dependent diabetes mellitus with the Angiotensin II Antagonist
Losartan (RENAAL) trials if the initiation of RRT is based on reaching a predefined eGFR
level. Secondly, we assessed and compared the treatment effect on the time to a fixed serum
creatinine threshold versus RRT in the IDNT trial.
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Methods
Study design
We performed post-hoc analyses in the IDNT and RENAAL (Clinical Trials.gov identifier
00308347) trials. Both trials demonstrated that an angiotensin receptor blocker (irbesartan in
IDNT and losartan in RENAAL) delays the onset of a composite end point consisting of
doubling of serum creatinine, RRT, or death of any cause in patients with type 2 diabetes and
nephropathy. The rationale, study design, and primary outcomes of both trials have been
described in detail elsewhere.3-6 Both trials were conducted from 1996 to 2000 and the average
eGFR threshold at that time to start dialysis was 11 ml/min/1.73m2. Inclusion criteria for both
trials were presence of type 2 diabetes, nephropathy, overt proteinuria, and age between 30 and
70 years. Individuals with insulin dependent diabetes or renal disease not related to diabetes
were excluded in both trials. All participants gave written informed consent. Both trials were
approved by local medical ethics committees and conducted according to guidelines of the
Declaration of Helsinki.
RRT and eGFR based end points
RRT was defined as the decision for initiation of chronic dialysis (>4 weeks) or kidney
transplantation. In IDNT an additional RRT criterion for the primary analysis required a
confirmed serum creatinine level equal or above 6.0 mg/dL (SCr6). For the purpose of the
current analysis, the SCr6 component was excluded from the RRT definition. The effect of
irbesartan on RRT and SCr6 was assessed in the IDNT trial as both components were
adjudicated and pre-specified only in the IDNT trial. SCr6 end points were not recorded in
RENAAL. All RRT events were adjudicated by an independent adjudication committee using
rigorous definitions and guidelines in both trials.
Serum creatinine was measured in both trials regularly at three months intervals by a
central laboratory. Once a subject reached RRT, study medication was discontinued and
subsequent serum creatinine measurements were not recorded. eGFR was calculated using the
Modification of Diet for Renal Disease (MDRD) equation based on serum creatinine, age, race,
and sex.7
The eGFR threshold to define kidney failure was 11 mL/min/1.73m2. Based on the
eGFR slope of each individual, calculated by within-patient linear regression, we interpolated
or extrapolated the time until the individual reached 11 ml/min/1.73m2 (eGFR11). For
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illustration purposes, figure 1 displays the eGFR trajectories and time to eGFR 11 and RRT of
two patients. The time to reach eGFR11 was subsequently compared with the time to the
initiation of RRT. The threshold of 11 ml/min/1.73m2 was chosen since it is the average
threshold that was used in clinical practice to initiate dialysis at the time the RENAAL and
IDNT trials were conducted.8 In a sensitivity analysis the eGFR based threshold for kidney
failure was 15 ml/min/1.73m2 as the current KDIGO guideline defines stage 5 CKD as eGFR
<15 ml/min/1.73m2.9
The interpolation of the individual eGFR trajectory to calculate the time to RRT
assumes linear eGFR trajectories in all patients. However, previous studies have shown that in
a proportion of patients eGFR decline is not linear over time.10 To account for potential nonlinear eGFR trajectories, we conducted an additional analysis in which the time to the first
eGFR measurement equal or below 11 ml/min/1.73m2 (confirmed by the subsequent
measurement) was compared with the actual time to RRT. This analysis only includes patients
in whom eGFR was recorded before RRT initiation since serum creatinine was not recorded
after RRT initiation. To assess internal validity, we compared the time to the first confirmed
eGFR11 with the time to eGFR11 calculated from the eGFR slope. To reduce the uncertainty of
calculating the time to eGFR11, we analyzed a subgroup of patients in whom eGFR decline
over time was optimally fitted by selecting all patients below the median residual sum of
squares of the individual regression line. We subsequently compared the time to eGFR 11 with

5

the time to RRT in this subgroup of patients.
Statistical analysis
The time to eGFR11 or SCr6 and RRT was compared by Mann-Whitney U test. The median
difference between the time to eGFR11 and RRT was subsequently calculated and represented
the bias. Since subjects could reach eGFR11 before or after RRT, the time difference was
calculated separately for patients who either reached eGFR 11 before or after RRT. The time
difference is zero if the time to eGFR11 is similar as the time to RRT. Accuracy was calculated
and defined as the percentage of subjects reaching eGFR11 within 90 days of the actual time to
RRT.
A joint model of longitudinal and survival data was used to assess the relationship
between time-varying eGFR and time to RRT and time to reaching eGFR11 and SCr6. The joint
model links two processes by unobserved random effects through the use of a shared parameter

87

Chapter 5 – Is chronic dialysis the right hard renal end point to evaluate renoprotective drug
effects?
___________________________________________________________________________
in order to model both survival and longitudinal data simultaneously. To model the longitudinal
eGFR data we used a linear mixed effects model with a random intercept and random slope.
The model included an interaction term between follow-up time and treatment. To model
survival data we used a Cox proportional hazard model. The model included a term for
randomized treatment assignment. The joint model included both RRT and SCr6 (or eGFR 11)
as competing events. Patients who did not reach an event were censored at their date of death,
or for those still alive at the end of the trial, the date of their last clinic visit before the
termination of the study. Estimation of the joint model was based on the maximum likelihood
approach. In the joint model, we assumed that the risk for SCr6 (or eGFR 11) end point at a
specific time depends on features of the longitudinal trajectory at the same time point (i.e.,
current serum creatinine value and current slope).
The effect of irbesartan compared to placebo on the RRT end point and SCr6 end point
were estimated from Cox proportional hazard models. Cox proportional hazard models were
conducted based on the intention to treat principle and survival time to the first relevant end
point was used in each analysis. Since RRT is a competing risk for the SCr6 end point, an
additional analysis was conducted accounting for the competing event of RRT. The subhazard
ratio of the treatment effect was calculated using a Fine and Gray model11 which extends the
Cox proportional hazard model to competing risk data by taking into account the subdistribution hazard. Mean and standard deviations are provided for normally distributed data
and median and 25th to 75th percentile for skewed data. Analyses were conducted with R
statistical software version 2.15.3 (www.R-project.org; The JM package in R was used to
implement the joint model).
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Results
Comparison between the duration to reach RRT and eGFR11
A total of 3055 patients with at least three eGFR measurements during follow-up were included
in this analysis. Their baseline characteristics are shown in supplementary table 1. Of these
3055 patients, 448 (15%) initiated RRT during the trial period. The median time to RRT was
779 days. Median time to eGFR11 was 678 days (difference RRT 101 days; p=0.01). A large
variation was observed in the time to eGFR11 and RRT (Figure 2). Among the 288 patients
who reached eGFR11 before RRT initiation, the median time difference between eGFR 11 and
RRT was 150 days, whereas in the 160 subjects who reached eGFR 11 after initiation of RRT
the median time difference was 204 days (Table 1). The accuracy, defined as the percentage of
subjects with eGFR11 measurements within 90 days of the actual time to RRT, was 31% (Table
1).
To account for potential non-linear eGFR declines, we also compared the time to RRT
and time to first confirmed eGFR11. Since eGFR was not recorded after a patient had reached
RRT, we could only calculate the time difference if RRT was initiated after eGFR11. In the 88
patients who reached RRT after eGFR11, the median time difference between first confirmed
eGFR11 and RRT was 160 days, and 14% initiated RRT within 90 days of reaching eGFR 11
(Table 2). To assess internal validity, we compared the time to eGFR11 based on the individual
eGFR slope and first eGFR11 measurement. The time difference was substantially smaller and

5

accuracy higher than the comparison of either of these eGFR metrics with RRT (Table 1). We
also observed a significant difference in the time to SCr6 and RRT in the IDNT trial (median
time 584 [382-902] versus 688 [409 – 1011] days respectively, p<0.01).
A joint model analysis showed that the hazard ratio for the association between eGFR
level and RRT was significantly lower compared to the association between eGFR level and
time to first eGFR11 or SCr6 (Table 2).
Results were similar in a sensitivity analysis of patients in whom the most optimal fit
of the individual eGFR regression line could be fitted (Supplement Table S2) or when eGFR
<15 mL/min/1.73m2 was used to define kidney failure (Supplement Table S3).
Effect of irbesartan on RRT and serum creatinine ≥6.0 mg/dL
The effects of irbesartan on a filtration based end point (time to a sustained serum creatinine of
≥6.0 mg/dL) and RRT were different. The SCr6 end point occurred in 58 patients in the placebo
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group and 36 patients in the irbesartan group representing a hazard ratio of 0.60 (95%CI 0.39
to 0.91; p=0.02). The RRT end point occurred in 90 patients in the placebo group and 74
patients in the irbesartan group representing a non-significant hazard ratio of 0.78 (95%CI 0.58
to 1.07; p=0.12). The effect of irbesartan on the eGFR11 end point was similar to the SCr6 end
point (hazard ratio 0.64 (95%CI 0.45 to 0.91; p=0.012). Results were not different in a
competing risk analysis (subhazard ratio SCr6 0.65 (95%CI 0.42 to 1.01; p=0.06); RRT 0.86
(95%CI 0.57 to 1.29; p=0.46)). The competing risk subhazard ratio’s for the treatment effect
of irbesartan on the eGFR11 versus RRT end point was 0.65 (95%CI 0.45 to 0.92; p=0.02)
versus 0.97 (95%CI 0.60 to 1.58; p=0.91). In the joint model, after taking into account the
patient’s eGFR trajectory the treatment effect of irbesartan was 0.85 (95%CI 0.20 to 3.61).

Figure 1: Examples of two patients who initiated RRT approximately one year before reaching
eGFR11 (panel A) or initiated RRT one year after reaching eGFR11 (Panel B). The purple dotted
line indicates the initiation of dialysis, the vertical dotted blue line the time point when eGFR 11
was reached, and the vertical straight red line the censor date of the individual.
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[1.11
– 1.41]

eGFR
11-first
eGFR
11-first

317
317

1.53
[1.45–
1.62]
1.53
[1.45–
1.62]

RRT
RRT

153
153

1.22
[1.12
– 1.32]
1.22
[1.12
– 1.32]

eGFR15-first
eGFR
15-first

570
570

1.42
[1.37
– 1.48]
1.42
[1.37
– 1.48]

<0.01
<0.01

RRT

93

1.23 [1.11 – 1.69]

0.08

SCr6 ≥6.0 mg/dL

84

1.56 [1.33 – 1.82]

RRT

64

1.18 [1.01 – 1.41]

eGFR11-first

124

1.50 [1.38 – 1.63]

RRT

39

1.15 [1.03 – 1.37]

216

1.49 [1.38 – 1.62]

194

1.29 [1.09 – 1.51]

0.03

193
114

1.57
[1.45
– 1.70]
1.15
[1.06
– 1.24]

<0.01

IDNT

IDNT
RRT

SCr6 ≥6.0 mg/dL
RRT

eGFR11-first
RRT

eGFR15-first

eGFR15-first

RENAAL

RENAAL
RRT

RRT
eGFR

11-first

eGFR
11-first
RRT
RRT
eGFR15-first

93
84
64

124
39

216

194
193
114
354

1.23 [1.11 – 1.69]
1.56 [1.33 – 1.82]
1.18 [1.01 – 1.41]
1.50 [1.38 – 1.63]
1.15 [1.03 – 1.37]

0.01

0.08
0.01

<0.01

<0.01

1.49 [1.38 – 1.62]

1.29 [1.09 – 1.51]
1.57 [1.45 – 1.70]
1.15
[1.06
– 1.24]
1.30
[1.26
– 1.35]

0.03

<0.01

eGFR
354
1.30
[1.26 – 1.35]
Note:15-first
*p-value, compares HR of RRT vs.
SCr6/eGFR 11-first/eGFR
15-first

Abbreviation: N, number of events; HR, hazard ratio; CI: confidence interval ;eGFR11-first, time to first

Note:
*p-value, measurement
compares HRofofeGFR
RRT11
vs.ml/min/1.73m
SCr6/eGFR 11-first
/eGFR
2
15-first
unconfirmed
; eGFR
15-first, time to first unconfirmed measurement of
Abbreviation:
N, number2 of events; HR, hazard ratio; CI: confidence interval ;eGFR11-first, time to first
eGFR 15 ml/min/1.73m
unconfirmed measurement of eGFR 11 ml/min/1.73m2; eGFR 15-first, time to first unconfirmed measurement of
eGFR 15 ml/min/1.73m2

92
93

Chapter 5 – Is chronic dialysis the right hard renal end point to evaluate renoprotective drug
effects?
___________________________________________________________________________
Figure 2: Variability between the time to reach renal replacement therapy and eGFR 11. The
solid vertical line at 0 represents the time to renal replacement therapy (RRT) (779 days). The
white bars show patients who reach eGFR11 before RRT and grey bars show patients who reach
eGFR11 after RRT. Panel A shows the time to eGFR11 calculated based on the individual eGFR
slope. Panel B shows the time to eGFR11 based on the time to first confirmed eGFR
measurement 11 ml/min/1.73m2. During each patient’s follow-up, 228 patients reached eGFR11
but not RRT. A total of 18 patients had an estimated time to eGFR 11 beyond the range of the
histogram. In 8 patients the time interval extended to 1 year beyond the histogram, in 3 patients
it extended to 1 and 2 years, in 2 patients to 2 and 4 years, and in 5 patients beyond 4 years.
A: eGFR11 vs. RRT
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Discussion
In this study we found a large discrepancy between the time to reach a fixed eGFR threshold
(11 ml/min/1.73m2) and the time to RRT. This suggests that, although RRT is a hard end point
in trials of kidney disease progression, the decision of RRT initiation appears not only to be
driven by the filtration capacity of the kidney (i.e. serum creatinine or eGFR) but also by other
factors. This finding may impact the evaluation of drug efficacy in CKD trials.
How do these findings impact on the current use of doubling of serum creatinine (or
predefined serum creatinine or eGFR level) and initiation of dialysis as measures for RRT?
First, these data have to be substantiated by other, preferably prospective studies. More
importantly, we need to understand whether we want to analyze the renoprotective potential of
interventions on the basis of their ability to attenuate, halt, or even improve GFR decline, or
we want to establish whether the drug postpones the need for RRT initiation. Potentially, a
drug could not affect GFR change at all, but just improve the “tolerance” of the patient to
withstand the sequelae of reduced kidney function and thus delay the decision of the physician
to start dialysis. Although the latter is clearly of importance (both for the patient and from a
healthcare payer perspective) it may not be labeled as kidney protection. In essence, drugs that
slow eGFR progression, delay overall structural kidney function loss and reduce the sequelae
of reduced filtration capacity. Our data supports that reaching a predefined level of serum
creatinine or eGFR should always be included as a component of a hard kidney end point, as
already occurs in most kidney outcome trials.
The results of our study, based on trials which were conducted 15 to 20 years ago, are
in line with recent studies, in contemporary practice, showing a wide variation as to when to
initiate RRT.12 A web-based questionnaire conducted in 11 European countries among 433
nephrologists showed that only a third of all nephrologists considered eGFR as the most
important factor in the decision to initiate RRT.13 Reasons for an earlier start of RRT included
the clinical condition of the patient, such as uremic symptoms, whereas patient preference and
lack of dialysis facilities delayed the start of RRT. Patients prefer initiation of dialysis over
conservative treatment if they were able to dialyze during the day or evening rather than during
the day only, if subsidized transport was available, and few hospital visits were required.14
Quality of life is another important factor that is taken into account when deciding to initiate
RRT.15 A study from the United Kingdom established substantial variation among health care
physicians in their likelihood to offer dialysis. The patient's mental state appeared to be the
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most significant factor to impact the decision to offer dialysis.16 Taken together, the available
data indicate that the decision when to start RRT is multifactorial and is unlikely to be guided
by a single parameter (for example eGFR). Symptoms associated with uremia which could
drive the decision to initiate dialysis are not systemically collected and analyzed in clinical
trials and should be recorded in future (drug) trials to obtain more insight which factors drive
RRT initiation, and examine which of these factors an investigational drug is actually working.
The variation in the time between the decision to offer dialysis and reaching a fixed
serum creatinine or eGFR threshold may impact evaluation of drug efficacy. The effect of
irbesartan on the RRT and serum creatinine ≥6.0 mg/dL end point seemed to differ but the
confidence intervals of the effect of irbesartan on both end points were overlapping.
Additionally, the joint model analysis showed that after taking into account the patient’s eGFR
trajectory the treatment effect of irbesartan on the RRT end point was not statistically
significant. Apparently, for ARBs a large part of the protective effect is mediated by the effect
on slowing eGFR decline and this may overwhelm potential effects which affect RRT
decisions. Yet, as mentioned above, other interventions may influence RRT decisions through
effects independent of filtration. In this respect, another trial has shown different effects of the
intervention on the doubling of serum creatinine and RRT end point. In the Evaluation
Prevention of Progression in CKD-2 (EPPIC-2) trial, AST-120 showed a trend towards a risk
reduction for RRT of 18% whereas no effect on doubling of serum creatinine was observed.

5

The reverse was observed in the EPPIC-1 trial. The authors suggested that regional differences
in practices when to initiate dialysis could explain these different results.17
This study has limitations. First, the assessment of the timing between reaching eGFR 11
and RRT was conditional on the occurrence of RRT. A total of 228 patients reached eGFR11
during the patient’s follow-up but did not reach RRT. The censoring for RRT may have given
a biased assessment of the time difference. However, this is probably a conservative bias since
the time difference between eGFR11 and RRT will likely shift upwards if the censoring of RRT
is taken into account. Second, we calculated the time to eGFR 11 based on linear interpolation
or extrapolation of the eGFR slope. Spontaneous fluctuations in eGFR decline have been
demonstrated,18 and may impact the prediction of time to eGFR11. However, to account for
periods of accelerated kidney function decline we performed an additional analysis comparing
the time to the first eGFR measurement of 11 ml/min/1.73m2 and the time to RRT. This analysis
confirmed the results of our main analysis. Third, we recognize that estimating GFR based on
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creatinine level rather than relying on measured GFR can misclassify patients which would
bias time to reaching of eGFR11 end point.19 Additionally, random noise in the measurement
of serum creatinine may also account for the variation in timing between eGFR 11 and RRT
rather than factors influencing the RRT decision. Fourth, the number of SCr6 and RRT end
points in the IDNT trial was relatively small which limited the power of analyses comparing
irbesartan treatment effects. Finally, the results can only be generalized to the population who
shares the characteristics of the RENAAL and IDNT population.
In conclusion, this study shows that the initiation of RRT cannot be explained by serum
creatinine alone but likely also depends on other factors. If we agree that renoprotection of a
drug should be expressed as the slowing, halting or improvement of filtration capacity, one
should only include filtration based measures (fixed eGFR threshold of 15 ml/min/1.73m 2
and/or a doubling of serum creatinine) in a kidney end point. Alternatively, one could dissect
the RRT decision by recording the physicians' reasons for dialysis initiation. In any case we
should be clear as to which drug/intervention effect we want to detect when using the end point
RRT: renal filtration, patient’s wellbeing, or both.
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Supplement
Table S1: Demographic and baseline clinical characteristics

Parameters

Total

Placebo

Losartan

Placebo

Amlodipine

Irbesartan

N=3055

N=711

N=721

N=541

N=534

N=548

59.4 (7.6)

60.2 (7.5)

60.0 (7.4)

58.3 (8.1)

59.1 (7.9)

59.2 (7.1)

1067 (34.9)

253 (35.6)

277 (38.4)

156 (28.8)

194 (36.3)

187 (34.1)

Caucasian

1876 (61.4)

350 (49.2)

345 (47.9)

395 (73.0)

371 (69.5)

415 (75.7)

Black

430 (14.1)

97 (13.6)

118 (16.4)

75 (13.9)

81 (15.2)

59 (10.8)

Hispanic

336 (11.0)

131 (18.4)

132 (18.3)

22 (4.1)

26 (4.9)

25 (4.6)

Asian

319 (10.4)

125 (17.6)

115 (16.0)

26 (4.8)

30 (5.6)

23 (4.2)

Age (yrs.)
Female Gender n, (%)
Race, n, (%)

Other
Serum creatinine (mg/dL)

94 (3.1)

8 (1.1)

11 (1.5)

23 (4.3)

26 (4.9)

26 (4.7)

1.8 (0.5)

1.9 (0.5)

1.9 (0.5)

1.7 (0.6)

1.7 (0.6)

1.7 (0.5)

eGFR (ml/min/1.73m2)

43.8 (15.9)

39.9 (12.7)

39.5 (11.9)

48.0 (18.4)

47.7 (17.7)

46.6 (17.0)

CER (mg/24hr)

1415 (661)

1374 (1041)

1308 (599)

1459 (585)

1446 (558)

1436 (531)

Systolic BP (mmHg)

156 (19.8)

153 (19.9)

152 (18.8)

158 (20.4)

159 (19.3)

160 (19.5)

Diastolic BP (mmHg)

84.8 (11.0)

82.4 (10.7)

82.3 (10.3)

86.8 (11.0)

87.1 (10.8)

86.9 (11.4)

Weight (kg)

84.8 (20.1)

82.1 (21.2)

82.4 (20.6)

87.2 (19.5)

86.3 (19.5)

87.8 (18.1)

1348

1265

1182

1526

1403

1478

[678, 2615]

[585, 2472]

[545, 2620]

[750, 2670]

[691, 2470]

[803, 2803]

Hemoglobin (mg/dL)

12.8 (1.9)

12.5 (1.8)

12.5 (1.8)

13.0 (1.9)

12.9 (1.9)

13.0 (1.9)

Urea Nitrogen (mg/dL)

UACR (mg/g)

31.2 (12.3)

32.3 (12.3)

32.5 (12.2)

29.7 (12.3)

29.8 (11.8)

30.8 (12.7)

Potassium (mmol/L)

4.6 (0.5)

4.6 (0.5)

4.6 (0.5)

4.6 (0.5)

4.6 (0.5)

4.6 (0.5)

Uric acid (mg/dL)

6.8 (1.8)

6.7 (1.7)

6.7 (1.7)

6.8 (1.9)

6.8 (1.8)

6.8 (1.9)

Calcium (mg/dL)

9.3 (0.5)

9.4 (0.5)

9.4 (0.5)

9.2 (0.6)

9.2 (0.5)

9.2 (0.5)

Phosphate (mg/dL)
CVD history (yes), n, (%)

3.8 (0.6)

3.9 (0.6)

3.9 (0.6)

3.8 (0.6)

3.8 (0.7)

3.8 (0.6)

1376 (45.0)

311 (43.7)

330 (45.8)

238 (44.0)

238 (44.6)

259 (47.3)

5

Note: Values for categorical variables are reported as percentages; values for continuous variables are reported as mean ± standard
deviation or median [interquartile range].
Abbreviations: BP, blood pressure; eGFR, estimated glomerular filtration rate; CER: creatinine excretion rate; UACR, urinary
albumin to creatinine ratio; CVD, cardiovascular disease.
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Summary
Chronic Kidney Disease (CKD) places an increasing burden on health care systems, due to its
increasing prevalence, poor outcomes, and high cost of renal replacement therapy (RRT).1
Globally, diabetic nephropathy is the leading cause of CKD. 2 To date, very few interventions
have been proven to be effective for slowing the progression of kidney function decline.3 The
currently used interventions, ACE-inhibitors and Angiotensin Receptor Blockers, are effective
in slowing the progression of disease, but not all patients respond to these drugs leaving them
at high residual risk. Novel interventions are thus desired to address the high unmet medical
need of CKD.
Clinical outcome trials are required to ultimately establish a drug’s efficacy and safety.
Currently, the composite of renal replacement therapy (RRT) and doubling of serum creatinine
is the established hard end point(s) in clinical trials of CKD progression. The decision to start
RRT is in part based on the filtering capacity of the kidney, and thus based on the serum
creatinine level which can be measured objectively, but it is also based on a subjective decision
of the physician and patient depending on patient wellbeing, health insurance, or local
guidelines. The RRT component is thus a mixture of loss of filtration power as well as other
factors including the health of the patient. The doubling of serum creatinine component on the
other hand is purely driven by the filtration capacity of the kidney. These two components of
the currently used hard renal end point thus reflect different measures but have in common that
they are late events in the progression of CKD thereby requiring large trials of long duration.
This may hinder the initiation of new clinical trials in CKD. Alternative end point that has been
used in clinical trials of CKD progression is the rate of change in glomerular filtration rate
(eGFR slope). However, eGFR slope is not a clinically meaningful end point as it does not
directly reflect how a patient feels, functions or how long the patient survives. Thus, each of
the components of the currently used renal end points have their advantages and disadvantages.
This thesis aimed to examine the components of the current hard clinical end point for
clinical trials of CKD progression in order to define the most optimal renal end point for clinical
trials of CKD.
The decline in eGFR has been used as an end point to establish drug efficacy. For
analysis and interpretation of drug efficacy, it is assumed that renal function declines linearly
over time. However, the paradigm that renal function declines linearly over time has been
questioned by recent studies. Chapter two compared the eGFR trajectories in a large cohort
of patients with and without diabetes, at different stages of CKD using a uniform analytical
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approach. The results showed that the vast majority of non-diabetic patients had a linear renal
function decline. In patients with type 2 diabetes the renal function trajectories tended to
fluctuate more but the results suggested it is reasonable to assume that the majority of patients
had a more or less linear renal function decline. Collectively, these data suggested that for
clinical trial purposes creatinine based end points can be used both in diabetic and non-diabetic
populations, although in trials of patients with diabetes the nonlinearity proportion should be
taken into consideration when calculating the power of a clinical trial.
The slope of eGFR decline appears to be a useful end point and provides more statistical
power than a dichotomous outcome if the treatment effects on eGFR are uniform (i.e. do not
depend on the underlying rate of renal function decline). In chapter three we tested whether
the effects of ARBs on the slope of eGFR are uniform or proportional in patients with type 2
diabetes and nephropathy. We observed attenuation of both the mean and variability of the
slope suggesting larger treatment effects in those with faster rate eGFR decline. These results
indicate that the absence of a treatment effect in the subgroup of patients with a slow
progressive renal function loss dilutes the greater treatment effect in fast progressors, thereby
compromising statistical power. Similar observations have been made in the Modification of
Diet in Renal Disease (MDRD) trial in which it was shown that the intervention, dietary protein
restriction, exerted proportional treatment effects as well.5 Thus, when designing new trials and
using eGFR slope as end point, information about the drug’s effect on eGFR slope (i.e. uniform
or proportional) should ideally be present in order to make a well informed decision whether
eGFR slope is an appropriate end point to select.
Doubling of serum creatinine (equivalent to a 57% eGFR decline) is a late event in
CKD, thus, there is an ongoing discussion in considering lesser declines in eGFR as alternative

6

end points for clinical trials to reduce sample sizes, follow-up time, and cost of conducting the
trial. In chapter four we determined whether adopting lesser decreases in eGFR (20%, 30%,
or 40%) as an end point would have yielded more end points while maintaining a similar
magnitude of treatment effects, and whether acute effects on GFR decline would have
influenced these results in 2 large trials of ARBs. Compared to a doubling of serum creatinine,
we observed a larger number of alternative end points when adopting lesser eGFR declines as
end point, leading to greater precision of the estimate of treatment effects. However, we also
observed attenuation of the magnitude of the treatment effect, which prevented a gain in
statistical significance. However, when eGFR decline was computed from month 3 of followup rather than from the randomization value, attenuation of the treatment effect was
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diminished. This result suggest that the attenuation of the treatment effect appears to be due in
part to acute effects of ARBs on eGFR. The results of this chapter indicate that despite increases
in precision, use of end points defined by eGFR declines lesser than a doubling of serum
creatinine may not improve statistical power, particularly in settings in which a drug exerts an
acute effect on GFR opposite in direction to its chronic effect on eGFR. These results were
confirmed in a meta-analysis of 43 studies involving 12,821 individuals. The study showed a
trend towards an attenuation of the treatment effect, in particular with drugs that exert acute
effects on GFR, which in turn prevented a gain in statistical power. 4 It was eventually
concluded that in the absence of acute eGFR effects a 40% and possibly 30% eGFR decline
may be a valid end point. The end point of 30% or 40% eGFR decline is now used in new
clinical trials of CKD progression such as the FIDELIO DKD trial, a clinical trial involving
4800 patients with diabetic kidney disease and the TESTING trial, a clinical trial determining
the efficacy of methylprednisolone in 750 patients with IgA Nephropathy.
In chapter five we first investigated if the initiation of RRT, a composite of different
measures as described above, is based on reaching a predefined eGFR level in patients with
type 2 diabetes and nephropathy. We observed a large discrepancy between the time to reach
a fixed eGFR threshold of 11 ml/min/1.73m2 and the time to RRT. In addition, we showed with
joint model analyses that the time-varying eGFR holds a stronger association with reaching a
filtration based end point (eGFR of 11 ml/min/1.73m2) compared to RRT. We then continued
to show that these effects may have clinical impact as the effect of the ARB irbesartan is smaller
on the RRT end point compared to an end point purely based on the filtration capacity of the
kidney (i.e. serum creatinine ≥6.0 mg/dL or fixed eGFR threshold). These data imply that the
current practice of evaluating renoprotective drugs with a combined RRT and doubling of
serum creatinine end point does not only characterize the drug effect on the filtration capacity
of the kidney but on a combination of parameters involving a patient's wellbeing and possibly
their combination. Unfortunately, in past clinical trials the reasons for initiation of RRT were
not documented. Future renal protection trials should systematically register this information
in order to dissect which factors drove the decision of RRT and through which factors the
drug/intervention exerted its effect.
Conclusion
How should we combine and interpret all the results from the studies described in this thesis?
In a clinical trial we would like the renal end point to be representative of renal function.

106

Chapter 6 – Summary and future perspectives
___________________________________________________________________________
However, renal function is a composite of different functions of the kidney: excretion of waste
products, maintaining extracellular volume control, acid-base control, production and
conversion of various hormones. The question is whether (1) we should focus on all these
properties of the kidney, (2) focus only on filtration loss and use a 30%, 40%, or 57% eGFR
decline as end point being aware of the potential acute eGFR effects, or (3) combine these two.
We have to realize, however, that each of these options may lead to a different interpretation
of the drug effect. For example, a drug that improves the tolerance of the patient to withstand
the consequences of severely compromised renal function may delay the decision of RRT
(patient does not complain), whereas eGFR continues to decline. One could question whether
this is “true” renoprotection from a pharmacological point of view. On the other hand, a drug
may worsen the symptoms of reduced renal function but does slow the progression of eGFR
decline. In this example the choice of RRT would have led to a potential neutral or harmful
trial result despite a beneficial effect on the rate of eGFR decline.
Based on the considerations and studies described in this thesis, we conclude that the
optimal end point in clinical trials of CKD progression should be a composite end point which
properly represents the multiple aspects of renal function. We propose that a hard end point in
clinical trials of CKD progression should consist of an objectively measured component
reflecting change in filtering capacity as well as the clinically relevant end point of renal
replacement therapy. The change in filtering capacity could be the traditionally used doubling
of serum creatinine but alternatives such as a 40% or in some instances 30% eGFR decline can
be considered. In any case a good balance between the filtering component and RRT
component is required and should not be driven by either of them.

6

Future perspectives
The results described in this thesis, supported by meta-analyses and simulations,4, 6 suggest that
a 30 or 40% decline in GFR would be an acceptable alternative end point in clinical trials in
some circumstances. However, simulation studies have illustrated that the use of a 30% or 40%
eGFR decline end point is limited at higher baseline GFR,6 and we have shown that for agents
that cause an “acute effect” on GFR, a 30% or 40% eGFR decline end point may not increase
statistical power. As such, these alternative end points are less applicable in drug development
for drugs targeted at earlier stages of kidney disease and for many drugs with potential
hemodynamic effects. Alternative strategies to overcome these limitations should be
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investigated. One of these strategies include assessing changes in albuminuria as a potential
surrogate end point or assess alternative approaches of using eGFR decline or a combination
of these. Albuminuria has been proposed as surrogate outcome7 but the debate as to whether it
is a valid surrogate end point continues.8 At higher GFR, a trial design to compare mean slopes
of GFR decline versus time between randomized groups may have greater statistical power
than comparison of time to a GFR decline. However, acute effects are generally proportional
to baseline GFR, so they pose a more serious problem at higher GFR. In addition, we have
shown that ARBs exert proportional treatment effects which limit statistical power of clinical
trials using eGFR slope as end point. Solutions for these limitations include evaluation of “on
treatment” slope rather than “total slope from randomization” and evaluation of reversal of
acute effects following discontinuation of treatment, or both. However, as is the case with
albuminuria there is no generally accepted method, and controversies remain. Further studies
addressing these aspects are very important in particular since it has been shown that slowing
progression of kidney disease at early stages of disease is more beneficial than interventions at
later stages of disease when overt nephropathy is present. 9
The results described in this thesis were mainly obtained from analyses of clinical trials
investigating the effect of ARBs in patients with type 2 diabetes and nephropathy. It is not clear
how these findings will generalize to drugs of other classes. For example, it is unknown
whether other new interventions, such as endothelin antagonists or sodium-glucose-cotransport inhibitors exert uniform or proportional treatment effects. Thus additional research
on the applicability of the findings described in this thesis to other drugs and interventions is
warranted.
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Samenvatting
De stijgende prevalentie van chronische nierziekte belast in toenemende mate de
gezondheidszorg vanwege de slechte gezondheidsuitkomsten en de hoge kosten van
niervervangende therapieen.1 Wereldwijd is diabetische nefropathie de belangrijkste oorzaak
van chronische nierziekte.2 Tot op heden zijn slechts enkele interventies effectief gebleken in
het vertragen van het beloop van de afnemende nierfunctie. 3 Op dit moment vormen
Angiotensine I Converterend Enzym remmers (ACE-remmers) en Angiotensin Receptor
Blockers (ARBs) de basis van de aanbevolen therapie. Deze geneesmiddelen zijn effectief in
het vertragen van de ziekteprogressie. Niet alle patiënten reageren echter op deze
geneesmiddelen waardoor zij een hoog risico houden. Nieuwe interventies zijn daarom
gewenst om de urgente medische noodzaak van chronische ziekte aan te pakken.
Klinische uitkomststudies zijn nodig om uiteindelijk de werkzaamheid en veiligheid
van een geneesmiddelen vast te stellen. Op dit moment wordt de combinatie van
niervervangende therapie en verdubbeling van het serum creatininegehalte gebruikt als harde
uitkomstmaat in klinische studies naar de progressie van chronische nierziekte. Het besluit om
te starten met niervervangende therapie is deels gebaseerd op de filtercapaciteit van de nieren
en dus op basis van het serum creatininegehalte dat objectief gemeten kan worden. Het is echter
ook gebaseerd op een subjectief besluit van de arts en de patiënt afhankelijk van het welzijn
van de patiënt, de ziektekostenverzekering of lokale richtlijnen. De niervervangende therapie
component is dus een combinatie van zowel de afname van de filtercapaciteit als andere
factoren waaronder de gezondheid van de patiënt. De verdubbeling van het serum
creatininegehalte wordt aan de andere kant volledig bepaald op basis van de filtercapaciteit van
de nieren. Deze twee componenten van het op dit moment gebruikte harde renale eindpunt
reflecteert dus verschillende metingen. Een aspect dat geldt voor beide componenten is echter
dat het gebeurtenissen betreft die in een laat stadium van de progressie van chronische
nierziekte optreden. Hierdoor zijn grote studies met een lange duur vereist wat een
belemmering kan zijn voor het initiëren van nieuwe klinische studies naar chronische
nierziekte. Een alternatief eindpunt dat gebruikt is in klinische studies naar de progressie van
chronische nierziekte is de verandering in het gehalte van de glomerulaire filtratiesnelheid
(GFR trend). De GFR trend is echter niet een klinische betekenisvol eindpunt omdat het niet
reflecteert hoe de patiënt zich voelt, functioneert en hoelang de patiënt overleefd. Daarom heeft
elke component van de op dit moment gebruikte renale eindpunten voor- en nadelen.
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Het doel van dit proefschrift was om de componenten van de op dit moment gebruikte
harde klinische eindpunten in klinische studies naar de progressie van chronische nierziekte te
onderzoeken om zo de meest optimale renale eindpunt voor deze klinische studies te kunnen
definiëren.
De afname in de geschatte GFR (eGFR) is gebruikt als een eindpunt om de effectiviteit
van een geneesmiddel vast te stellen. Voor de analyse en interpretatie van de effectiviteit van
een geneesmiddel wordt aangenomen dat de nierfunctie lineair afneemt over de tijd. Recente
studies hebben het paradigma dat de nierfunctie lineair afneemt over de tijd echter in twijfel
gebracht. Hoofdstuk twee vergeleek de eGFR trends in een groot cohort van patiënten met en
zonder diabetes in verschillende stadia van chronische nierziekte. Hierbij is een uniforme
analytische benadering gebruikt. De resultaten lieten zien dat de grote meerderheid van de
patiënten zonder diabetes een lineaire afname van de nierfunctie hadden. In patiënten met type
2 diabetes leken de nierfunctie trends meer te fluctueren maar de resultaten suggereren dat het
redelijkerwijs aangenomen kan worden dat de meerderheid van de patiënten in meer of mindere
mate een lineaire afname van de nierfunctie hebben. Gezamenlijk suggereren deze gegevens
dat voor klinische studies op creatinine gebaseerde eindpunten gebruikt kunnen worden in
diabetische en niet-diabetische populaties. In studies met patiënten met diabetes moet echter
bij de berekening van de power van een klinische studie rekening gehouden worden met een
niet-lineair deel.
De trend in de afname van de eGFR blijkt een bruikbaar eindpunt te zijn en zorgt voor
meer statistische power dan een dichotome uitkomst als de behandeleffecten op de eGFR
uniform zijn (oftewel, onafhankelijk van de onderliggende snelheid van de afname in
nierfunctie). In hoofdstuk drie hebben we getoetst of de effecten van ARBs op de eGFR trend
uniform of proportioneel zijn in patiënten met type 2 diabetes en nefropathie. We hebben een
verzwakking waargenomen van zowel de gemiddelde als variabiliteit van de trend. Dit
suggereert grotere behandeleffecten in mensen met een snellere eGFR afname. Deze resultaten

S

impliceren dat door het ontbreken van een behandeleffect in de subpopulatie van patiënten met
een langzame achteruitgang van de nierfunctie het grotere behandeleffect in de mensen met
een snelle achteruitgang minder zichtbaar wordt. Hierbij wordt afbreuk gedaan aan de
statistische power. Vergelijkbare observaties zijn gemaakt in de Modification of Diet in Renal
Disease (MDRD) studie waarin is aangetoond dat de interventie met een eiwitarm dieet ook
proportionele effecten van de behandeling lieten zien. 5 Dit betekent dat bij het opzetten van
nieuwe studies en het gebruik van de eGFR trend als eindpunt, informatie over het effect van
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het geneesmiddel op de eGFR trend (uniform of proportioneel) idealiter aanwezig is om een
weloverwogen beslissing te nemen in het wel of niet selecteren van eGFR trend als geschikt
eindpunt.
Verdubbeling van het serum creatininegehalte (gelijk aan een 57% eGFR afname) komt
voornamelijk voor in een vergevorderd stadium van chronische nierziekte. Er is daarom een
discussie gaande over het overwegen van mindere afnames in eGFR als alternatieve eindpunten
voor klinische studies om de steekproefomvang, de follow-up tijd en de kosten van het
uitvoeren van de studie te verminderen. In hoofdstuk vier hebben we de bepaald of het gebruik
van mindere afnames in de eGFR (20%, 30% of 40%) als eindpunt meerdere eindpunten zou
opleveren terwijl de behandeleffecten gelijk bleven, en of acute effecten op de GFR afname de
resultaten van twee grote studies van ARBs zou hebben beïnvloed. Vergeleken met een
verdubbeling van het serum creatininegehalte, zagen we een groter aantal alternatieve
eindpunten wanneer mindere afnames in de eGFR gebruikt werden als eindpunt, wat leidde tot
een grotere precisie van de schatting van de behandeleffecten. Echter, we zagen ook een
afzwakking van het behandeleffect, waardoor geen winst in de statistische significatie
waargenomen werd. Echter deze afzwakking in het behandeleffect verminderde wanneer de
eGFR afname was berekend vanaf maand 3 in de follow-up in plaats van de waarde ten tijde
van de randomisatie. Dit resultaat suggereert dat de afzwakking in het behandeleffect
gedeeltelijk lijkt te wijten aan de acute effecten van ARBs op het eGFR. De resultaten van dit
hoofdstuk laten zien dat ondanks de vergroting van de precisie, het gebruik van eindpunten
gedefinieerd door eGFR afnames lager dan een verdubbeling van het serum creatininegehalte
misschien niet de statistische power vergroten, voornamelijk in omstandigheden waarin een
geneesmiddel een acuut effect heeft op de GFR in de tegenovergestelde richting van het
chronische effect op eGFR. Deze resultaten zijn bevestigd met een meta-analyse van 43 studies
met daarin 12,821 individuen. De studie liet een trend zien van een afzwakking van het
behandeleffect, voornamelijk met geneesmiddelen die acute effecten hebben op de eGFR, wat
vervolgens een vergroting van de statistische power voorkwam.4 Uiteindelijk concludeerde de
studie dat bij afwezigheid van een acute eGFR effect, een 40% afname of eventueel een 30%
afname in eGFR een valide eindpunt kan zijn. Het eindpunt van 30% of 40% in eGFR afname
wordt nu gebruikt in nieuwe klinische studies naar de progressie van chronische nierziekte,
zoals de FIDELIO DKD studie, een klinische studie met 4800 patiënten met diabetische
nierziekte en de TESTING studie, een klinische studie naar de werkzaamheid van
methylprednisolon in 750 patiënten met IgA nefropathie.
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zijn voor geneesmiddelen van andere klassen. Het is bijvoorbeeld niet bekend of andere,
Toekomstperspectieven
nieuwe
interventies zoals endothelineantagonisten of sodium-glucose cotransporter remmers

De resultaten beschreven in dit proefschrift, ondersteund door meta-analyses en simulaties, 4,6
uniforme of proportionele behandeleffecten hebben. Daarom is aanvullend onderzoek over de
suggereren dat in sommige gevallen een 30% of 40% afname in eGFR een acceptabele
toepasselijkheid van de in dit proefschrift beschreven bevindingen in andere geneesmiddelen
alternatief eindpunt is in klinische studies. Echter, simulatie studies beschrijven dat het gebruik
en interventies noodzakelijk.
van een 30% of 40% eGFR afname eindpunt gelimiteerd is wanneer er een hogere begin eGFR
is6, en we hebben laten zien dat voor middelen die een “acuut effect” op de eGFR hebben, het
gebruik van een 30% of 40% eGFR afname eindpunt de statistische power niet verhoogd.
Daarom zijn deze alternatieve eindpunten minder toepasbaar in de ontwikkeling van

S

geneesmiddelen gericht op de beginstadia van nierziekte en voor veel geneesmiddelen met
potentiele hemodynamische effecten. Alternatieve strategieën om deze beperkingen te
overkomen moeten worden onderzocht. Eén van deze strategieën is het vaststellen van
veranderingen in albuminurie als een potentieel surrogaat eindpunt of het vaststellen van
alternatieve methoden om de eGFR afname te meten of een combinatie van deze. Albuminurie
is voorgesteld als een surrogaat uitkomst7 maar er is een discussie gaande over de validiteit als
surrogaat eindpunt.8 Met hogere GFR waardes, kan een studie design om de gemiddelde trend
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