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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.

48

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