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The US Food and Drug Administration currently accepts halving of glomerular filtration rate (GFR),
assessed as doubling of serum creatinine level, as a surrogate end point for the development of kidney failure
in clinical trials of kidney disease progression. A doubling of serum creatinine level generally is a late event in
chronic kidney disease (CKD); thus, there is great interest in considering alternative end points for clinical trials
to shorten their duration, reduce sample size, and extend their conduct to patients with earlier stages of CKD.
However, the relationship between lesser declines in GFR and the subsequent development of kidney failure
has not been well characterized. The National Kidney Foundation and Food and Drug Administration spon-
sored a scientific workshop to critically examine available data to determine whether alternative GFR-based
end points have sufficiently strong relationships with important clinical outcomes of CKD to be used in clin-
ical trials. Based on a series of meta-analyses of cohorts and clinical trials and simulations of trial designs and
analytic methods, the workshop concluded that a confirmed decline in estimated GFR of 30% over 2 to 3 years
may be an acceptable surrogate end point in some circumstances, but the pattern of treatment effects on GFR
must be examined, specifically acute effects on estimated GFR. An estimated GFR decline of 40% may be
more broadly acceptable than a 30% decline across a wider range of baseline GFRs and patterns of treatment
effects on GFR. However, there are other circumstances in which these end points could lead to a reduction in
statistical power or erroneous conclusions regarding benefits or harms of interventions. We encourage careful
consideration of these alternative end points in the design of future clinical trials.
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hronic kidney disease (CKD) is a significant
public health problem in the United States and
around the world, but the progression of CKD often is
slow and there are few specific symptoms until the stage
of kidney failure has been reached. How does one
practically develop drugs when the beneficial effects of
treatment of direct interest to patients are not expected to
manifest for many years? In some settings, a change in a
biomarker level is considered a reliable predictor of later
clinical outcomes. In the setting of CKD, a sufficiently
large change in glomerular filtration rate (GFR) has been
considered such a surrogate end point. Accordingly, the
US Food and Drug Administration (FDA) accepts
halving of GFR, assessed as doubling of serum creati-
nine level, as an end point for clinical trials of kidney
disease progression because it represents a marked loss
of kidney function and is expected to be highly predic-
tive of the development of kidney failure. However, a
doubling of serum creatinine level also is a late event in
CKD, requiring long durations of follow-up and large
sample sizes in clinical trials. Thus, there is great interest
in alternative GFR-based end points to shorten the
duration of clinical trials, reduce sample sizes, and
extend their conduct to patients with earlier stages
of CKD. However, there is uncertainty about the
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associations of lesser declines in GFR with the subse-
quent development of kidney failure.

On December 2 to 3, 2012, the National Kidney
Foundation (NKF) and FDA cosponsored a scientific
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workshop to determine whether alternative definitions
of GFR decline have sufficiently strong relationships
with important clinical outcomes of CKD to be used
as end points in clinical trials of CKD-related thera-
pies." In preparation for the workshop, the NKF and
FDA appointed a planning committee and analytic
group to formulate research questions; design and
conduct analyses using data from observational
studies (cohorts), randomized clinical trials, and
simulation studies (Box 1); invite participants to the
workshop from academia (including investigators
from cohorts and trials that contributed data), in-
dustry, and government with expertise in clinical tri-
als of CKD-related therapies; and lead the workshop
and disseminate the results. The anticipated outcome
of the workshop was the identification of alternative
magnitudes of GFR decline having a sufficiently
strong relationship with important clinical outcomes
of CKD that they can be used as end points in CKD
clinical trials.

The planning committee announced the workshop
on the NKF website and issued an open invitation to
pharmaceutical companies to attend the workshop or
a concurrent web-based broadcast. Approximately
1 month prior to the workshop, the planning committee
provided introductory material, including a draft ana-
lytic plan, to the workshop attendees and invited them
to comment. The conference agenda and list of
breakout group topics and workshop attendees are
included as I[tem S1 (available as online supplementary
material). During the first plenary session, members of
the planning committee and analytic group gave
introductory presentations, described the analysis of
data, and reported their conclusions and proposal for
alternative GFR-based end points. Conference at-
tendees then met in breakout groups to discuss analytic
issues, outcomes of interest, and implications for drug
development programs. All groups were asked to
comment on their level of agreement with results from
the data analysis and the proposal. During the second
plenary session, group leaders summarized discussions
in their groups and reported general agreement with the

Box 1. Research Questions

1. What magnitude of decline in estimated GFR (eGFR,
based on serum creatinine) is sufficiently strongly related to
kidney failure in observational studies and clinical trials to be
a candidate surrogate end point for these events?

2. Is the consistency of effects of treatments for various
magnitudes of eGFR declines and kidney failure within clin-
ical trials sufficiently high to allow the use of the proposed
decline in eGFR as a surrogate end point?

3. Based on a synthesis of all available data and simula-
tion models of different trial designs and analytic methods,
what sizes of decline in eGFR can be used as a surrogate
end point in new clinical trials?
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proposal. The conference concluded with further gen-
eral discussion and presentations by members of the
planning committee.

The purpose of this article is to summarize the
clinical, analytic, and regulatory context for the
workshop; methods, results, and conclusions of the
data analysis; the proposal for an alternative end point
based on estimated GFR (eGFR) decline and its po-
tential application; and key points from the discus-
sion. Detailed descriptions of data analysis are
reported in separate publications.””

CONTEXT

Kidney Disease Outcomes and Measures

The prevalence of CKD is increasing in the United
States and worldwide, with high cost and poor out-
comes, especially for patients with kidney failure.®
There are few proven therapies to slow the progres-
sion of CKD. However, despite the availability of
simple laboratory tests to identify people with earlier
stages of CKD, fewer clinical trials have been per-
formed for kidney disease than for other common
diseases.”® It is widely acknowledged that the lack of
specific symptoms prior to the stage of kidney failure
makes it difficult to define suitable end points for
clinical trials in earlier stages of CKD.

Table 1 reviews the definitions of clinical and sur-
rogate end points and biological markers (bio-
markers).” From a regulatory perspective, clinical end
points reflect how a patient feels, functions, or survives.
Kidney failure meets the criteria for a clinical end point
because it is accompanied by symptoms and a high
burden of complications causing functional impair-
ment and shortened survival. In addition, it represents
loss of functional organs. However, the operational
definition of kidney failure may vary among trials.
Clinical practice guidelines define chronic kidney
failure as GFR < 15 mL/min/1.73 m> (CKD GFR
category 5) for 3 or more months or initiation of treat-
ment with maintenance dialysis or kidney trans-
plantation, thus including patients regardless of
whether they receive kidney replacement therapy.'"'
End-stage renal disease (ESRD) is an administrative
term in the United States referring to treatment with
maintenance dialysis or kidney transplantation and
therefore refers to only treated patients. ESRD is easy to
ascertain and clinically meaningful; however, GFR at
the initiation of treatment varies, as does the decision of
whether to initiate treatment. Other important out-
comes of CKD include death, cardiovascular disease,
metabolic and endocrine disorders, infections, cogni-
tive impairment, and frailty.'*"'* These outcomes occur
at high frequency in patients with kidney failure and
also in patients with GFR of 15-29 mL/min/1.73 m*
(CKD GFR category 4). Acute kidney injury also
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Table 1. Definitions and Applications to Clinical Trials in CKD

Definition®

Application to CKD

Clinical end point
patient feels, functions, or survives

Surrogate end point

A characteristic or variable that reflects how a

A biomarker that is intended to substitute for a
clinical end point. A surrogate end point is
expected to predict clinical benefit (or harm or
lack of benefit or harm) based on epidemiologic,

Kidney failure (defined as GFR < 15 mL/min/1.73 m?)
or ESRD (defined as treatment with maintenance
dialysis or kidney transplantation)

Established surrogate end point: doubling of serum
creatinine (equivalent to 57% decline in eGFR,);
alternative surrogate end points: lesser (<57%)
declines in eGFR

therapeutic, pathophysiologic, or other scientific

evidence

Biological marker
(biomarker)

A characteristic that is objectively measured
and evaluated as an indicator of normal

eGFR decline; albuminuria increase

biological processes, pathogenic processes,
or pharmacologic responses to a therapeutic

intervention

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; eGFR,, creatinine-based estimated

glomerular filtration rate; ESRD, end-stage renal disease.
aAccording to the Biomarkers Definitions Working Group.®

occurs commonly in CKD and is associated with high
morbidity and mortality.'*"

A recent international clinical practice guideline
recommends staging the severity of kidney disease
according to level of GFR and albuminuria.'’ GFR
decline and albuminuria do not meet the definition of
a clinical end point, but nonetheless are important
measures of kidney disease. The workshop described
here focused on GFR decline as an end point in
clinical trials of CKD. The data supporting albumin-
uria as a surrogate end point were reviewed at a prior
NKF-FDA conference.'*'*

GFR Decline in CKD

By definition, GFR decline is on the pathway to
kidney failure. Numerous studies show that the rela-
tionship of low eGFR with the subsequent develop-
ment of kidney failure is very strong, graded,
independent, and consistent across populations irre-
spective of age, sex, race, presence or absence of
hypertension and diabetes, level of albuminuria, and
cause of kidney disease.'”*’

Glomerular filtration is the first step in the forma-
tion of urine by the nephron. It is the physiologic
process of ultrafiltration of plasma across the
glomerular capillary wall, and in principle, the level
of GFR is the number of nephrons multiplied by the
mean single-nephron GFR. Single-nephron GFR re-
flects dynamic and structural characteristics within the
glomerulus and can vary according to physiologic and
clinical conditions, including variation in dietary
protein, use of antihypertensive agents, and surfeit or
deficit of extracellular fluid. In animals with certain
experimentally induced kidney diseases, single-nephron
GFR in the remaining nephrons often is elevated due
to glomerular hyperfiltration and hypertrophy, and as
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kidney disease progresses, the decline in GFR over time
represents the irreversible loss of nephrons. Neither
single-nephron GFR nor nephron number can be
measured in vivo in humans. Instead, level of GFR is
accepted as the best overall index of the level of kidney
function. The time until kidney failure depends on the
current level of GFR and the subsequent rate of GFR
decline. Thus, the rate of decline in GFR over long
intervals is accepted as a measure of kidney disease
progression.

Effects of Interventions on GFR

The goal of therapy is to slow the irreversible loss
of functional nephrons, thereby preserving GFR level
and delaying the onset of kidney failure (Fig 1A).
However, the pattern of GFR decline in response to
interventions has important implications for the
design of clinical trials.

First, interventions may lead to an acute effect on
GFR, defined as an early change in GFR different in
direction or magnitude to the later change in GFR. For
example, a low-protein diet, a low blood pressure goal,
angiotensin-converting enzyme inhibitor use, and
angiotensin receptor blocker use cause early reversible
changes in single-nephron GFR opposite in direction to
their hypothesized beneficial effect of slowing the irre-
versible loss of nephrons; thus, an early faster decline in
GFR is followed by a later slower decline (Fig 1B).***’
In this setting, the change in GFR in the treatment arm
may not be indicative of the irreversible loss of nephrons.
Overall, acute effects on GFR complicate the design and
interpretation of GFR decline as an end point in clinical
trials because it is difficult to determine whether early
changes in GFR reflect the acute effects of drugs or the
underlying disease process and whether these early
changes are reversible or irreversible.
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effect in patients with fast vs slow GFR
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Rate of GFR Decline
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Proportional treatment effect: Larger
treatment effect in patients with fast vs
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Figure 1. Glomerular filtration
rate (GFR) decline in chronic kidney
disease. Treatment interventions

without versus with acute effects. (A,
B) Hypothetical GFR decline in a pa-
tient assigned to the intervention
(red lines) or control (black lines)
group. Effect of the intervention can
be detected using analysis of mean
slopes or times to reach specific
GFR declines. At baseline, GFR is
reduced, with reduction in nephron
number (N) but increase in single-
nephron GFR (SNGFR). Intervention
(A) does not and (B) does cause an
“acute effect” on GFR. Acute effect
is defined as early change in GFR
different in direction or magnitude to
the later change in GFR. Acute ef-
fects can cause bias in analysis using
mean slopes or times to events.
Treatment interventions with uniform
versus proportional effects. (C, D) Hy-
pothetical distribution of GFR decline
in patients assigned to the interven-
tion (red lines) versus control (black
lines) groups. (C) Intervention has a
uniform effect on GFR decline (uni-
form shift of the distribution to slower
GFR declines across the distribution
of GFR declines). Uniform treatment
effect may be detected better by a
comparison of mean slopes than by
a comparison of times to percent
decline. (D) Intervention has a pro-
portional effect on GFR decline (a
larger shift of faster declines than
slower declines). Proportional treat-
ment effect may be detected better
by comparison of times to percent
GFR decline than comparison of
mean slopes. Linear versus nonlinear
GFR declines. (E, F) Hypothetical
values for measured or estimated
GFRin a patient assigned to the inter-
vention (pink dots) or control (black
dots) group. The pattern of GFR
decline is represented best by (E) a
straight line and (F) a curved line.
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Second, the hypothesized beneficial effect of the
intervention may be uniform or proportional to the
rate of GFR decline in the absence of treatment. A
uniform treatment effect is characterized by a uniform
improvement across the distribution of GFR declines
(Fig 1C), whereas a proportional treatment effect is
characterized by a larger absolute improvement in
participants with faster GFR declines (Fig 1D). The
pattern of treatment effect has implications for the
analysis of the comparison of treatment groups in a
clinical trial. For example, a uniform treatment effect
may be detected better by a comparison of mean
slopes, whereas a proportional treatment effect may
be detected better by a comparison of times elapsed to
a percent GFR decline.’’ Proportional treatment ef-
fects have been noted in other fields in medicine,”"*
and analysis of past trials for this workshop suggests
that a number of interventions lead to a mixture of
uniform and proportional treatment effects.’

Measurement and Estimation of GFR and GFR Decline

GFR cannot be measured directly; instead, it is
measured indirectly as the clearance of exogenous
filtration markers (referred to as measured GFR
[mMGFR]) or estimated from the serum level of
endogenous filtration markers, such as creatinine or
cystatin C (referred to as eGFR).” GFR estimating
equations use the serum level of an endogenous
filtration marker and demographic and clinical vari-
ables to estimate the level of mGFR. Demographic
and clinical variables serve as measures for non-GFR
determinants of the serum level; for example, age,
sex, and race are related to creatinine generation by
muscle and diet. GFR estimating equations have been
derived in cross-sectional studies; in this setting, the
use of multiple data elements provides more accurate
GFR estimates than using the serum level of the
filtration marker alone. In longitudinal studies,
changes in the serum level of the filtration marker
alone may be as accurate as changes in eGFR if there
are no changes in demographic and clinical variables.
In both cross-sectional and longitudinal studies, use of
eGFR rather than serum level of the filtration marker
alone enables inferences about the level of GFR and
its change on the GFR scale. GFR estimating equa-
tions now are widely used in clinical practice and
clinical trials.

Decline in mGFR or eGFR can be expressed as a
continuous or categorical variable, and randomized
groups can be compared by computing the mean rates
of decline or times to event. It can be difficult to
assess the rate of decline in GFR because of impre-
cision in the measures and the possibility of nonlin-
earity in GFR decline (Fig 1E and F).*** For a
number of reasons, many past trials have compared
the time to reach a specified degree of GFR decline
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rather than the mean GFR declines (slopes) between
randomized groups.

In general, the pattern of decline in eGFR after an
intervention is expected to mirror the pattern of
decline in mGFR; however, interventions can affect
the non-GFR determinants of the endogenous filtra-
tion markers used to estimate GFR, as well as the
level of GFR. For example, dietary protein restriction
reduces creatinine generation, leading to an increase
in eGFR but a reduction in mGFR.’® In principle,
acute effects, proportional effects, and nonlinear ef-
fects of interventions on eGFR could be due to their
effects on non-GFR determinants of endogenous
filtration markers in addition to their effects on
mGFR.

Historically, a doubling of serum creatinine level
has been used as an end point in clinical trials of
kidney disease progression. Using the CKD-EPI
(CKD Epidemiology Collaboration) 2009 creatinine
equation, a doubling of serum creatinine level
approximately corresponds to a 57% decline in eGFR
based on serum creatinine level.”’ Using the CKD-
EPI 2012 cystatin C equation, a 57% decline in
eGFR based on cystatin C level approximately cor-
responds to a 1.9-fold increase in serum cystatin C
level.” Table 2 shows examples of baseline and final
eGFRs for a 57% eGFR decline and lesser percent
eGFR declines.

Evaluation of Candidate Surrogate End Points

Before a biological marker is accepted as a surrogate
end point, its validity and utility as a surrogate end
point should be demonstrated. Candidate surrogate end
points that do not meet these criteria may lead to

Table 2. Alternative Surrogate End Points for Time-to-Event

Analyses
Final eGFR
Initial 57% eGFR 40% eGFR 30% eGFR 20% eGFR
eGFR Decline Decline Decline Decline
67.5 29.0 40.5 47.3 54.0
425 18.3 25.5 29.8 34.0
27.5 11.8 16.5 19.3 22.0

Note: Using the CKD-EPI 2009 creatinine equation, a 57%
decline in eGFR corresponds to a doubling of serum creatinine
level from a baseline of =0.9 mg/dL in men or =0.7 mg/dL in
women.?” Using the CKD-EPI 2012 cystatin C equation, a 57%
decline in eGFR corresponds to a 1.9-fold increase in serum
cystatin C level from a baseline of =0.8 mg/L in men and
women.*® A 40%, 30%, and 20% decline in eGFR corresponds
to a 1.5-fold, 1.3-fold, and 1.2-fold increase in serum creatinine
or cystatin C level, respectively.

Abbreviations: CKD-EPI, Chronic Kidney Disease Epidemi-
ology Collaboration; eGFR, estimated glomerular filtration rate
(in mL/min/1.73 m?).
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Table 3. Criteria to Be Considered in the Evaluation of Candidate Surrogate End Points for Clinical Trials and Application to GFR
Decline as a Surrogate for Kidney Failure

Criteria®

Application to GFR Decline

Biological plausibility

extreme cases

Epidemiologic data
(observational studies)
(or favorable) clinical outcomes

Clinical trials

Sometimes intuitive, sometimes supported by
animal data or by favorable responses in

Increases (or decreases) in the putative
surrogate are correlated with unfavorable

Changes in the putative surrogate resulting
from at least 1 type of intervention, and
preferably many types, working by different
mechanisms, affect clinical outcomes in a
predictable manner that is substantially
attributable to the effect on the surrogate

Strong, because it is on the pathway to kidney failure;
a sufficient GFR decline defines kidney failure

Evaluate associations

e Goal: Explore associations between established
and alternative surrogates with clinical end points

e Strengths: Long duration of follow-up, large sample
size; ability to assess relative and absolute risk

e Limitations: Potential for bias (confounding)

Evaluate treatment effects
e Goal: Compare treatment effects on surrogates vs
treatment effects on clinical end points
e “Case studies” using past clinical trials
— Strengths: Real world applications
— Limitations: Few trials in which treatment effect
on clinical outcomes is known with certainty;
many sources of variation
e Simulations in which treatment effect is known
— Strengths: Ability to compare type 1 error and
statistical power; ability to assess effects of
variation in CKD parameters, analysis methods
— Limitations: No direct demonstration of validity or
utility

Abbreviations: CKD, chronic kidney disease; GFR, glomerular filtration rate.
@Based on Desai et al*® and Biomarkers Definitions Working Group.®

underestimation of benefit, leading to rejection of
effective therapies, or overestimation of benefit, lead-
ing to the adoption of ineffective therapies and expo-
sure to harm. Table 3 shows criteria that often are
considered when evaluating a candidate surrogate and
how our analyses relate to these criteria.””’ There is no
single criterion for surrogacy. Acceptance of a surro-
gate end point for use in clinical trials requires a syn-
thesis of evidence from numerous sources. In principle,
the surrogate should be easy to measure and occur
earlier than the clinical end point. The association with
the clinical end point should be supported by strong
biological plausibility and empirical evidence in
observational studies. When used in a clinical trial, the
treatment effect on the surrogate should be consistent
with the treatment effect on the clinical outcome, the
risk of type 1 error with the surrogate should be low
when there is no effect on the clinical outcome, and
the statistical power for the treatment effect for the
surrogate should be higher than that for the clinical
outcome.

METHODS, RESULTS, AND INTERPRETATION

In this section, we summarize methods, results, and
interpretation of analyses reported elsewhere in more
detail.”” We begin with a definition of established
and alternative surrogate end points, then discuss the
general framework for analysis of observational studies
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(cohorts), clinical trials, and simulations, including
strengths and limitations of each source of data. Next,
we discuss the sources of data, then the main results and
interpretation for each analysis.

Definitions of Established and Alternative Surrogate
End Points

For this workshop, we considered kidney failure,
defined as either GFR < 15 mL/min/1.73 m* or
ESRD, as the “clinical end points” of interest related
to kidney disease progression. For some analyses, we
also considered mortality because it is an important
clinical end point and a competing event for kidney
failure. Because a doubling of serum creatinine level
is approximately equivalent to a 57% eGFR decline,
we considered a doubling of serum creatinine level or
a 57% decline in eGFR to be the established surrogate
end point and considered lesser declines in eGFR as
potential alternative surrogate end points. We
expressed these alternative end points as lesser de-
clines in eGFR rather than lesser increases in serum
creatinine level because the former more directly re-
flects the physiologic process of interest, although the
interpretation of the results would be equivalent with
either description. We conducted most analyses using
percent eGFR decline (Table 2) and comparison of
randomized groups using time-to-event analysis. In
addition, we also considered the time course of the

Am J Kidney Dis. 2014;64(6):821-835
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Table 4. Synthesis of Findings and Summary of Results for eGFR Decline > 30% and >40% Over 2-3 Years

Analysis Criterion Results Comment
Cohorts
Relative risk for ESRD Validity ~ Very strong (HR > 5) Consistent across cohorts, demographic and
clinical characteristics, including baseline
eGFR and albuminuria
Excess risk for ESRD Validity = Substantial (42% excess 10-y Based on average baseline risk and meta-
risk for baseline eGFR = 35) analyzed relative risk; varies by baseline
eGFR, F/U interval, and cohort
Relative risk for mortality Validity  Strong (HR, 1.6-1.8) Consistent across cohorts, demographic and
clinical characteristics, including baseline
eGFR and albuminuria
Excess risk for mortality Validity = Moderate (7% excess 5-y Based on average baseline risk and meta-
risk for baseline eGFR = 50) analyzed relative risk; varies by baseline
eGFR, F/U interval, and cohort
Trials
Relative risk for established Validity ~ Very strong (HR > 9) Consistent among trials, demographic and
end point (ESRD, GFR < 15, clinical characteristics, including type of
or doubling of Scr) kidney disease and intervention
Treatment effect precision Utility More precise (more frequent) than ~ More frequent with longer duration of follow-up,
for established end point greater with vs without confirmation with
repeat Scr measurement
Treatment effect magnitude Utility Generally consistent HR compared ~ Supportive, but limited due to low event rate in
to established end point, but HR most trials
attenuated in some comparisons
Simulations
Type 1 errors in simulations Validity =~ Acceptable (type 1 error = <10%) Substantial savings for shorter trials and
with null treatment effects high baseline GFR and no acute effect; no
Power in simulations with Utility ~ Power stronger than 57% eGFR substantial gain in power at low GFR; inflated

positive treatment effects
shorter F/U)

decline (smaller samples size or

type | error with even small acute effects
(less with 40% eGFR decline)

Note: (e)GFRs given in mL/min/1.73 m?.

Abbreviations: eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; F/U, follow-up; GFR, glomerular filtration

rate; HR, hazard ratio; Scr, serum creatinine.

eGFR decline and whether the decline was confirmed
after repeat measurement.

Framework for Analysis

For our analysis, we accepted the biological plausi-
bility for eGFR decline as a valid surrogate for kidney
failure because GFR decline is a necessary intermediate
on the pathway to kidney failure, and a 57% decline as
the established surrogate. We used data from cohorts
and clinical trials to evaluate alternative surrogate end
points and compare them with the clinical end point
and established surrogate with respect to frequency,
the strength of their associations with clinical end
points, and the consistency of treatment effects of
interventions using the alternative and established end
points (Table 4).

The strengths of analysis of cohorts are the long
duration of follow-up and large sample size, enabling
more accurate assessment of associations. The limitation
of analysis in cohorts is the potential for bias from
imbalance of potential confounding factors, variation in
study design, the possibility that treatment may not be

Am J Kidney Dis. 2014;64(6):821-835

recorded, and the possibility of bias. Clinical trials
overcome some of these limitations by randomization.
We used past randomized clinical trials as “case studies”
with substantial relevance. Analysis of associations of
alternative surrogate end points with established surro-
gate or clinical end points in clinical trials allows evalu-
ation of consistency with cohorts and permits evaluation
across treatment interventions and types of kidney dis-
ease. We also compared the magnitude and precision of
treatment effects on alternative end points with treatment
effects on established end points in clinical trials. How-
ever, there are many limitations to these analyses,
including that treatment effects on established surrogate
and clinical outcomes often were estimated imprecisely
in past clinical trials and that there were many sources of
variation in interventions, study populations, and
conduct and analysis among trials that are not reflected in
the pooled results. Thus, we also conducted simulations
based on data from past trials and assumptions about the
treatment effects (Table 4). For simulations with null
treatment effects on the clinical outcome, we compared
the risk of type 1 errors for established and alternative
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Table 5. Summary of Study Populations and Outcomes

Clinical Trials

Simulations

37 trials, 43 intervention comparisons

HTN (n = 1,094), IgAN (n = 888),
lupus nephritis (n = 228), MN (n = 321),

20 input parameters derived from 14
CKD RCTs

3,060 total parameter configurations
(1,404 to evaluate type 1 error
and 1,656 to evaluate power);
for each parameter configuration,
800 data sets consisting of 1,000
participants

interventions: RAS blockade vs control
(n = 5,748), RAS blockade vs CCB

(n = 2,655), low-protein diet (n = 839),

Cohorts
Studies 22 cohorts for ESRD outcomes,
35 cohorts for mortality
outcomes
Participants 1,530,614 participants for 9,488 participants categorized by 5
ESRD outcomes, 1,597,807 causes of CKD: DM (n = 4,008),
participants for mortality
outcomes
unspecified/other (n = 2,949)
12,821 participants categorized by
(n = 2,295), intensive BP control
IS therapy (n = 1284)
Outcomes 12,345 ESRD events, 159,558

deaths

3,070 composite events, 2,029 ESRD
events, 1,151 GFR < 15 mL/min/1.73 m?
events, 2,086 serum creatinine doublings

11 outcomes per simulated data set
(ESRD alone or a composite end
point including ESRD or eGFR
decline of either 20%, 30%, 40%,
50%, or 57%, with and without
confirmation of eGFR decline)

Abbreviations: BP, blood pressure; CCB, calcium channel blocker; CKD, chronic kidney disease; DM, diabetes mellitus; ESRD, end-
stage renal disease; GFR, glomerular filtration rate; HTN, hypertension; IgAN, immunoglobulin A nephropathy; IS, immunosuppres-
sive; MN, membranous nephropathy; RAS, renin-angiotensin system; RCT, randomized controlled trial.

surrogate end points (false-positive results lead to erro-
neous conclusions for benefit and false-negative results
lead to erroneous conclusions for harm). For simulations
with beneficial treatment effects on the clinical outcome,
we compared the magnitude of treatment effects and
statistical power for established and alternative surrogate
end points. Although simulations cannot substitute for
direct demonstration of validity and utility, they are
especially useful to show the effects of variation in in-
terventions, population characteristics, and analysis
methods on these comparisons and can help explain
observations in past clinical trials.

Overall, we synthesized the findings based on the
potential validity and utility of lesser versus 57%
eGFR declines or doubling of serum creatinine level
(Table 4). For validity of alternative surrogates, we
considered biological plausibility, strength of associ-
ations with the clinical end point in cohorts and trials,
and preservation of the low risk of type 1 error in
simulations. For utility of alternative surrogates, we
considered ease of measurement, increase in fre-
quency of end point events in cohorts and trials, in-
crease in precision and preservation of the magnitude
of the treatment effect in clinical trials, and increase in
statistical power in simulations.

Sources of Data

Table 5 shows the number of studies, participants,
and outcomes for analysis of cohorts and clinical
trials and number of parameter configurations for
simulations.
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Data from cohorts were collected previously by the
CKD Prognosis Consortium (CKD-PC). Briefly, the
CKD-PC consists of cohorts from the general popu-
lation, populations with high cardiovascular risk, or
populations with CKD, with data for serum creatinine
and albuminuria and 50 or more events of outcomes
of interest (either mortality or kidney outcome).'”
2249 General population cohorts were derived from
a systematic review of the literature conducted in
2009. Cohorts with high cardiovascular risk and CKD
were identified based on consortium members’
knowledge of published and unpublished data. Gen-
eral population and high-risk cohorts were required to
have at least 1,000 participants. For these analyses,
we included cohorts with a repeat measure of serum
creatinine during an interval of 0.5 to 3.5 years to
determine change in eGFR during a “baseline period”
of 1 to 3 years and with data for clinical events
following this baseline period. Confirmation of
changes in serum creatinine level during the baseline
period was not required. For analyses of ESRD as an
outcome, we included 22 cohorts that were composed
of 4 general population cohorts, 5 cohorts with high
cardiovascular risk, and 13 cohorts predominantly
containing people with CKD. For analysis of mor-
tality as an outcome, we included 35 cohorts that
were composed of 15 general population cohorts, 7
high-risk cohorts, and 13 CKD cohorts. We per-
formed analyses within each cohort and meta-
analyses across cohorts. Each meta-analysis was
restricted to cohorts with at least 10 ESRD events or
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Figure 2. Results in cohorts:
adjusted hazard ratio (HR) of end-stage
renal disease (ESRD), prevalence, and
approximate percent population attribut-
able risk (PAR) for percent change in
estimated glomerular filtration rate
(eGFR) during a 2-year baseline period
for (A) baseline eGFR < 60 and
(B) =60 mL/min/1.73 m?. Adjusted HR
of ESRD associated with percent change
in eGFR during a 2-year baseline period
in eGFR < 60 and =60 mL/min/1.73 m?
and a histogram of percent change in
eGFR and approximate percent PAR
proportion of ESRD. Values trimmed at
less than —-70% change in eGFR
(0.22% and 0.055% of the population
with eGFR <60 and =60 mL/min/
1.73m?  respectively) and >40%
change in eGFR (5.9% and 0.51% of
the  population with eGFR <60
and =60 mL/min/1.73 m?, respectively).
Reproduced with permission from Cor-
esh et al® with permission of the Amer-
ican Medical Association.

deaths and participants 18 years or older. Although
the high-risk and CKD cohorts were not derived from
a systematic search of the literature, prior studies have
shown similar relationships between exposures and
outcomes in these cohorts as in the general population
cohorts.

Data from clinical trials were collected previously by
the CKD-EPL'"*' Briefly, systematic reviews of the
literature were performed for kidney disease random-
ized controlled trials for evaluation of proteinuria as a
surrogate end point in CKD in 2007 and for immuno-
globulin A nephropathy in 2012. All trials had data for
serum creatinine and proteinuria and at least one
outcome of interest (either doubling of serum creatinine
or ESRD). A total of 37 trials of 5 intervention types
were included (renin-angiotensin system [RAS]
blockade vs control, RAS blockade vs calcium channel
blocker, intensive vs usual blood pressure control, low-
protein vs usual-protein diet, and immunosuppressive
vs other therapy). Causes of CKD were categorized as
diabetes, hypertension, lupus nephritis, membranous
nephropathy, and unspecified or other. For trials that
evaluated more than one intervention, we included a
separate group for each independent treatment com-
parison, such that some participants were included
more than once. Overall, we had 43 analytical com-
parisons; we performed analyses within each trial and
meta-analyses across comparisons. Although the
database does not include all recent trials, we thought it
contained a sufficient number of representative large
and small trials for this purpose.

For simulations, a total of 20 input parameters were
modeled, including rates and distributions of eGFR
declines, magnitudes of acute effects, patterns of
long-term treatment effect, types of study design,
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rates of mortality and missing data, and relationship
of eGFR to initiation of maintenance dialysis therapy
or kidney transplantation. Data analysis for determi-
nation of input parameters was performed for 14 trials
from the CKD-EPI data set (above) with at least 1
year of eGFR follow-up in at least 100 participants.
We considered a total of 3,060 parameter configura-
tions: 1,404 parameter configurations to evaluate type
1 error (assuming a null treatment effect on the clin-
ical outcome) and 1,656 parameter configurations to
evaluate power (assuming a beneficial treatment ef-
fect on the clinical outcome). For each parameter
configuration, we simulated 800 independent data
sets, with each data set consisting of 1,000 patients,
with 500 assigned to the treatment group and 500
assigned to the control group. For each simulated data
set, we considered 11 outcomes, including ESRD
alone and composite end points including varying
percent eGFR declines, with or without confirmation.
For each simulated data set, we applied Cox propor-
tional hazards regression to estimate the treatment
effect corresponding to each outcome while censoring
mortality. We estimated the standard errors of the Cox
regression coefficients both empirically, based on the
variation in the estimated coefficients across the 800
simulations, and as the root mean square of the
model-based standard errors.

Results of Analysis in Cohorts and Interpretation

The main results are the comparison of the number
(prevalence) of end points for lesser versus 57% eGFR
declines during a 1-, 2-, or 3-year baseline period and
the strength of their association (hazard ratios [HRs])
with subsequent outcomes (Table 4). We anticipated a
reciprocal relationship between the prevalence of
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Figure 3. Results in clinical trials:
ratios of established to alterative
confirmed end points by intervention.
Relationship between estimated treat-
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eGFR declines during the baseline period and the HRs
of subsequent outcomes; therefore, we used a
population-attributable risk (PAR) method to combine
both metrics. Figure 2 shows the adjusted HR for
ESRD (top panel), prevalence during the baseline
period (middle panel), and PAR (lower panel) for
percent decline in eGFR during the preceding 2-year
baseline period in separate meta-analyses of partici-
pants with first baseline eGFRs < 60 and >60 mL/
min/1.73 m? (left and right panels, respectively). In the
lower-eGFR group, a 57% eGFR decline in 2 years
was associated with a very high HR (31.4), but a cu-
mulative prevalence of this outcome of only 0.7% of
participants in this interval. By contrast, a 30% decline
was associated with a lower although still high HR
(5.3) and occurred in 10 times as many people (cu-
mulative prevalence of 6.5%). The 57% eGFR decline
accounted for 11% of ESRD events (cumulative PAR),
whereas a 30% eGFR decline accounted for 44% of
ESRD events. Similar results were obtained in the
higher-eGFR group and for 1- and 3-year baseline
periods in both the lower- and higher-eGFR groups.
Results were qualitatively consistent across studies,
although heterogeneity was statistically significant.
Metaregression showed no significant variation by age,
diabetes status, baseline eGFR, or albuminuria. Abso-
lute risk showed a similar pattern, but was influenced
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30% at 24 months. Reproduced from
Inker et al® with permission of the Na-
tional Kidney Foundation.
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strongly by baseline eGFR and duration of follow-up
and varied more among studies than variation in HRs
(Table 4). Based on these analyses, we concluded that
a 30% decline over 1, 2, or 3 years is associated suf-
ficiently strongly and consistently with ESRD to sup-
port its use as a surrogate end point. Analyses using
mortality as the end point showed a similar pattern, but
with lower HRs, lower PAR, and lower absolute risk
than for ESRD (Table 4).

Results of Analysis in Clinical Trials and Interpretation

The main results are the comparisons of the number
of end points for lesser eGFR declines versus the
established end point during the full duration of
follow-up and during shorter intervals of 12, 18, and
24 months and the treatment effects (HRs for inter-
vention vs control) using these end points (Table 4).
Because there were fewer ESRD end points in the
clinical trials than in the cohorts, we used a composite
outcome of ESRD, GFR < 15 mL/min/1.73 mz, or
doubling of serum creatinine level as the established
end point for these analyses.

In principle, the significance of the treatment effect
in a clinical trial reflects the magnitude of the HR and
the precision with which the treatment effect is esti-
mated. Precision is related to the number of end points.
For lesser eGFR declines versus the established end
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Figure 4. Results in simulations:
summary of performance of alternative

time-to-event end points for trials with
2- to 3-year durations of follow-up. As-
sumptions: glomerular filtration rate

(GFR) based on estimated GFR from
serum creatinine level, treatment effect
is mixed proportional/uniform; acute ef-

fect attenuates to 0 at end-stage renal
disease; follow-up duration 3 years for
high GFR and 2 years for medium and

low GFR. Key: acceptable type 1 error
= =10%; improved power =>15%
smaller samples size for lesser versus

57% GFR decline in same trial duration.
Baseline GFR (mL/min/1.73 m?): high,
67.5; medium, 42.5; low 27.5. Acute

effect (mL/min/1.73 m?): moderate-to-

large >+1.25; small, >0 to *£0.5-1.25;
none, = 0 (note: moderate-to-large pos- Key
itive acute effects are extrapolated from
results from simulations).

Baseline GFR Baseline GFR Baseline GFR
high (Stage 2) medium (Stage 3) low (Stage 4)
Acute effects
40% 30% 40% 30% 40% 30%
decline decline decline decline decline decline
Moderate-to-large
negative
Small negative
None
Small positive
Moderate-to-large
positive
Type 1 error not Type 1 error not Type 1 error Type 1 error
acceptable acceptable acceptable but power acceptable and
(false positive for (false positive for not improved power improved
benefit) harm)

point, we would anticipate a larger number of end
points, which would lead to improved precision. If the
HR for the treatment effect were maintained for lesser
eGFR declines versus the established end point, we
would expect that improved precision would translate
into a more significant result. However, attenuation of
the HR would lead to less significant results while
augmentation of the HR would lead to an even more
significant result.

As expected, for any follow-up interval during the
clinical trial, more participants reached a lesser eGFR
decline than the established end point, and more par-
ticipants reached an end point during longer than
shorter follow-up intervals. Figure 3 shows the pooled
ratios of HRs for eGFR declines of 40% and 30%
versus the established end point for each intervention
during the full duration of follow-up during the trials
and during a 24-month follow-up interval. In general,
the pooled ratios of the HRs were near 1.0, indicating
some support for the consistency of treatment effects
on lesser eGFR declines versus the established end
point. However, due to the small number of
high-powered trials (trials with a large number of
established end points), Bayesian credible intervals
(analogous to confidence intervals) often were wide,
particularly in trials with participants with high base-
line eGFRs, precluding definitive conclusions. For 4 of
the 5 interventions (RAS blockade vs control, RAS
blockade vs calcium channel blocker, intensive vs
usual blood pressure control, and immunosuppressive
vs other therapy), point estimates for the pooled ratios
for the 30% eGFR decline versus the established end
point during the same or shorter follow-up intervals
were greater than 1.0, indicating an attenuation of the
treatment effect for the 30% eGFR decline (HR closer
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to 1). Possible causes of attenuation of treatment ef-
fects for the lesser eGFR declines for these in-
terventions include: (1) acute effects of the intervention
or the control in the direction opposite to the chronic
effect, (2) proportional effects of the interventions
causing larger absolute differences between treatment
groups for larger GFR declines, or (3) random error in
eGFR obscuring effects of interventions on smaller
eGFR declines. However, for one intervention (the
low- vs usual-protein diet), the point estimate for the
pooled ratio for the 30% versus 57% eGFR decline
was less than 1.0, indicating augmentation of the
treatment effect for the lesser eGFR declines (HR
farther from 1). The cause of augmentation of the
treatment effect for lesser eGFR declines for this
intervention is an acute effect of the low-protein diet on
creatinine generation, leading to an increase in eGFR
and thus a larger effect on eGFR than on mGFR. Point
estimates for ratios of HRs for 40% eGFR decline
versus the established end point generally were closer
to 1.0, indicating greater consistency. Use of the non-
confirmed end points for lesser eGFR declines resulted
in a 10% to 50% increase in the number of events over
that of the confirmed end points, but resulted in greater
attenuation of the HRs.

In addition, the association of percent eGFR decline
during a 1-year baseline period with risk of subsequent
outcomes was examined using a similar analysis as for
the cohorts (above). Adjusted HRs for a 30% and 40%
eGFR with the established end point were 9.6 (7.3
to 12.6) and 20.3 (14.1 to 29.2), respectively. Meta-
regression showed no significant variation by interven-
tion or cause of CKD (Table 4).

Altogether, these results provide some support for
the use of lesser eGFR declines as a surrogate end
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Table 6. Circumstances in Which the Proposed Alternative Surrogates May Not Be Applicable and Potential Solutions and
Unanswered Questions

Circumstances

Potential Solutions and Unanswered Questions

Effects of the interventions on non-GFR
determinants of serum creatinine

o Measure GFR
e Measure other filtration markers (cystatin C, others)

Acute effects of the intervention on GFR e Rely on the clinical end point (kidney failure) or require larger eGFR decline
as a surrogate; both will require longer follow-up
e Modifications to trial design on a case-by-case basis

Insufficient power, requiring long follow-up e Consider non-GFR kidney disease end points, such as markers of kidney

intervals or large sample sizes
e Slow GFR decline
e High GFR (early stages of kidney disease)
e Uncommon diseases

damage, specific for disease and intervention

High competing risk e Consider composite end points including other kidney outcomes, such as

e Slower GFR decline
e Older population
e Comorbid conditions

mortality or other important clinical outcomes

Abbreviation: eGFR, estimated glomerular filtration rate.

point, with stronger support for the 40% than 30%
decline. Results suggest that the decision to use a lesser
eGFR decline as an end point depends on knowledge
of the effect of the treatment on the pattern of eGFR
decline and on the non-GFR determinants of the
endogenous filtration marker used to estimate GFR.

Results of Simulations and Interpretation

The main results are the comparisons of type 1 error
relative to the clinical outcome and power for simu-
lated trials using lesser versus 57% eGFR declines as
the end point across parameter configurations
(Table 4). Because there is a consistent increase in end
point events in simulations using lesser versus 57%
eGFR declines, variation in the HR is the key deter-
minant in whether type 1 error is preserved and power
is improved for lesser versus 57% eGFR declines. For
simulations in which the interventions had no effect on
the clinical outcome (simulated HR of 1), a positive
acute effect (an increase in eGFR) can lead to a type 1
error in favor of treatment (HR < 1) and false
conclusion of benefit, whereas a negative acute effect
(a decline in eGFR) can lead to a type 1 error against
treatment (HR > 1) and a false conclusion of harm.
Some increase in type 1 error of a surrogate relative to
the clinical outcome beyond the targeted 5% is un-
avoidable, reflecting the inherent uncertainty in the use
of surrogate end points, but excessive increases signify
poor validity. For simplicity, we label a type 1 error of
the surrogate as ‘“acceptable” if it remains <10%,
recognizing that this will vary depending on context
and may differ between false conclusions of treatment
benefit and of treatment harm. The type 1 error rate was
higher with larger versus smaller acute effects. The
type 1 error rate remained <10% for a wide range of
acute effects for the 57% eGFR decline, but it was
higher for moderate to large acute effects (>1.25 mL/
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min/1.73 mz) for a 40% eGFR decline and for small
acute effects (<1.25 mL/min/1.73 m?) for a 30%
eGFR decline. For simulations in which the in-
terventions had a beneficial effect on the clinical
outcome (HR < 1), preservation of HR and improve-
ment in power were better for lesser versus 57% eGFR
declines for smaller versus larger acute effects, for
higher versus lower baseline eGFRs, and for shorter
versus longer trials. Figure 4 shows a synthesis of re-
sults regarding type 1 error and power for short trials
using 30% and 40% versus 57% eGFR declines, ac-
cording to the magnitude of acute effects and baseline
eGFR. Type 1 error rate is acceptable and power is
improved for both the 30% and 40% eGFR declines in
the absence of acute effects (green shading). However,
even small acute effects, either in the opposite direc-
tion to the hypothesized beneficial effect of the inter-
vention (yellow shading) or in the same direction (red
shading), can lead to erroneous conclusions of benefit
or harm. The 40% eGFR decline is acceptable across a
wider range of acute effects than the 30% eGFR
decline and in many simulations provides almost as
much improvement in statistical power as the 30%
eGFR decline.

RECOMMENDATIONS
The Proposal

Based on these results, the planning committee and
analytic group proposed and the workshop participants
agreed that under some circumstances, a GFR decline
of 30% could be a valid and useful surrogate end point
for progression to kidney failure in clinical trials of
CKD (Table 4). Evidence was stronger for a GFR
decline of 40% as the end point, which represents a
more cautious approach and is likely to be more widely
applicable (Fig 4). Using the CKD-EPI 2009 creatinine
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equation, a 30% and 40% decline in eGFR correspond
to a 1.3 and 1.5-fold increase in serum creatinine level,
respectively (Table 2). For both end points, we rec-
ommended performing a second measurement of
serum creatinine at baseline and after reaching the end
point to confirm the eGFR decline. For both end points,
we recommended a follow-up during the trial of at least
2 to 3 years to allow a thorough evaluation of benefits
and harms. However, sample sizes for 90% power often
will need to be large (n > 1,000) and the duration of
follow-up often will be long (>3 years), especially if
baseline eGFR is high, and there are many circum-
stances in which these alternative end points could lead
to reduced statistical power or erroneous conclusions
regarding benefits or harms of interventions compared
to the clinical end point of kidney failure or the estab-
lished surrogate of doubling of serum creatinine level.

Circumstances in Which the Proposal May Not Be
Applicable

Effects of interventions on the non-GFR de-
terminants of endogenous filtration markers can cause
bias in GFR estimates based on that marker (Table 6).
Examples for serum creatinine include interventions
that affect creatinine generation from muscle (eg, low-
protein diets or drugs causing muscle wasting),
tubular secretion of creatinine (eg, cimetidine), or
extrarenal elimination of creatinine (gastrointestinal
bacterial overgrowth). Effects of interventions on
non-GFR determinants of serum creatinine level
should be considered during the development phase.
If non-GFR determinants are detected, GFR can be
measured using clearance methods or alternative
filtration markers could be used.

Acute effects of the intervention on GFR pose
important problems due to type 1 errors (Table 6) and
all interventions should be evaluated for potential
acute effects. Even a small acute effect (<1.25 mL/
min/1.73 m*) can cause an unacceptable increase in
the rate of type 1 errors for eGFR declines of 30% to
40% (Fig 4). Detection of small acute effects requires
a large study population and may not be possible in
phase 2 studies. Interventions with acute effects
generally will require modifications to clinical trial
design on a case-by-case basis. Potential solutions
include using the clinical end point (kidney failure) or
a larger eGFR decline as the end point; the accepted
surrogate of a doubling of serum creatinine level (a
57% eGFR decline) is relatively robust to moderate
acute effects, but may require a longer follow-up.
Other potential solutions require further study, such
as evaluation for acute effects during the trial and a
prespecified adaptation of the trial design if an acute
effect is detected.

Power may be insufficient for detecting a beneficial
effect on eGFR declines of 30% or 40% if GFR decline
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is slow, baseline GFR is high, or the disease is un-
common (Table 6). In such circumstances, other end
points may need to be considered. For example,
markers of kidney damage specific for the disease and
intervention, such as change in albuminuria for some
glomerular diseases and change in cyst volume for
polycystic kidney disease, have been proposed.'®*' A
high competing risk from mortality also may compli-
cate design in diseases with slow GFR decline or in
older populations or populations with comorbid con-
ditions (Table 6). If the intervention is hypothesized to
reduce mortality or other adverse clinical events, it may
make sense to use a composite end point that includes
these events. Composite end points including other
kidney outcomes, such as occurrence of CKD GFR
category 4 or acute kidney injury, require more study.

Strengths and Limitations of Our Analysis

Strengths are that the approach is based on data,
using multiple sources of evidence, and a consistent
analytic approach, with consistent results across
subgroups based on age, sex, cause of kidney disease,
and level of GFR and proteinuria, when available.
The major weakness is the limited number of clinical
trials available for analysis, especially with high
baseline GFRs, representing a limited spectrum of
interventions and limited representation of kidney
diseases. Standardization of definitions and voluntary
sharing of data by clinical trial groups would facilitate
an update of the analyses presented here, as well as a
validation in separate studies. Other limitations
include the fact that explicit criteria for acceptance of
a new surrogate were not defined in advance; het-
erogeneity among studies in some results, possibly
due to variation in study populations, assays for
serum creatinine, and outcome definitions; exclusion
of children from the analyses due to the small number
of clinical trials in children; and evaluation of only
kidney failure and mortality as outcomes of CKD.

CONCLUSION

In summary, our results support the use of alter-
native eGFR-based end points as a surrogate for
kidney failure in clinical trials. We have analyzed a
large number of cohorts and clinical trials and
developed a tool to simulate outcomes for alternative
eGFR-based end points based on participant clinical
characteristics and trial design. We have proposed
eGFR decline of 30% as an alternative surrogate end
point in trials of CKD, with stronger evidence for a
40% eGFR decline. We have considered the strengths
and limitations of these alternative end points and
described settings in which these alternative end
points may be applicable and other settings in which
these alternative end points may lead to reduction in
statistical power or erroneous conclusions regarding
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benefits or harms of interventions. We encourage
careful consideration of these alternative end points in
the design of future clinical trials.
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