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Abstract

Background—It is controversial whether proteinuria is a valid surrogate endpoint for

randomized trials in chronic kidney disease.

Study Design—Meta-analysis of individual patient level data.

Setting & Population—Individual patient data on 9008 patients from 32 randomized trials

evaluating five intervention types.

Selection Criteria for Studies—Randomized controlled trials of kidney disease progression

until 2007 with measurements of proteinuria both at baseline and during the first year of follow-

up, with at least one further year of follow-up for the clinical outcome.

Predictor—Early change in proteinuria.
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Outcomes—Doubling of serum creatinine, end stage renal disease or death.

Results—Early decline in proteinuria was associated with a lower risk of the clinical outcome

(pooled HR, 0.74 per 50% reduction in proteinuria); this association was stronger at higher levels

of baseline proteinuria. Pooled estimates for the proportion of treatment effect on the clinical

outcome explained by early decline in proteinuria ranged from −7.0% (95% CI, −40.6% to 26.7%)

to 43.9% (95% CI, 25.3% to 62.6%) across five intervention types. The direction of the pooled

treatment effects on early change in proteinuria agreed with the direction of the treatment effect on

the clinical outcome for all 5 intervention types, with the magnitudes of the pooled treatment

effects on the two endpoints agreeing for 4 of the 5 intervention types. The pooled treatment

effects on both endpoints were simultaneously stronger at higher levels of proteinuria. However,

statistical power was insufficient to determine if differences in treatment effects on the clinical

outcome corresponded to differences in treatment effects on proteinuria between individual

studies.

Limitations—Limited variety of interventions tested and low statistical power for many chronic

kidney disease clinical trials.

Conclusions—These results provide new evidence supporting the use of an early reduction in

proteinuria as a surrogate endpoint, but do not provide sufficient evidence to establish its validity

in all settings.

Index words

proteinuria; surrogate endpoint; kidney disease progression; disease trajectory; end-stage renal
disease (ESRD); prognostic marker

Chronic kidney failure is a major public health issue worldwide because of its rising

prevalence, poor outcomes and high cost of treatment.1 Based on the idea that treatments

initiated early in the course of a disease might slow progression and postpone the onset of

kidney failure, guidelines and public health campaigns have concentrated on early detection

and treatment of chronic kidney disease.1, 2 Because many kidney diseases progress

gradually, a large decline in glomerular filtration rate (GFR), assessed as a doubling of

serum creatinine from baseline, is often used as a surrogate endpoint for kidney failure in

randomized clinical trials (RCTs). However, the time required to reach this endpoint for

patients enrolled early in the course of kidney disease often exceeds 10 years. Hence RCTs

using doubling of serum creatinine as an endpoint require long durations of follow-up to

detect the endpoint, increasing expense and complexity, and are infeasible for early stage

disease. This problem has likely contributed to the small number of RCTs in nephrology

compared to other fields, and the paucity of therapies to slow kidney disease progression.3, 4

The hypothesis that an early change in proteinuria is a valid surrogate endpoint for kidney

disease progression in RCTs has a fairly firm biological basis.5, 6 Proteinuria has been

established as a marker of kidney damage in experimental studies and has been widely

reported to be prognostic for long-term disease progression at all stages of kidney

disease.7–15 However, as evidenced by high profile past failures in other disciplines,

premature acceptance of surrogate endpoints carries a risk that ineffective or harmful

therapies could be approved for use in practice.16 The National Institutes of Health and the
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US Food and Drug Administration have organized several conferences to address this

controversy, which had concluded that there is only preliminary empirical evidence in

support of this hypothesis.15, 17

Here we report an individual patient-level meta-analysis of a pooled dataset of 9008

individuals from 32 RCTs to provide an integrated, systematic evaluation of an early change

in proteinuria as a surrogate endpoint for trials of kidney disease progression.

Methods

A complete description of methods is included in Item S1 (provided as online supplementary

materials).

Data Sources, Searches, and Study Selection

We previously described the creation of the pooled individual-level patient-level dataset.18

In brief, we performed a systemic review of the literature for RCTs of kidney disease

progression as of May 15, 2007 and requested individual patient data from the investigators.

Inclusion criteria were availability of urine protein measurements at baseline and at least

once within 13 months after randomization and at least one participant with a clinical

outcome during one further year of follow-up. A total of 32 studies accounting for 9008

individuals which investigated five intervention types were used in the analyses reported

here (A, renin angiotensin system [RAS] blockade vs. control19–32; B, RAS blockade vs.

calcium channel blocker [CCB]19, 32–34; C, intensive blood pressure control19, 33, 35, 36; D,

low protein diet35; and E, immunosuppressive therapy37–50; see Table S1 for list of studies).

For studies that evaluated more than one intervention,19, 32, 33, 35 we included a separate

group for each independent treatment comparison, such that some participants were included

more than once. We combined the smaller studies which tested immunosuppressive

therapies by disease type (IgA nephropathy, lupus nephritis and membranous nephropathy),

into three separate study groups (for study-specific details, see Table S2).37–50 Overall, we

had 29 analytical comparisons (herein referred to as “studies”) across the five intervention

types. We defined the active treatment as the treatment hypothesized to produce the greater

reduction in the risk of the clinical endpoint.

Proteinuria

We defined an early change in proteinuria as the change in log-transformed 24-hour urine

protein excretion from baseline to the first follow-up measurement between 2.5 and 13

months thereafter. We selected this interval as treatment effects on urine protein are

expected to peak at about 2–4 months and some clinical trials obtained measurements only

yearly. For two studies that measured urine albumin30, 31, urine total protein was estimated

from urine albumin.

Clinical Outcome

We defined the primary clinical outcome as time to the first doubling of serum creatinine,

end-stage renal disease (ESRD, defined as the initiation of dialysis or transplantation), or

death. We considered the composite of time to first doubling of serum creatinine or ESRD
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(censoring death) in sensitivity analyses. We used the study-defined censoring

times19–25, 27, 28, 30–36, 38–41, 43–45, 48, 49, or approximated this as time from randomization

to final visit date plus 6 months plus the study-specific 90th percentile of the average interval

between serum creatinine measurements.26, 29, 37, 42, 45–47, 50

Data Synthesis and Analysis

Overview—We performed three standard categories of analyses which are widely used for

validation of surrogate endpoints: 1) Association between the clinical outcome and early

change in proteinuria at the individual level51, 2) Proportion of treatment effect on the

clinical outcome explained by the early change in proteinuria (Prentice-Freedman

criterion)52, 53, and 3) Association between treatment effects on the clinical outcomes and

treatment effects on early change in proteinuria across different trials and/or across

subgroups within trials54–57. For all three categories, we first obtained appropriate measures

of association within each study, followed by joint analyses which summarized the results

across studies. We used Bayesian mixed models for the analyses of individual level and trial

level association to account for variation between trials when summarizing overall

results55, 58, 59. We used credible intervals, which are in some respects analogous to

confidence intervals in frequentist statistics, to characterize the precision of parameter

estimates from Bayesian analyses59.

Individual-Level Association—Demonstration of a consistent patient-level

epidemiologic association between a surrogate and the clinical outcome is widely regarded

as necessary, although not sufficient, for establishing the validity of the surrogate endpoint

in clinical trials60–62. We evaluated individual-level association by performing separate Cox

regressions to relate the clinical outcome to early change in proteinuria in each study, with

results expressed as the hazard ratio associated with a halving of proteinuria. The primary

analyses were adjusted for baseline proteinuria. Additional models adjusted for age, sex,

baseline serum creatinine and mean arterial pressure in addition to proteinuria. The study-

specific results were subsequently analyzed under Bayesian mixed effect models to

summarize the distribution of individual level association across all studies, within each of

the five interventions, and in relation to the level of baseline proteinuria58. For the pooled

result across all studies, we only included one intervention per study, such that participants

were not represented more than once.

Proportion of Treatment Effect Explained (Prentice-Freedman Criterion)—The

proportion of the treatment effect on a clinical outcome “explained by the surrogate” has

been widely used as an index of the validity of surrogate endpoints52, 53, 63. The proportion

of treatment effect is defined as the ratio of the treatment effect on the clinical outcome that

remains after statistically controlling for the surrogate to the treatment effect without

controlling for the surrogate. Large proportions of treatment effect close to 1 are regarded as

supporting the surrogacy hypothesis54, 64.

We performed Cox regressions to estimate the treatment effects on the clinical outcomes for

each study, first adjusting only for baseline proteinuria. Then for studies in which the

treatment effect on the clinical outcome approached statistical significance (p-value< 0.10),
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we repeated the Cox regression adjusting also for the early change in proteinuria. The

proportion of treatment effect was calculated as 1 minus the ratio of the log-transformed

Cox regression coefficients for the treatment with and without adjusting for early change in

proteinuria. These analyses were repeated with additional adjustment for the extended

covariate set described above.

Trial-Level Analyses—Assessments of individual-level association and the Prentice-

Freedman criteria both depend on the untestable assumption of no residual confounding

from factors which jointly influence the surrogate and clinical endpoints54, 64. By contrast,

trial-level analyses investigate the relationship of treatment effects on the surrogate with

treatment effects on the clinical endpoints, where each treatment effect is estimated from a

randomized comparison, and therefore minimizes the risk of confounding that affects the

first two approaches54. Trial-level analyses require heterogeneity to be informative;

demonstration of treatment effects on the surrogate that agree with those of the clinical

endpoint across studies across varying treatment effects on the surrogate and a wide range of

interventions increases confidence that the treatment effect on the surrogate will predict the

treatment effect on the clinical outcome in future RCTs, supporting the surrogacy

hypothesis.

The first step for all the trial-level analyses was to apply linear and Cox regression

separately in each study to estimate the treatment effects on early change in proteinuria

(expressed as the ratio of follow-up vs. baseline geometric mean proteinuria between

treatment groups) and on the clinical outcome (expressed as hazard ratios [HRs]), and to

estimate terms characterizing the interactions of these treatment effects with baseline

proteinuria. We sought to capitalize on heterogeneity by analyzing these quantities in three

different ways.

We first considered variation across the five interventions by applying Bayesian mixed

models to obtain pooled estimates of the treatment effects on each endpoint for each

intervention type, and then computing ratios, or relative effects, between the pooled

estimates for the two endpoints51. Consistent ratios across the five interventions would

suggest an agreement of the treatment effect on the surrogate and on the clinical outcome

that is independent of the mechanism used to lower proteinuria, supporting the surrogacy

hypothesis.

Our second approach focused on variation in treatment effects on early change in

proteinuria among studies by applying a Bayesian mixed effect regression model to relate

treatment effects on the clinical outcome to treatment effects on early change in proteinuria,

with study as the unit of analysis. A regression slope substantially greater than zero would

indicate that larger treatment effects on early change in proteinuria accurately predict larger

treatment effects on the clinical endpoint and support the surrogacy hypothesis. This

approach has been a primary focus of the statistical surrogate endpoint literature55–57, 65, 66.

Our third approach sought to capitalize on variation in treatment effects across different

levels of baseline proteinuria which has been reported for several interventions19, 67–69.

Bayesian mixed effects regression analyses including interaction terms with baseline
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proteinuria were used to assess if the treatment effects on the two endpoints varied in similar

way between different baseline proteinuria levels. These analyses were repeated with

proteinuria defined as a continuous and as a categorical variable (baseline proteinuria ≤1,

>1–≤3, and > 3 g/d), and with and without adjustment for study and intervention type.

Variation of Results Among Studies—We summarized the variation among studies of

individual-level association HRs and of the geometric mean ratios and HRs for treatment

effects on change in proteinuria and the clinical outcome by reporting the projected range of

the middle 90% of HRs or geometric mean ratios across studies which are implied by the

posterior median standard deviation under the Bayesian models.70 Formal assessments of

the evidence that variation exceeds 0 are based on 95% Bayesian credible intervals for the

standard deviations of the log-transformed HRs and geometric mean ratios. Variation in HRs

and geometric mean ratios among interventions is assessed by the 95% Bayesian credible

intervals for comparisons between each intervention and the RAS blockade vs. control

intervention.

Results

Dataset and Composite Events

Table 1 and Table S2–Table S3 show characteristics of the studies and patients. The dataset

included 9008 people, across five interventions types: RAS blockade vs. control (5748

people), RAS blockade vs. CCB (2295 people), intensive blood pressure lowering (2655

people), low protein diet (839 people), and immunosuppressive therapy (804 people). Over a

median of 2.65 years’ follow-up, there were 5146 composite events (2031 doublings of

serum creatinine, 1981 cases of ESRD, and 1134 deaths). Reflecting the predominance of

events related to kidney disease progression (78% of all events) in the composite, sensitivity

analyses censoring death produced similar results to analyses reported below based on the

full composite outcome.

Individual Level Association

Figure 1 and Table S4 shows the association of the early change in proteinuria with the

subsequent clinical endpoint. An early decline in proteinuria was consistently associated

with a lower risk for the clinical outcome (pooled HR per 50% reduction in proteinuria,

0.74; 95% Bayesian credible interval, 0.67–0.82), although the magnitude of the association

varied moderately between studies (HR, 0.56–0.98 for 90% of studies) (Table S5). Similar

results were obtained with extended covariate adjustment (Figure 1 and Table S4). The

individual level association was significantly stronger at higher levels of baseline

proteinuria, with halving of proteinuria leading to a 12% reduced hazard of the clinical

outcome for baseline proteinuria <1 g/d vs. a 31% reduction for baseline proteinuria > 3 g/d

(Table 2). This dependence of individual level association on baseline proteinuria persisted

after adjustment for study, and hence treatment type (Table S6).

Proportion of Treatment Effect Explained (Prentice- Freedman criteria)

Figure 2 and Table S7 show the treatment effects on the clinical endpoint before and after

adjusting for proteinuria and the associated proportion of treatment effect. The pooled
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proportions of treatment effect for the five intervention types range from −7.0% (95%

confidence interval, −40.6% to 26.7%) for studies of immunosuppressive therapy (indicating

slightly larger treatment effects after adjustment for early change in proteinuria) to 43.9%

(95% confidence interval, 25.3% to 62.6%) for studies of RAS blockade vs. placebo

(indicating smaller treatment effects after adjustment for early change in proteinuria).

Trial Level Analyses

Figure 3 and Table S8 show the treatment effects on early change in proteinuria and the

clinical outcome. Treatment was generally associated with a greater reduction in proteinuria

compared to control (pooled geometric mean ratio, 0.77; 95% Bayesian credible interval,

0.72–0.82), with moderately large variation among studies (geometric mean ratio, 0.60–0.98

across 90% of studies) (Figure 3 left panel and Table S5 and Table S8). Treatment led to an

improved clinical outcome compared to control across all studies (pooled HR, 0.79; 95%

credible interval, 0.73 – 0.86)], with little variation among studies (HRs, 0.74 to 0.85 across

90% of studies) (Figure 3 [right panel] and Table S5 and Table S8). Bayesian credible

intervals indicated no clear evidence of differences in pooled treatment effects among the

five intervention types on either early change in proteinuria or on the clinical outcome

(Figure 3 [footnote]).

As shown in Figure 4 (top panel), the directions of the pooled treatment effects on early

change in proteinuria and on the clinical outcome agreed for all five treatment comparison

classes, with each treatment reducing both proteinuria and the risk of the clinical composite,

although not significantly in all cases. The ratios of the pooled treatment effects across

intervention types were consistent with each other (range, 0.95 (95% Bayesian credible

interval, 0.68–1.98) to 1.08 (95% Bayesian credible interval, 0.92–2.50)], except for

immunosuppressive therapy vs. control, in which the lower ratio (0.72 [95% Bayesian

credible interval, 0.46–1.58)] was largely the result of a beneficial pooled treatment effect

on the clinical outcome but not early change in proteinuria in some of the IgA nephropathy

studies (Table S8).

Figure 4 (bottom panel) shows the relationship between treatment effects on the clinical

outcome vs. the treatment effects on early change in proteinuria across individual studies.

The slope of the regression line relating the treatment effects on the two endpoints was not

estimated with sufficient precision to be informative. The 95% Bayesian credible interval

ranges from 0.60% lower to 0.64% higher HR for the clinical endpoint associated with a 1%

lower geometric mean ratio for proteinuria. This indicates that there was insufficient

variation in treatment effects on change in proteinuria and/or insufficient statistical power in

the bulk of the studies to determine whether differences in treatment effects on proteinuria

are associated with similar differences in treatment effects on the clinical outcome. In

sensitivity analyses, similar results were seen when treatment effects on proteinuria were

evaluated in absolute units of g/d.

Table 2 shows the variation in the treatment effects on the two endpoints in relation to

baseline proteinuria. When change in proteinuria was modeled as a relative change, in

patients with proteinuria < 1 g/d, treatment led to an average 25% reduction in proteinuria

but no discernible reduction in clinical events. However, when change in proteinuria was
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modeled in units of g/d, average treatment effects on both the clinical outcome and change

in proteinuria were negligible when baseline proteinuria was < 1 g/d but increased

substantially at higher levels of baseline proteinuria. This concordant pattern of larger

treatment effects on both endpoints at higher levels of baseline proteinuria but smaller

effects on both endpoints at lower baseline proteinuria persisted after adjustment for study,

and hence treatment type (Table S6).

Discussion

Use of valid surrogate endpoints may improve the efficiency of clinical trials. However, not

all surrogates are valid and there are numerous examples of discrepancies between treatment

effects on the surrogate and clinical endpoint.16 Proteinuria could be a useful surrogate for

trials of CKD progression since it is often occurs early in the course of disease and can be

measured frequently and inexpensively. Findings from experimental studies indicate an

important function for proteinuria in the pathogenesis of kidney disease progression,

suggesting that an early change in proteinuria may be a valid surrogate endpoint for clinical

trials of interventions hypothesized to reduce proteinuria.7, 31 This report provides a

comprehensive evaluation of this hypothesis based on a joint analysis of over 9000

individuals from 32 RCTs of five types of interventions in progressive kidney disease.

Strengths of this study include a systematic literature search to include all available studies

until 2007, uniform definitions of exposures and outcomes, and a comprehensive evaluation

using the three standard approaches for validating surrogate endpoints in the statistical and

medical literatures. The results from these analyses extend the evidence supporting use of

proteinuria in some settings.

Our analyses of individual level association established that greater early reduction in

proteinuria is consistently associated with slower progression of kidney disease across all

five interventions and this association was stronger when baseline proteinuria was higher,

although it varied moderately among studies. These results are limited by possible

confounding by factors that influence both the surrogate and the clinical endpoint but the

results were little changed after adjustment for a limited set of baseline covariates. Our

results are consistent with and extend results of epidemiologic studies and observational

analyses of clinical trials that demonstrated the utility of proteinuria as a prognostic marker

for subsequent clinical outcomes, and they support the use of change in proteinuria to inform

prognosis in clinical practice7–15, 18

The proportion of treatment effect is a traditional method to evaluate surrogate endpoints but

subject to bias due to measurement in error in proteinuria and as well as possible residual

confounding.54, 64 Our assessments of the Prentice-Freedman criteria were inconclusive,

with proportion of treatment effect ranging from slightly negative in studies of

immunosuppressive therapy to moderately positive for comparisons of RAS blockade, with

wide confidence intervals for all interventions. As in the individual level analyses, the

results were little changed after adjustment for covariates, but the risk of confounding

remains. Our interpretation is that these analyses do not provide support either for or against

proteinuria as a surrogate endpoint.
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We used three trial-level approaches to investigate if treatment effects on change in

proteinuria agreed with treatment effects on the clinical outcome. In the first approach, we

found that pooled estimates of treatment effects were consistent with reductions both in

proteinuria and in the risk of the clinical outcome for each of the five intervention types.

Similar analyses using less formal methods have been interpreted as supporting reduction in

blood pressure and serum cholesterol as surrogate endpoints for cardiovascular disease

protection.71–73 In the third approach, we showed that the treatment effects on both

proteinuria and the clinical outcome were significantly greater for higher vs. lower levels of

baseline proteinuria. This finding is consistent with experimental studies showing greater

effects of therapies to lower proteinuria in proteinuric kidney diseases and with the

hypothesis that treatment effects on change in proteinuria are predictive of treatment effects

on kidney disease progression.7, 31 Both of these trial level results support the surrogacy

hypothesis. The second approach, which related the size of treatment effects on the two

endpoints across different trials, was uninformative as the regression slope relating the

treatment effects was non-significant but with a confidence interval too wide to rule out a

strong relationship. Many of the available studies were small, and the larger studies were

mostly of studies of a single treatment type, RAS blockade. Hence, there is not sufficient

variation in treatment effects among well powered CKD trials to determine whether or not

different estimated treatment effects on early change in proteinuria are predictive of

different treatment effects on the clinical outcome.

Our analysis has some limitations. First, our designation of the treatment arm in each trial as

the group hypothesized to have the greater benefit was somewhat arbitrary. Second,

limitations in sample size of past clinical trials and in variation among trials in treatment

effects on proteinuria limited statistical power, particularly for trial-level analyses. Thus, the

evidence suggesting agreement of treatment effects on the two endpoints within the five

interventions is limited by the imprecision in the pooled estimated treatment effects for

several of interventions, and the estimated effects did not differ significantly from 0 in

several cases. The limited number of large trials also means that our estimates of variation in

treatment effects were influenced by our assumptions for the prior distributions for variation

in parameters among studies. However, we included all clinical trials that met our pre-

specified eligibility criteria and we carefully developed the priors based on clinical

knowledge. Third, inclusion of death as a component of the clinical composite outcome

introduces non-kidney events in the analyses. However, we found similar results in

sensitivity analyses excluding death from the composite. Fourth, our analyses are restricted

to the specific diseases and interventions included in the published and unpublished that

were included at the beginning of our study in 2007. Inclusion of additional trials, in

particular, large trials of new interventions and interventions that have negative results,

could overcome some of the limitations of our current analysis. However, interventions that

do not have positive effects on proteinuria in early phase clinical trials are frequently not

evaluated in Phase III clinical trials, and some Phase III trials without a beneficial effect on

proteinuria have been terminated prior to completion, precluding the ability to relate the

treatment effect on proteinuria to the treatment effect on the clinical outcome74. Fifth, our

evaluation of proteinuria as a surrogate endpoint was limited to changes between 2.5 and 13

months, and may not apply to surrogate endpoints defined by changes in proteinuria over
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longer periods. Finally, the estimates of heterogeneity between trials reflects not only

biological variation in treatment effects, but also variation in designs and procedures

between trials.

In summary, the evidence presented here is not sufficient to conclude that treatment effects

on early change in proteinuria reliably predict treatment effects on clinical outcome in all

circumstances. However, due to limitations of the data included, this conclusion should not

be misconstrued as a refutation of the potential validity of proteinuria as a surrogate

endpoint for kidney disease progression. Indeed, when considered in conjunction with

evidence from experimental studies, we believe the findings from our analyses are sufficient

to recommend continued use of proteinuria as a surrogate endpoint in early-phase clinical

trials for new therapies and for exploratory analyses (e.g., subgroup analyses). In addition, in

kidney diseases and populations where proteinuria is high and experimental evidence for a

pathological role of proteinuria is particularly strong, cautious use of proteinuria as a

surrogate endpoint may be warranted in certain Phase III clinical trials, especially when the

risks of adverse outcomes of the intervention are low and there is no alternative (e.g. rare or

infrequent diseases where adequate sample sizes for clinical outcomes are infeasible). For

populations with high levels of proteinuria and high GFR, it may also be reasonable to use

reduction in proteinuria for initial acceptance of an intervention, with subsequent

postapproval conformation of the treatment effect on the clinical outcome. Further

delineation of the scope for appropriate use of proteinuria as a surrogate endpoint in clinical

trials would require additional data from large well powered trials across a broad array of

treatment classes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Individual Level Association
Shown are estimated hazard ratios and 95% confidence intervals relating the clinical

outcome (time to doubling of serum creatinine, ESRD, or death) to early change in

proteinuria, with adjustment for baseline proteinuria only (left) and with adjustment for

baseline proteinuria, sex, age, baseline serum creatinine and baseline mean arterial pressure

(right). Hazard ratios are expressed for 50% reduction in proteinuria. Analyses were

performed for all studies, but results for individual studies are graphically displayed only for

studies with greater than 20 events. Each study is represented only once. The bottom

intervals are Bayesian credible intervals for the average results across all the trials. The

colors indicate intervention type. Gray, studies which tested more than one intervention;

black, renin-angiotensin system blockade vs. placebo; red, renin-angiotensin system

blockade vs. calcium channel blocker, green, intensive blood pressure; magenta,

immunosuppressive therapies.
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Figure 2. Evaluation of the Prentice-Freedman Criterion (Percent of Treatment Effect
Explained)
Left: Shown are estimates of treatment effects on the clinical outcome (time to doubling of

serum creatinine, ESRD, or death) without controlling for initial change in proteinuria

(black) and then after controlling for early change in proteinuria (grey). Only studies with p

< 0·10 in the unadjusted analysis are displayed. Both models controlled for baseline

proteinuria, so the treatment effect estimates in this Figure differ from treatment effect

estimates on the clinical outcome displayed in Figure 3. The bottom 5 intervals display

pooled estimates of the unadjusted and adjusted treatment effects for the 5 treatment

comparison classes under a fixed effect model. Right: Shown are estimates and associated

95% confidence intervals of the proportion of the treatment effect (PTE) explained by early

change in proteinuria, defined as 1 minus the ratio of the adjusted to the unadjusted

treatment effects (expressed on the log scale).
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Figure 3. Treatment Effects on Change in Proteinuria and on the Clinical Outcome
Shown are geometric mean ratios and 95% confidence intervals comparing early change in

proteinuria between treatment groups (left), and hazard ratios and 95% confidence intervals

relating the clinical outcome (time to doubling of serum creatinine, ESRD, or death) to

randomized treatment assignment (right). Analyses were performed for all studies, but

results for individual studies are graphically displayed only for studies with greater than 20

events. Data for all studies is shown in Table S7. The bottom 5 intervals are Bayesian

credible intervals for average results across the trials in the 5 treatment comparison classes

under a random effects model. Proteinuria was log transformed.
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Figure 4. Trial-level Assessment of Validity of Proteinuria as a Surrogate Endpoint
Shown is the relationship between estimated treatment effects on the clinical outcome (time

to doubling of serum creatinine, ESRD, or death) on the vertical axis to estimated treatment

effects on the early change in proteinuria (on the horizontal axis). Treatment effects on the

clinical outcome are expressed as hazard ratios and treatment effects on early change in

proteinuria are expressed as geometric mean ratios. Proteinuria was log transformed in each

analysis. The colors indicate intervention type. Black, renin-angiotensin system blockade vs.

placebo; red, renin-angiotensin system blockade vs. calcium channel blocker, green,
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intensive blood pressure; magenta, immunosuppressive therapies. Top panel: Aggregate

results for the 5 interventions. The diagonal line is the line of identity. Solid lines extending

from circle indicate the Bayesian credible intervals for the treatment effect on the clinical

endpoint and change in urine protein. Bottom panel: Results for individual studies. The

diameters of the circles are approximately proportional to the square root of numbers of

events for the clinical outcome in each trial. The bolded circles indicate studies with median

baseline proteinuria > 1 gram/day. The 95% Bayesian credible interval for the regression

coefficient relating the treatment effects was too wide to be informative, ranging from a

0·60% lower to a 0·64% higher HR for the clinical endpoint for every 1% lower geometric

mean ratio for proteinuria.
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