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Abstract (202 words, of 200) 

 

Glomerular filtration rate (GFR) decline is causally associated with kidney failure and is a candidate 

surrogate endpoint for clinical trials of chronic kidney disease (CKD) progression. Analyses across a 

diverse spectrum of interventions and populations is required for acceptance of GFR decline as an 

endpoint. In an analysis of individual participant data, for each of 66 studies(total N participants, 

186,312), we estimated treatment effects on the total GFR slope, computed from baseline to 3 years, 

and chronic slope, starting at 3-months after randomization, and on the clinical endpoint (doubling of 

serum creatinine, GFR<15 mL/min per 1.73m2 or kidney failure with replacement therapy). We used a 

Bayesian mixed effects meta-regression model to relate treatment effects on GFR slope with those on 

the clinical endpoint across all studies and by disease groups (diabetes, glomerular diseases, CKD, or 

cardiovascular diseases). Treatment effects on the clinical endpoint were strongly associated with 

treatment effects on total slope (median R2=0.97 [95% Bayesian credible interval [BCI] 0.82 to 1.00]), 

and moderately associated with those on chronic slope (R2=0.55 [95% BCI 0.25 to 0.77]). There was no 

evidence of heterogeneity across disease. Our results support use of total slope as a primary endpoint 

for clinical trials of CKD progression. 
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Introduction 

Global prevalence of Chronic kidney disease (CKD) is common, estimated at 9%, and associated with 

increased risk off kidney failure, cardiovascular disease and mortality1. A critical challenge in evaluation 

of therapies for CKD is that randomized controlled trials (RCTs) traditionally use kidney failure and 

doubling of serum creatinine as clinical endpoints, which are often late events in the progression of 

CKD2. In order to obtain sufficient clinical events to achieve adequate statistical power, RCTs often 

require substantial follow-up or are restricted to patients with rapidly progressive or late-stage disease, 

yet some interventions may have a greater effect when applied earlier in the disease course3.  

 

For all kidney diseases, patients must have a decline in glomerular filtration rate (GFR) to reach kidney 

failure  providing strong biological plausibility for GFR decline as a surrogate endpoint for CKD 

progression in RCTs. There is also robust epidemiological evidence that both a single measurement of 

GFR and GFR decline over 1-to-3-year periods are strongly associated with subsequent kidney failure 

across subgroups of age, sex, and diabetes, hypertension, and cardiovascular disease status failure4-7. 

Using a smaller number of RCTs, we previously demonstrated that treatment effects on the GFR slope 

were highly predictive of treatment effects on clinical endpoints in hypothetical future RCTs8. On the 

basis of this evidence, GFR slope has been used to evaluate efficacy of treatments in less common 

conditions such as glomerular diseases9-13 or when treatments with established efficacy and safety in 

one population are expanded to another population14. However, there remains uncertainty as to the use 

of GFR slope in more common causes of kidney diseases and across severity of kidney disease, further 

limiting evaluation of new therapies in many kidney disease settings.  

 

RCTs in populations with earlier stages of CKD or who are at risk for CKD demonstrate the efficacy of 

novel agents for prevention of adverse outcomes including mortality, heart failure events and CKD 
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progression15-33. These studies provide the opportunity to evaluate if the strong associations between 

treatment effects on GFR slope with those on the clinical endpoint persist with inclusion of more diverse 

interventions and populations. The expanded set of studies also allow a more robust assessment of 

consistency of results across disease. Together, these data have the potential to strengthen the 

evidence for the validity of GFR slope as a surrogate endpoint for kidney failure, providing support for its 

use as a primary endpoint for trials of CKD progression across a broad series of settings. 

 

 

Results 

Study description  

As described previously, we used a systematic search to identify RCTs evaluating interventions for CKD 

progression (See Protocol)8,34-36. Our prior publication included 47 treatment comparisons spanning 49 

RCTs8. Since then, the updated search allowed identification of 19 new RCTs15-20,22-26,28-33,37,38, leading to a 

total of 66 treatment comparisons (herein referred to as studies) for the current analysis (Extended Data 

Figure 1, Supplementary Tables 1-3)35. These 66 studies included 186,312 participants and represented 

17 interventions across the four broad disease groups. The 17 interventions included four trials of 

sodium glucose cotransporter (SGLT)-2 inhibitors16,23,38 as well as 16 studies of seven treatments not 

previously included, such as endothelin receptor antagonists22, glucagon-like peptide-1 receptor agonist 

(GLP)19,20, and mineralocorticoid receptor antagonists (MRA)17 ().  

 

Studies of patients with CKD from other causes or cause not specified (CKD), had lower mean eGFR than 

the studies of patients with diabetes, glomerular diseases (GN), or cardiovascular disease (CVD), and 

studies of patients with CVD had lower levels of urine albumin to creatinine ratio (ACR) and slower 

progression compared to the other disease groups (Table 1, Supplementary Table 4). Compared to the 
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prior set of studies, the current studies include populations with higher mean levels of GFR and at high 

risk for cardiovascular disease (CVD) (Extended Data Table 1). Summary characteristics of each individual 

study are reported in Supplementary Tables 5-7. 

 

Treatment effects on the GFR slope and the clinical endpoint 

Patterns of change in GFR (GFR slope) after initiation of an intervention are often nonlinear, with 

possibly differing direction and rates of changes in early follow-up (herein called acute effect) versus 

longer term follow- up (herein called chronic slope)39. The average rate of decline from beginning to the 

end of the study incorporates both elements (herein called total slope). We used a shared parameter 

mixed-effects model to estimate the effects of the treatment on the total GFR slope at three years 

(herein called 3-year total slope), as this was the approximate mean length of the included studies, and 

on chronic slope, computed from three months following randomization8,40. A benefit on slope was 

indicated by slower average GFR slope in the treatment versus the control arm. Across the full collection 

of studies and for studies in diabetes, CKD and GN, but not for CVD, there was an average benefit of the 

active treatments on the 3-year total slope and on the chronic slope compared with the control arms 

under a random effects meta-analysis (Figure 1, Extended Data Table 2).  

 

Across the 66 studies, the median follow-up for the clinical endpoint was 35 (25th to 75th percentile 22 to 

52) months, with shorter follow-up for studies with CVD compared to the three other disease groups 

(Extended Data Table 3). Over the full study duration, a total of 11,396 (6.1%) patients reached the 

primary clinical endpoint defined as the composite of kidney failure with replacement therapy (KFRT) 

(initiation of chronic treatment with dialysis or kidney transplantation); sustained GFR <15 mL/min per 

1.73 m2; or doubling of serum creatinine (equivalent to 57% decline in GFR). A benefit on the clinical 

endpoint was indicated by a hazard ratio less than 1 estimated within each study using Cox regression. 
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Across all of the studies as well as for studies in diabetes, CKD and GN, but not for CVD, an average 

benefit of treatment was observed (Figure 1, Extended Data Table 3). We also evaluated the treatment 

effect on the secondary clinical endpoint defined as the composite KFRT or sustained GFR <15 mL/min 

per 1.73 m2. In the overall set of studies as well as for studies in diabetes, CKD, GN, and CVD, an average 

benefit of treatment was observed (Extended Data Table 3). 

 

Trial level analysis in the overall study population 

We used Bayesian mixed effects meta-regression analyses to relate the treatment effects on the clinical 

endpoint to the treatment effects on the total and chronic GFR slopes across the 66 studies41. We 

observed a strong agreement between the treatment effects on the 3-year total slope and on the 

clinical endpoint with an R2 of 0.97 [95% BCI 0.82 to 1.00), (Figure 2 and Table 2). The slope of the meta-

regression line is -0.35 (95% BCI -0.42 to -0.29) per mL/min per 1.73 m2/year), indicating that a 0.75 

ml/min per 1.73 m2/year greater beneficial effect of the treatment on the total GFR slope is associated 

with an average 23.3% lower hazard ratio for the clinical end point (95% BCI 19.3% to 27.2%). The 

intercept of the meta-regression is -0.04 (95% BCI -0.09 to 0.01), indicating that in the absence of a 

treatment effect on the 3-year total slope, the average treatment effect on the clinical endpoint is likely 

to be small (i.e. 95% probability for the hazard ratio to be between 0.91 and 1.01). 

 

In a secondary analysis, we also examined results for the total slope computed over 2 years (2-year total 

slope). The treatment effect on the 2-year total slope similarly showed a strong association with the 

treatment effect on the clinical endpoint (R2 of 0.87 [95% BCI 0.64 to 0.97])(Extended Data Figure 2, 

Extended Data Table 4). However, the intercept is smaller than 0 (-0.11 [95% BCI -0.17 to -0.06]), 

indicating that a small average benefit on the clinical endpoint can be expected even in the absence of a 

treatment effect on the 2-year total slope.  
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For the chronic slope, the trial-level analysis provided an R2 of 0.55 (95% BCI 0.25 to 0.77) (Figure 2). The 

slope of the meta-regression line differs substantially from 0, at -0.33 (95% BCI -0.46 to -0.20) indicating 

that a 0.75 ml/min per 1.73 m2 per year greater beneficial treatment effect on the total GFR slope is 

associated with an average 21.8% lower hazard for the clinical end point (95% BCI 14.1% to 29.4%). The 

intercept of the regression line is nearly indistinguishable from 0 (-0.01, 95% BCI -0.10 to 0.10), 

indicating low risk of a false negative conclusion of the absence of a treatment effect on the clinical 

endpoint when there is no treatment effect on chronic slope (i.e. 95% probability for hazard ratio to be 

between 0.90 and 1.10. 

 

Trial level analyses for the secondary clinical endpoint 

We evaluated associations between the treatment effects on GFR slope with those on the secondary 

clinical endpoint. For the total slope, compared to the analysis of the primary clinical endpoint the 

median R2 decreased from 0.97 (0.82, 1.00) to 0.92 (0.56, 0.99). For the chronic slope, the median R2 

increased from 0.55 (0.25, 0.77) to 0.73 (0.12, 0.98), although BCIs for the secondary clinical endpoint 

were wider than for the clinical endpoint, indicating reduced precision (Extended Data Table 5, Extended 

Data Figure 3). The median intercept of the meta-regressions for both chronic slope and total slope 

were now negative and had credible intervals which did not overlap 0, indicating that on average a 

modest benefit on the clinical endpoint may be present in the absence of a treatment effect on GFR 

slope. 

 

Trial level analyses by subgroup  

For the total slope, results were consistent according to CKD severity. For the subset of participants with 

baseline levels of ACR greater than 30 mg/g (3.39 mg/mmol) (Table 2). Similarly, results were consistent 
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across subgroups for studies with mean baseline GFR below or greater than 60 ml/min per 1.73 m2, the 

GFR threshold for chronic kidney disease (Table 2). For chronic slope, there was a small increase in the 

median R2 after restricting the patients in the set of studies with ACR available, although the Bayesian 

credible interval remained quite wide (0.65 [95% BCI 0.30, 0.88]). There was a steeper relationship 

between treatment effects on the chronic slope and those of the clinical endpoint for studies with 

higher baseline GFR compared to studies with lower baseline GFR.  

 

We next evaluated whether the results for the meta-regression varied across disease groups by fitting 

an expanded meta-regression model using a Bayesian partial-pooling modeling approach. For both the 

3-year total slope and the chronic slope, for each disease group the BCIs for the meta-regression slopes 

do not cross 0 and the BCIs for the meta-regression intercepts do cross 0 (Table 2 and Figure 3). For total 

slope, there was no evidence of heterogeneity in the meta-regression slope, intercept or R2 across the 

disease subgroups. For chronic slope, there is a suggestion of modest heterogeneity among the 

posterior distribution of the meta-regression slopes (range for median slope from -0.24 for diabetes to -

0.48 for CVD) and intercepts (range for median intercept from -0.12 for GN to 0.04 for CVD) across the 

disease groups, but with widely overlapping BCI. The estimated R2 for the CVD group is 0.47 (95% BCI 

0.01 to 0.99), lower than for the other diseases, which ranged from 0.71 (95% BCI 0.23 to 0.99) to 0.96 

(95% BCI 0.23 to 1.00). The wide BCI and the small number of CVD studies preclude definitive 

conclusions. Similarly, in sensitivity analyses, removal of the CVD studies increased the median R2 to 

0.62 but with a wide BCI (0.25 to 0.90) (Extended Data Table 6). There was no impact of removal of the 

GN studies. 

 

Assessment of model adequacy and outliers 
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We evaluated model adequacy and identified potential outliers by comparing for each study the 

observed hazard ratios for the clinical endpoint to the posterior predictive distribution for the estimated 

treatment effect on the clinical endpoint computed under a meta-regression model fit with that study 

left out. For the 3 year total slope, 9 (13.6%) of 66 studies had observed hazard ratios that fell outside of 

the middle 90% intervals of the posterior predictive distribution, and for the chronic slope, 10 (15%) of 

the observed hazard ratios fell outside of the 90% intervals (Supplementary Table 8). Removal of these 

studies had negligible effect on the meta-regression coefficients or R2 values (Supplementary Tables 9-

10). Under a perfect model it would be expected that approximately 7 studies would be outside of this 

range due to chance variation; the small number of additional studies outside of this range are 

consistent with adequacy of the model. 

 

Prediction intervals and positive predictive value 

For application of these results to use of slope as a surrogate endpoint in a future trial, we applied the 

above meta-regression results to compute Bayesian prediction intervals (BPI) that provide a 95% 

probability of including the true treatment effect on the clinical endpoint, for varying estimated 

treatment effects on the slope endpoints for hypothetical large (total sample size (N) of 1600), medium 

(N of 800) and small trials (N of 400).  

 

As expected, with greater treatment benefit on GFR slope, the estimated treatment benefit on the 

clinical endpoints also increases (Table 3, Supplementary Table 11). For example, at a treatment effect 

on total GFR slope of 0.5 ml/min per 1.73 m2, the estimated HR on the clinical endpoint is 0.80, whereas 

for a treatment effect on GFR slope of 1 ml/min per 1.73 m2, it is 0.68. At smaller sample sizes, the 

estimated treatment effects remain unchanged but the BPI are wider. The BPI are considerably wider for 

the chronic slope than the 3-year total slope. For example, in a large future trial, the 95% BPI for the HR 
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on the clinical endpoint associated with an estimated treatment effect of 0.75 ml/min per 1.73m2/year 

definitively excludes a HR of 1 or greater for the 3-year total slope (0.60 to 0.89) but not the chronic 

slope (0.51 to 1.18). Similarly, the threshold for a treatment effect on the GFR slope to assure the 

posterior probability of a clinical benefit, which we defined as HR for the clinical endpoint of less than 1, 

of greater than or equal to 97.5% is substantially smaller for the 3-year total slope than for the chronic 

slope (0.44 versus 1.26 ml/min per 1.73m2 per year). 

 

Within the different disease groups, the 95% BPI for the HR on the clinical endpoint associated with an 

estimated treatment effect of 0.75 ml/min per 1.73m2 per year are also wider for chronic slope than for 

the 3 year-total slope (Extended Data Table 7). The magnitude of the difference is smaller for the CKD 

[chronic slope versus 3-year total slope [(0.54 to 0.96) versus. (0.57 to 0.90)] and diabetes [(0.63 to 1.13) 

versus (0.59 to 0.93)] disease groups compared to that for CVD [(0.30 to 1.52) versus (0.61 to 0.97)] and 

GN [(0.34 to 1.12) versus (0.52 to 0.95)] groups. 

 

Discussion  

CKD is a slowly progressive disease, often taking 10 years or longer from initiation of the disease to 

development of kidney failure. Therapies initiated earlier in the disease course are often more effective 

at preventing kidney failure. Validated surrogate endpoints are needed to assess efficacy of therapies in 

early stages of CKD. GFR decline has been proposed as a possible surrogate endpoint42. Evidence to 

support validity of a surrogate endpoint is derived from three main sources of evidence: biological 

plausibility, epidemiologic data demonstrating a strong and consistent relationship between the 

surrogate endpoint and outcome of interest, and trial level analyses. Trial level analyses, as are 

presented here, are widely regarded as the most important criterion for demonstrating the validity of a 

surrogate endpoint, and are the most difficult criterion to establish. We found that with analysis of GFR 
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slope using a robust method for each study, treatment effects on the total slope computed at 3 years 

accounted for an estimated 97% the variation between studies in treatment effects on the clinical 

endpoint with similar results across CKD severity and diverse disease groups. The strength of this trial-

level association falls in in the range for a strong surrogate based on one proposed classification (e.g., R2 

greater than 0.72) and compares favorably with, and is arguably stronger than, widely used surrogate 

endpoints in other fields, such as progression-free survival for meta-static breast cancer or LDL 

cholesterol for major cardiovascular events43,44. We define the range of treatment effects on GFR slope 

that have high confidence for beneficial treatment effects on the clinical endpoint, providing guidance 

as how to interpret treatment effects on GFR slope in future RCTs. Our results indicate potential 

concerns with the use of the chronic slope, which ignores the acute effect of a drug on the GFR slope; an 

indication that the acute reduction in GFR due to treatment initiation might affect the clinical endpoint. 

The strength of these results derives from their demonstration across a highly heterogeneous 

interventions, study populations and disease severities. Together, these data provide the necessary 

evidence to support use of total GFR slope in RCTs evaluating therapies of CKD progression as a valid, fit-

for-purpose, and robust surrogate endpoint that can be presented to regulatory agencies for approval 

for marketing authorization, to payors to support funding of these therapies, and to healthcare 

professionals and patients to inform of their benefit on slowing CKD progression and preventing kidney 

failure. 

 

Our results for the trial level associations for chronic slope were considerably less favorable than in our 

earlier analyses8. The earlier analyses demonstrated that treatment effects on chronic slope accounted 

for a median 96% (95% BCI 63% to 100%) of the variation between studies in treatment effects on the 

clinical endpoint, similar to that of the total slope in those prior analyses [97% (95% BCI 78%, 100%)]8. 

Since the total slope includes both the acute, and chronic GFR slope, the superior performance of total 
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slope compared to chronic slope in the current analysis of a more diverse set of studies suggests that 

the acute effect might be correlated with a component of the primary clinical endpoint. Consistent with 

this hypothesis, treatment effects on the chronic slope predicted treatment effects on the secondary 

clinical endpoint, which does not include doubling of serum creatinine, more accurately than it 

predicted treatment effects on the primary clinical endpoint. We note that although the chronic slope 

exhibited weaker trial level associations compared to the 3-year total slope relative to the primary 

clinical endpoint, its performance nonetheless falls within the range of R2 values (0.49 to 0.72) that has 

been proposed to represent moderate performance for a surrogate endpoint43. As such, there might be 

a role for chronic slope in specific settings. While negative acute effects are most common in our set of 

studies, positive acute effects are also present among CKD studies39. If there is a suspicion that a positive 

acute effect may not indicate a true lasting impact on preservation of the kidney, use of the total slope 

may inflate risk of falsely concluding treatment benefit39. In such circumstances, the chronic slope may 

represent the more conservative endpoint39.  

 

Our trial-level model predicts a modest benefit on the primary clinical endpoint even when there is no 

effect on the 2-year total slope. This finding may, in part, reflect the average negative direction of the 

acute effects across the 66 RCTs included in these analyses. The acute effect has a greater impact on the 

computation of total slope when the total slope is computed over shorter time intervals. For future 

trials, computation of total GFR slope over shorter durations for interventions that do not have a 

negative acute effect could be considered. 

 

The generalizability for trial level associations for establishing the validity of a surrogate is increased 

when based on a heterogeneous set of trials, but an often-asked question is whether the overall results 

can then be applied to specific subgroups. We found no evidence of heterogeneity in performance of 
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the 3-year total slope across disease groups. Similarly, we found that results were consistent in more 

versus less severe kidney disease as reflected by subgroups by level of GFR and ACR, and supported by a 

recent publication which looked at these same questions using the more rigorous analysis of examining 

interactions with the meta-regression parameters45. In contrast, for chronic slope, we observed 

modification of these associations based on disease severity45, and noted possible  

modest heterogeneity across disease groups.  

 

The observation of weaker associations for chronic slope in the CVD group might suggest that the less 

favorable results for the chronic slope in the current compared to earlier analyses may be related to 

inclusion of these studies. The CVD studies were not designed to evaluate efficacy of these interventions 

on CKD progression specifically and the included populations were at lower risk for progression 

compared to those included in the other disease groups as indicated by higher GFR and lower ACR. 

Future studies are required to explore how the associations vary by both disease and CKD. 

 

There are several implications of these results. First, these data provide high confidence in the validity of 

the 3-year total GFR slope as a surrogate endpoint for kidney failure, thereby allowing it to be 

considered as a primary endpoint for clinical trials evaluating CKD progression across disease subgroups 

and CKD severity. The strength of this evidence is indicated in the lower limit for the 95% credible 

interval for the trial-level R2 of 0.82, an increase from 0.78 in our prior results, now substantially 

exceeding the threshold of 0.72 proposed for a strong surrogate43. The increased precision was 

demonstrated while extending our analysis to a substantially more diverse collection of populations and 

interventions, providing support for widespread applicability. While the validity of the 3-year total slope 

as a surrogate endpoint appears quite general, its practical use must consider the circumstances of each 

trial. Decisions regarding the trial duration and the use of the total versus chronic slope should be made 
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in context of the specific trial. For example, we have previously demonstrated that compared to the 

clinical endpoint, use of the total slope can substantially reduce the sample size required for adequate 

power for trials without acute effects, particularly when performed in study populations with high 

baseline GFR, but may require similar or greater samples sizes in some situations, particularly for 

interventions with negative acute effects46. Second, the consistency in the performance of the total 

slope across disease severity or disease, suggests that the total slope can be used to explore 

heterogeneous effects among subgroups within an RCT. Similarly, GFR slope might be an appropriate 

endpoint for subsequent studies after initial RCTs showed benefit on the clinical endpoint allowing for 

demonstration of treatment benefit in different populations9,14.  

 

Strengths of this study include a large collection of RCTs with a diverse range of disease severity, 

diseases and interventions. Our application of a robust method for analysis of GFR slope that accounts 

for informative censoring and multiple potential sources of variability in GFR measurements over time 

allowed us to apply a uniform analysis of GFR slope across all studies8,40. Because we analyzed individual 

patient level data, we were able to characterize agreement between the GFR slope and clinical 

endpoints after adjusting for spurious correlations in sampling error that resulted from inclusion of the 

same GFR measurements in the GFR slope and clinical endpoints41. Thus, the meta-regression 

parameters refer to relationships between the true latent treatment effects on different endpoints 

rather than between the estimated effects which can contain substantial added variability.  

 

There are several limitations. First, we were able to only evaluate the association between the 

treatment effects on GFR slope and on the clinical endpoints ascertained over the follow-up period for 

each trial and could not determine if treatment effects on GFR slope would better predict treatment 

effects on clinical endpoints over a longer time frame. Furthermore, differences in follow-up time 
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between studies and disease groups may have led to variation in the results. Second, our calculations of 

the prediction intervals and trial-level positive predictive value for a future trial assume that the 

relationship between the treatment effects on the slope and clinical endpoints are similar between the 

future trial and the previously conducted trials. Thus application of these results to future trials with 

different characteristics, diseases, and interventions than those included here must be done with 

caution. In particular, our results reflect the directions and magnitudes of the acute effects among 

previous trials; applications to future trials with especially large acute effects may incur added 

uncertainty. Finally, GFR slope is computed using estimated GFR from creatinine, which can be affected 

by factors other than GFR47. Thus caution should be applied when evaluating interventions known to 

effect body composition or dietary intake, two important factors than effect serum creatinine, as 

changes related to intervention could be another source of acute effects. Cystatin C is an alternative 

filtration marker that is thought to be more robust to non GFR determinants, and provides more 

accurate results in combination with creatinine48,49. Studies should evaluate it as an indicator of 

treatment effects prior to widespread use in clinical trials. 

 

In aggregate, the results presented here indicate that GFR slope can be used as a validated surrogate 

endpoint for CKD progression. The selection of total versus chronic GFR slope, and the duration of time 

over which the total GFR slope is computed, should be made with consideration of the study design, 

population, intervention under investigation, and in the context of the specific drug development 

program.   
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Figure 1: Treatment effect on 3-year total slope, chronic slope and on the clinical endpoint overall and 

by disease group 

The clinical endpoint is defined as kidney failure with replacement therapy, GFR <15 mL/min per 1.73 m2 

or doubling of serum creatinine. The circles represent the meta-analyzed treatment effects and the 

horizontal lines represent the associated 95% confidence intervals. N, number; CKD, chronic kidney 

disease. CKD refers to diseases other than diabetes or glomerular disease or cause not yet specified.  

 

Figure 2: Trial level analyses for the association between treatment effects on GFR slope and 

treatment effects on the clinical endpoint  

Circles represent separate studies with the size of the circle proportional to the number of events 

(kidney failure with replacement therapy, GFR <15 mL/min per 1.73 m2, or doubling of serum 

creatinine). The colors of circles indicate intervention types. The black line is the line of regression 

through the studies. Blue lines are the 95% pointwise Bayesian confidence band. Pink dashed lines are 

the 95% pointwise Bayesian prediction bands computed from the model. Triangles indicate studies 

where the estimated treatment effects are beyond the margins. RASB, renin angiotensin system 

blockers; CCB, calcium channel blocker; BP, blood pressure; DPP-4, Dipeptidyl peptidase 4; GLP-1, 

Glucagon-like peptide-1, RMSE, Root mean square error; SGLT2, Sodium glucose cotransporter.  

 

Figure 3: Trial level analyses for the association between treatment effects on GFR slope and 

treatment effects on the clinical endpoint by disease groups 

  Each circle represents a separate study with the size of the circle proportional to the number of events. 

Circles are coloured only if the associated study falls within that disease category; the colors indicate 

intervention type with the legend shown in Figure 2. The black line is the regression line through the 
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studies. The blue lines are the 95% pointwise Bayesian confidence bands. The pink dashed lines are the 

95% pointwise Bayesian prediction bands computed from the model.  
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Table 1. Clinical characteristics of the population stratified by disease etiology 

 

Group Number 
studies 

(participants) 

Age* Female* Diabetes eGFR   ACR   Rate of 
progression 

Interventions evaluated 

All Studies 66  
(186,312) 

63.4 
(10.5) 

58,632 
(35) 

126,439 
(68) 

68.0 
(109.5) 

68 
(2450) 

-3.17 
(-3.61, -2.72) 

 

Disease groups 
     

  

CKD 28  
(20,149) 

57.5 
(13.7) 

7621 (38) 4856 
(24) 

39.1 
(20.5) 

235 
(6) 

-3.405  
(-3.90, -2.90) 

RASB v con, RASB v CCB, 
SGLT-2 I, Allopurinol, Low v 
Usual Diet, Nurse coord care, 
Albuminuria Targeted 
Protocol, Statin + Ezetimibe, 
Low v Usual BP 

Diabetes 21  
(101,005) 

63.9 
(8.7) 

35659 
(35) 

101,005 
(100) 

69.3 
(88.7) 

71 
(517) 

-3.37  
(-4.29, -2.44) 

RASB v con, RASB v CCB, 
SGLT-2 I, DPP-4 I, GLP-1 Ag, 
MRA, ERA, Intensive Glucose, 
Antiplatelet, Low v Usual BP 

Glomerular 10 
(1,527) 

38.6 
(14.3) 

562 (37) 5 (1) 78.7 
(40.5) 

1471 
(2) 

-3.51  
(-4.82, -2.20) 

RASB versus Con 
Immunosuppression 

CVD 7 
(63,631) 

67.1 
(9.5) 

15052 
(33) 

20,573 
(32) 

74.9 
(39.2) 

16 
(18) 

-1.19  
(-1.61, -0.77) 

RASB versus con, RASB + CCB, 
MRA, Antiplatelet, Low v 
Usual BP  

Rate of progression is indicated by chronic slope in the control arm. Age and eGFR are shown as mean (SD), ACR as 
geometric mean (geometric SD); Female and diabetes as number of participants (percent), control slope as mean (95% 
confidence intervals).  
*Age was not available for four studies, and sex for one study. 
ACR, Urine albumin: creatinine ratio, CKD, chronic kidney disease, CVD, cardiovascular disease, eGFR, estimated glomerular 
filtration rate, N, sample size; RASB, renin-angiotensin system blockage; v, versus; Con, control; CCB, calcium channel 
blockers; SGLT2, Sodium glucose cotransporter, DPP-4, Dipeptidyl peptidase 4; GLP-1, Glucagon-like peptide-; inhibitor; Ag, 
Agonists; MRA, mineral corticoid receptor antagonists; ERA, endothelial receptor antagonists,  
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Table 2: Trial level analysis by subgroups  
  

Group Subgroup N Studies  
(N 

Interventions) 

Meta-Regression 
Slope 

Intercept R2 RMSE 

Total Slope computed over 3 years 

Overall 
 

66 (17) -0.35 (-0.42, -0.29) -0.04 (-0.09, 0.01) 0.97 (0.82, 1.00) 0.05 (0.02, 0.12) 

Disease CKD 28 (9) -0.36 (-0.52,-0.25) -0.05 (-0.14,0.04) 0.91 (0.51,1.00) 0.06 (0.01,0.14) 

 Diabetes 21 (10) -0.32 (-0.42,-0.21) -0.05 (-0.12,0.01) 0.89 (0.49,1.00) 0.06 (0.01,0.16)  
Glomerular 10 (2) -0.33 (-0.46,-0.22) -0.06 (-0.32,0.07) 0.99 (0.85,1.00) 0.06 (0.01,0.23)  
CVD 7 (5) -0.34 (-0.43,-0.25) -0.02 (-0.10,0.10) 0.98 (0.82,1.00) 0.05 (0.01,0.15) 

GFR < 60 40 (14) -0.30 (-0.44, -0.14) -0.07 (-0.17, 0.01) 0.83 (0.25, 0.99) 0.06 (0.02, 0.13) 

 > 60 26 (11) -0.37 (-0.46, -0.28) -0.02 (-0.11, 0.07) 0.98 (0.83, 1.00) 0.06 (0.01, 0.19) 

Restricted to studies with 
ACR available 

55 (14) -0.35 (-0.45, -0.27) -0.07 (-0.14, -0.01) 0.96 (0.75, 1.00) 0.06 (0.02, 0.14) 

Restricted to studies with 
ACR available and 
participants with ACR >30 
mg/g 

55 (14) -0.34 (-0.44, -0.23) -0.06 (-0.13, 0.02) 0.95 (0.69, 1.00) 0.05 (0.02, 0.13) 

Chronic Slope 

Overall 
 

66 (17) -0.33 (-0.46, -0.20) -0.01 (-0.10, 0.10) 0.55 (0.25, 0.77) 0.19 (0.13, 0.27) 

Disease CKD 28 (9) -0.33 (-0.53,-0.15) -0.06 (-0.19,0.06) 0.74 (0.18,0.99) 0.09 (0.01,0.20) 

 Diabetes 21 (10) -0.24 (-0.37,-0.12) 0.02 (-0.09,0.14) 0.71 (0.23,0.99) 0.11 (0.02,0.22) 
 

Glomerular 10 (2) -0.41 (-0.83,-0.20) -0.12 (-0.50,0.10) 0.96 (0.23,1.00) 0.12 (0.01,0.57) 

  CVD 7 (5) -0.48 (-1.33,-0.07) 0.04 (-0.14,0.27) 0.47 (0.01,0.99) 0.23 (0.05,0.53) 

GFR < 60 40 (14) -0.15 (-0.27, -0.03) -0.12 (-0.23, -0.03) 0.47 (0.02, 0.94) 0.09 (0.02, 0.18) 

 > 60 26 (11) -0.56 (-0.80, -0.33) 0.12 (-0.03, 0.29) 0.77 (0.35, 0.95) 0.23 (0.11, 0.38) 

Restricted to studies with 
ACR available 

55 (14) -0.30 (-0.44, -0.18) -0.04 (-0.14, 0.07) 0.65 (0.30, 0.88) 0.15 (0.08, 0.24) 

Restricted to studies with 
ACR available and 
participants with ACR >30 
mg/g 

55 (14) -0.22 (-0.35, -0.11) -0.07 (-0.18, 0.03) 0.66 (0.21, 0.94) 0.12 (0.03, 0.21) 

CKD, chronic kidney disease; CVD, cardiovascular disease; ACR, urine albumin to creatinine ratio; N, sample size; 
R2, coefficient of determination; RMSE, root mean squared error. To convert ACR in mg/g to mg/mmol, multiply by 
0.113. 
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Table 3: Application of GFR slope as Surrogate Endpoint in New RCT: Predicted Treatment effect on 
clinical endpoint and Positive Predictive Value 
 

GFR slope Observed 
Treatment effect 
on change in GFR 
slope 

Large RCT Medium RCT Small RCT 

Median HR and 
95% Bayesian 

Prediction 
Interval 

PPVtrial Median HR and 
95% Bayesian 

Prediction 
Interval 

PPVtrial Median HR and 
95% Bayesian 

Prediction 
Interval 

PPVtrial 

Total slope 
computed 
at 3 years 

0.5 0.80 (0.66, 0.98) 0.98 0.80 (0.62, 1.03) 0.96 0.80 (0.58, 1.12) 0.91 

0.75 0.74 (0.60, 0.89) 1.00 0.74 (0.57, 0.94) 0.99 0.74 (0.53, 1.02) 0.97 
1 0.68 (0.54, 0.82) 1.00 0.68 (0.52, 0.86) 1.00 0.68 (0.48, 0.93) 0.99 

Threshold for treatment effect 
on GFR slope associated with 
97.5% probability of clinical 
benefit 

0.44 0.58 0.79 

Chronic 
slope 

0.5 0.84 (0.55, 1.28) 0.80 0.84 (0.54, 1.32) 0.78 0.84 (0.51, 1.40) 0.75 
0.75 0.78 (0.51, 1.18) 0.89 0.78 (0.49, 1.22) 0.87 0.78 (0.47, 1.29) 0.84 
1 0.72 (0.47, 1.09) 0.94 0.72 (0.45, 1.12) 0.93 0.72 (0.43, 1.18) 0.91 

Threshold for treatment effect 
on GFR slope associated with 
97.5% probability of clinical 
benefit 

1.26 1.35 1.51 

GFR, glomerular filtration rate. Units of GFR are mL/min per 1.73 m2. The treatment effect on GFR slope is 
expressed as a mean difference in units of mL/min per 1.73 m2/year. The treatment effect on the clinical endpoint 
is expressed as a hazard ratio. PPVtrial denotes the trial level positive predictive value for clinical benefit, defined 
as a hazard ratio for the clinical endpoint < 1. A large RCT corresponds to a total sample size (N) of 1600 allocated 
equally to the treatment and control groups for RCTs whose average follow-up is 3 years with measurements 
every 6 months. A medium RCT was defined as having sample size of 800 and a small trial, a sample size of 400. 
The PPVtrial should be interpreted in relation to estimated probabilities of clinical benefit of 0.67, 0.63, or 0.60 for 
large, median and small RCTs, respectively, when there is no estimated treatment effect on the 3-year total slope, 
or 0.51, 0.51, and 0.52 when there is no estimated treatment effect on the chronic slope.  
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Methods 

The research complies with all relevant ethical regulations. Protocols of individual trials were reviewed 

by the participating centers’ institutional review boards. The analyses in this study were deemed exempt 

from review by the Tufts Medical Center Institutional Review Board. 

 

Overview 

Our meta-analytic approach followed seven main steps: (1) Search and identify data from published 

randomized control trials (RCTs) using a standardized approach; (2) Obtain agreement for use of 

individual data and transfer to Data Coordinating Center at Tufts Medical center or identify methods for 

cloud based data access; (3) Within each RCT, use intent-to-treat analyses to estimate a) the effect of 

the treatment on GFR slope under a shared parameter mixed effect model, and b) the effect of the 

treatment on clinical endpoint (defined as a composite of kidney failure, sustained GFR <15 mL/min per 

1.73 m2; or doubling of serum creatinine) under a Cox proportional hazards regression model; (4) 

Quantify the association between treatment effects on the GFR slope and treatment effects on clinical 

endpoints across RCTs using trial-level Bayesian meta-regression analysis; (5) Identify outliers and 

evaluate model adequacy across the individual trials by using a cross-validation approach to compare 

the observed treatment effect on the clinical endpoint in each trial to the posterior predictive 

distribution for that trial derived from the trial-level model fit to the remaining trials; (6) Quantify the 

consistency in these associations across disease subgroups using Bayesian meta-regression with partial 

pooling; (7) Assess the utility of using slope as a surrogate endpoint in a future trial by providing 95% 

Bayesian prediction intervals and trial level positive predictive values corresponding with a range of 

possible treatment effects on the slope endpoint in a hypothetical future trial.  
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The analytic approach is based on the causal association framework in which the validity of surrogate 

endpoints is evaluated based on the relationship between the average causal effect of the treatment on 

the surrogate endpoint and the average causal effect of the treatment on the clinical endpoint across a 

population of RCTs. This approach takes advantage of the fact that the average causal effects on the 

surrogate and clinical endpoints can be estimated with little bias within each RCT by applying intent-to-

treat analyses50-53. Confidence in the use of these results for a future new trial is increased when the 

previously conducted trials provide evidence that the treatment effect on the clinical endpoint is 

consistently predicted from the treatment effect on the surrogate across a broad collection of RCTs 

evaluating treatments which operate through diverse mechanisms and across diverse patient 

populations. As a result, the empirical support for a surrogate endpoint is enhanced when the trial-level 

meta-regression is conducted over a heterogeneous rather than a homogenous collection of previously 

conducted RCTs.  

 

Datasets and analytical groups  

As previously described, we conduct a systematic review of the literature which we update periodically 

to identify randomized controlled trials (RCTs) of CKD progression (Extended Data Figure 1, Protocol)8,34-

36. For trials that evaluated more than one intervention, we included a separate group for each 

independent treatment comparison, such that some participants were included in more than one 

analytical comparison54-58. In the prior analyses, we included 47 treatment comparisons spanning 49 

RCTs8. Since then, from a systematic review conducted in August 2018 to April 2020, we were able to 

add 19 new RCTs, including three trials of SGLT-2 inhibitors and 16 studies of seven novel treatments not 

previously included, such as endothelin receptor antagonists, glucagon-like peptide-1 receptor agonist, 

and mineralocorticoid receptor antagonists (Extended Data Table 1). This led to 66 treatment 

comparisons (herein referred to as studies) for the current analysis. In comparison to the prior analyses, 
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the current set of studies include populations with higher mean levels of GFR and at high risk for 

cardiovascular disease.  

 

For each study, we defined the active treatment as the treatment hypothesized to produce the greater 

reduction in the risk of the clinical endpoint. We categorized the studies by intervention type: renin 

angiotensin system blockade (RASB) versus control, RASB versus. calcium channel blocker (CCB), RASB + 

CCB versus placebo; intensive blood pressure (BP) control, low protein diet, antiplatelet, allopurinol, 

nurse coordinated care, albuminuria targeted therapy, endothelin receptor antagonist,  mineralcorticoid 

receptor antagonist, DPP-4, Dipeptidyl peptidase 4; GLP-1, Glucagon-like peptide-1, SGLT2, Sodium 

glucose cotransporter; intensive glucose, statin+ezetimibe, immunosuppressive therapy (including 

steroid, azathioprine, tacrolimus, fish oil, plasmapheresis). We grouped the studies according to diseases 

which defined enrollment, categorized as diabetes, glomerular diseases (GN), CKD from other causes or 

cause not specified (CKD), or cardiovascular diseases (CVD) (Supplementary Table 4). 

 

Clinical Endpoint 

The clinical endpoint was defined as a composite of kidney failure with replacement therapy (KFRT) 

(initiation of chronic treatment with dialysis or kidney transplantation); a sustained GFR <15 mL/min per 

1.73 m2 for participants with baseline GFR > 25 ml/min per 1.73 m2 (herein referred to as GFR < 15 

mL/min per 1.73 m2); or doubling of serum creatinine, over full study duration. This is the definition that 

is standard practice of clinical trials for CKD progression. The secondary clinical endpoint was defined as 

a composite of KFRT or GFR <15 mL/min per 1.73 m2 over full study duration. The exclusion of doubling 

of serum creatinine from the secondary clinical endpoint assures that the remaining components of the 

composite endpoint signify the occurrence or near-occurrence of a kidney failure, considered to be the 

true clinical event, and reduces the chance that endpoint would be affected by large acute effects.  



  30 
 

 

Compared to the primary clinical endpoint, the secondary clinical endpoint poses a number of 

challenges for our trial level analyses, including: 1) Treatment effects are estimated with reduced 

precision due to fewer events, reducing statistical power, particularly for subgroup analyses; 2) Trial-

level analyses are weighted even more heavily towards the subgroup of trials with lower levels of 

baseline GFR as KFRT and GFR <15 mL/min per 1.73 m2 are rare events for trials with high baseline GFR; 

3) the competing risk of death will have a greater impact. For these reasons the composite of KFRT and 

GFR <15 mL/min per 1.73 m2 is treated as the secondary clinical endpoint and the broader composite 

which includes doubling of serum creatinine in addition to these two events is designated as the primary 

clinical endpoint in these analyses.  

 

GFR 

GFR was estimated using the CKD-EPI 2009 creatinine equation59. Creatinine was standardized to 

isotope dilution mass spectroscopy (IDMS) traceable reference methods using direct comparison or was 

reduced by 5% from non-IDMS traceable methods as has previously been described (Supplementary 

Table 6)60. 

 

Analyses of the total and chronic GFR slope (surrogate endpoints).  

Changes in GFR after intervention are often nonlinear, with possibly differing direction and rates of 

change in early follow-up (herein called acute slope) and longer-term follow-up (herein called chronic 

slope). The total overall average rate of decline from randomization to a defined time point late in 

follow-up incorporates both elements (herein called total slope). We used a shared parameter mixed-

effects model that we had previously described8,40,61. The model assumes a linear mean GFR slope 

starting at three months post randomization. Differences between the randomized groups in the mean 
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GFR levels at 3 months follow-up, the mean slopes from 3 months onward, and the estimated mean 

changes from baseline to either 2- or 3-year follow-up factored by the follow-up duration represented 

the treatment effects on the acute, chronic, and total slopes, respectively. Our primary analyses focused 

on the total GFR slope computed at three years (herein called 3-year total slope), the approximate mean 

length of the included studies, and on the chronic slope. In a secondary analysis, we considered the total 

GFR slope at two years (2-year total slope).  

 

The model accounts for between-subject variability in GFR trajectories by inclusion of random slopes 

and intercepts. Random residuals account for variation in individual GFR measurements from the 

underlying GFR trajectories. A power of the mean (POM) model for the residual variance is used to allow 

for greater variation in individual GFR measurements at higher GFR. The model allows for non-uniform 

treatment effects in which treatments slow progression by a greater extent among patients with faster 

GFR decline than for patients with slower GFR decline by allowing different between-patient slope 

variances in the treatment and control groups8,40. In studies in which at least 15 subjects died or reached 

KFRT, the model accounts for informative censoring by these events by incorporating the mixed model 

for the GFR measurements within a shared parameter model in which the risk of KFRT or death was 

assumed to be related to the random slopes and intercepts of the GFR part of the model62,63. Simplified 

models were used in cases where convergence could not be obtained with the full model. The full 

shared parameter mixed effects models was fit using the SAS (version 9.4) nonlinear mixed-effects 

regression procedure, NLMIXED. 

 

Trial level analysis.  

Estimation of treatment effects As described above, we applied the mixed effects models to estimate 

the treatment effects on GFR slope within each study by treatment arm, with treatment effects 
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expressed as differences in the mean GFR slopes between the treatment versus control groups in units 

of ml/min/1.73m2/year. We estimated treatment effects on the clinical endpoint by performing 

separate Cox proportional hazard regressions to estimate log hazard ratios for the treatment in each 

trial. We summarized the mean treatment effects on each individual endpoint using restricted maximum 

likelihood with study as a random effect (rma.uni function in R metafor package)64. 

 

Bayesian meta-regression We next applied a trial-level Bayesian mixed effects meta-regression model to 

relate the treatment effects on the clinical endpoint to the treatment effects on GFR slope with study as 

the unit of analysis41,50. The model relates the treatment effects on the two endpoints after accounting 

for the standard deviations of the random errors in the estimated effects in each study and the 

correlation of these errors with each other. This approach takes advantage of the fact that the average 

causal effects on the surrogate and clinical endpoints can be estimated with little bias within each 

randomized trial by applying intent-to-treat analyses51-53. The model includes two stages, where the first 

stage relates the estimated treatment effects to the true latent treatment effects within each trial, and 

the second stage describes the relationships between the true latent treatment effects across the 

different trials.  

 

To express the model precisely, let i = 1, 2, ..., denote the 66 randomized treatment comparisons 

included in the analysis. For simplicity, as most trials included a single treatment comparison, we abuse 

the notation slightly and write that the index i refers to the 𝑖𝑡ℎ trial. We let 𝜃𝑖 and 𝛾𝑖  denote the true 

latent treatment effects on the clinical endpoint and on the GFR slope in the 𝑖𝑡ℎ trial, and use 𝜃𝑖 and 𝛾𝑖 

to indicate the estimated effects obtained as described above. The first stage of the model relates the 

estimated and true latent treatment effects in the 𝑖𝑡ℎ trial by: 
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[
𝜃𝑖

𝛾𝑖
]~ MVN([

θ𝑖

𝛾𝑖
] , [

𝜎𝑖
2 𝑟𝑖𝜎𝑖𝛿𝑖

𝑟𝑖𝜎𝑖𝛿𝑖 𝛿𝑖
2 ]). 

Here, 𝜎𝑖 is the standard error of the estimated treatment effect on the clinical endpoint and 𝛿𝑖  is the 

standard error of the estimated treatment effect on GFR slope in the 𝑖𝑡ℎ trial, and 𝑟𝑖 is the correlation 

between these estimated treatment effects. We used robust sandwich estimates to estimate the 

correlations 𝑟𝑖 within each trial. For two trials which included two different comparisons of active 

treatments to control, we also accounted for the correlations between the two treatment contrasts with 

the same control group. The notation MVN() indicates that the estimated treatment effects are assumed 

to follow a bivariate normal distribution given the true treatment effects within each trial; this 

assumption is satisfied to a high degree of accuracy due to the central limit theorem. 

The second stage of the model characterizes the variation in the true latent treatment effects on GFR 

slope and on the clinical endpoint across the trials. This second stage is expressed as  

[
𝜃𝑖

𝛾𝑖
] ~𝑁 ([

𝜇𝜃

𝜇𝛾
] , [

𝜎𝜃
2 R𝜎𝜃𝜎𝛾

R𝜎𝜃𝜎𝛾 𝜎𝛾
2 ]) 

where 𝜇𝜃 and 𝜇𝛾 are respectively the means of the true latent treatment effects on the clinical endpoint 

and on GFR slope in the population of trials represented by this meta-regression, 𝜎𝜃 and 𝜎𝛾 are the 

standard deviations of the true latent treatment effects across the population of trials, and R is the 

correlation between the true latent treatment effects on the two endpoints. Based on this 2-stage 

model, the slope and intercept of the meta-regression line predicting the true latent treatment effect on 

the clinical endpoint from the true latent treatment effect on the surrogate endpoint are given by β = 

R𝜎𝜃/𝜎𝛾 and α = 𝜇𝜃 − β𝜇𝛾, respectively, and the residual standard deviation or root mean square error, 

which defines the uncertainty in the treatment effect on the clinical endpoint given a particular 

treatment effect on the surrogate endpoint, is RMSE = 𝜎𝜃 × (1 − 𝑅2)
1

2.  
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The 2-stage model was fit using a Bayesian Monte-Carlo Markov Chain sampling, using diffuse prior 

distributions for the model parameters that we selected so that the final results would depend primarily 

on the data with little influence of the prior distributions. The priors on the meta-regression slope were 

uniform with range of -5 to 5. The priors for the mean treatment effects on the clinical endpoint 

(expressed as a log hazard ratio) and on each GFR slope endpoint (expressed as difference between 

treatment arms in ml/min/1.73m2/year) were taken to be normal distributions each with mean 0 and 

variance 10,000; the priors for the variances of the treatment effects on the clinical endpoint and on the 

GFR slope endpoints were each taken to be inverse gamma distributions with shape parameter 0.261. 

The scale parameter was 0.000408 for the clinical endpoint and 0.005 for the slope endpoints. The prior 

distribution for the clinical endpoint was selected by the investigators to assign 1/3 prior probabilities 

each to low treatment effect heterogeneity (which we defined as a treatment effect SDs on the log scale 

≤ 0.05), medium treatment effect heterogeneity (defined as a treatment effect SD on the log scale 

between 0.05 and 0.20), and high treatment effect heterogeneity (defined as a treatment effect SD on 

the log scale > 0.20). For slope, the prior assigns a 1/3 prior probability to slope SDs ≤0.175 

ml/min/1.73m2/year, 1/3 to a slope SD between 0.175 and 0.70 ml/min/1.73m2/year, and 1/3 to a slope 

SD > 0.70 ml/min/1.73m2/year, respectively. We checked that the prior distributions had only a small 

influence on the results by verifying that the results of each analysis were similar under alternative 

inverse gamma (0.001, 0.001) prior distributions for the variances for the treatment effects on the 

clinical endpoint and on GFR slope. 

 

Interpretation The meta-regression supports validity of GFR slope as a surrogate endpoint if 1) the slope 

of the meta-regression line has a large magnitude with a Bayesian credible interval that does not cross 

0; 2) the intercept is close to 0 and with a Bayesian credible interval that crosses 0, implying absence of a 

substantial average effect on the clinical endpoint when the treatment does not affect GFR slope; 3) the 
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R2 of the meta-regression is large, indicating strong associations (e.g., >0.72)43, so that treatment effects 

on GFR slope account for most of the variation in treatment effects on the clinical endpoint. 

 

The meta-regression slope provides the mean difference in the log hazard ratio for the clinical endpoint 

associated with each 1 ml/min/1.73m2/year increment in the treatment effect on the GFR slope 

endpoint. The meta-regression intercepts provide the estimated mean log hazard ratio for the clinical 

endpoint when the mean treatment effect on the GFR slope endpoint is equal to 0. To assist with 

interpretation, we express the impact under the meta-regression model of a 0.75 ml/min per 1.73 m2 

difference in the treatment effect on GFR slope on the hazard ratio for the treatment effect on the 

clinical endpoint using the formula: 

 

% Difference in HR for clinical endpoint = 100 × (1 − exp(0.75 × (meta − regression slope))). 

For example, a 0.75 ml/min per 1.73 m2/year greater beneficial effect of the treatment on the 3-year 

total GFR slope is associated with an average 23% = 100 × (1- exp (0.75*-0.35)) = 1 – 0.77 = 0.23 lower 

hazard ratio for the clinical end point. 

 

Subgroup analyses. We performed the following subgroup analyses.  

1. GFR of 60 ml/min per 1.73 m2 is the threshold for the definition for CKD. We wished to evaluate 

whether the strength of the associations differed for studies with higher versus lower levels of 

GFR. We repeated the trial level analyses as described above according to studies with mean 

baseline GFR above and below 60 ml/min per 1.73 m2  

2. Urine albumin greater than 30 mg/g (3.39 mg/mmol is the threshold for diagnosis of CKD, 

regardless of the level of GFR. It is also a critical value for determining risk of progression, even 

at high levels of GFR. We wished to evaluate whether the strength of the associations differed 
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for participants with albuminuria. We repeated the trial level analyses after restricting to the 

subset of participants who had urine albumin to creatinine ratio greater than 30 mg/g (3.39 

mg/mmol) within each study. 

3. We evaluated whether the results for the meta-regression varied across disease groups by 

fitting an expanded meta-regression model using a Bayesian partial-pooling modeling approach 

to evaluate subgroups by disease. Because there were a limited number of studies with varying 

sizes within subgroups, there was low statistical power to estimate meta-regression parameters 

for analyses which are fully restricted to specific subgroups of trials. The partial-pooling model 

allows subgroup-specific meta-regressions but induces a data-adaptive information sharing 

across subgroups to improve the precision in estimation.   

 

This approach adds a third stage to the basic 2-stage mixed effects meta-regression model 

described for the analysis of the full cohort of 66 studies described above. In the extended 

partial-pooling model, the first stage again describes the relationship between the estimated 

treatment effects and the true latent treatment effects on the slope and clinical endpoints 

within each trial. The second stage includes separate meta-regressions that describe the 

relationship between the true latent treatment effects on the slope and clinical endpoints across 

the studies within each of the designated subgroups of trials. The third stage describes the 

variation in the meta-regression terms of the second stage between the designated subgroups. 

When the data suggest a small amount of variation in a particular meta-regression term (such as 

the meta-regression slope or intercept) between the subgroups, then the subgroup-specific 

posterior distributions for that term will be more distinct between subgroups due to a lesser 

degree of information sharing. Alternatively, if the data does not suggest a large degree of 

heterogeneity in any given term across subgroups, then there will be more information sharing 
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across subgroups and the posterior distributions for that term will be more similar. In this way, 

the partial pooling approach allows subgroup specific meta-regressions, while also 

implementing data-adaptive sharing of information across subgroups to provide improved 

precision in estimating parameters in subgroups containing limited numbers of studies of 

varying sizes.  

4. Sensitivity assessment. We refit the model removing GN and CVD studies, hypothesizing that 

these diseases would behave differently than diabetes and other causes of CKD. 

 

Model adequacy and outlier assessment. For each study, we produced a posterior predictive distribution 

(PPD) for the estimated treatment effect on the clinical endpoint based on the estimated treatment 

effect on GFR slope in that study and the meta-regression model fit to the remaining trials with that 

study held out. The PPD takes into account uncertainty in the meta-regression parameter estimates as 

well as the sampling error of the estimated treatment effects within the held-out trial. We graphically 

displayed the actual observed effect on the clinical endpoint to an interval extending from the 5th to the 

95th percentile of the PPD for each trial to display how well the trial level model predicts the treatment 

effect in a “new trial” based on a model developed from the remaining trials. We defined potential 

outliers as trials where the observed effects fell in the top 5% or in the bottom 5% of the PPD, 

recognizing that on average 10% of trials would be flagged as outliers by chance under a perfect model. 

We additionally re-fit the trial level model to datasets where individual trial flagged as an outlier was 

left-out of the analysis. We computed posterior medians and 95% credible intervals for the meta-

regression intercept, slope, RMSE, and R2 to identify whether, after an individual trial was removed, the 

interpretation of results meaningfully changed.  
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Prediction intervals and trial-level positive predictive value. We obtained 95% prediction intervals for the 

treatment effect on the clinical endpoint given a particular value for the true latent treatment effect on 

GFR slope by simulating the posterior distribution of 𝛼 + 𝛽 × True. Eff𝑠𝑙𝑜𝑝𝑒 +

 𝛥0, where True. Eff𝑠𝑙𝑜𝑝𝑒 is the true latent treatment effect on the GFR slope endpoint, 𝛼 +

𝛽 × True. Eff𝑠𝑙𝑜𝑝𝑒 represents the predicted mean true latent treatment effect on the clinical endpoint 

based on the meta-regression model, and 𝛥0 is normally distributed with mean 0 and standard deviation 

given by the RMSE from the meta-regression. Here 𝛥0 represents the variation in the true latent 

treatment effects on the clinical endpoint across different trials with the same treatment effect on GFR 

slope. This prediction interval accounts for uncertainty in the estimation of 𝛼, 𝛽, and in the RMSE that 

define the meta-regression, as well as uncertainty due to variation in the treatment effects on the 

clinical endpoint about the regression line for different trials.  

 

When the trial level meta-regression is applied to a newly conducted randomized trial, there is an 

additional source of uncertainty that results from imprecision in the estimation of the treatment effect 

on GFR slope in the new trial. This added uncertainty depends on the sample size, and is smaller when 

the sample size for the new trial is large. We obtained 95% prediction intervals for the true latent 

treatment effect on the clinical endpoint in a new trial that take into account this additional uncertainty 

by again sampling from the posterior distribution of 𝛼 + 𝛽 × True. Eff𝑠𝑙𝑜𝑝𝑒 +  𝛥0, but now assume that 

True. Eff𝑠𝑙𝑜𝑝𝑒 has a random distribution to reflect the uncertainty in its estimation in the new trial 

instead of taking True. Eff𝑠𝑙𝑜𝑝𝑒 to be a fixed value. Specifically, we assumed that the posterior 

distribution of True. Eff𝑠𝑙𝑜𝑝𝑒 is normally distributed with mean equal to the estimated treatment effect 

on GFR slope and standard deviation given by the standard error for the estimated treatment effect on 

GFR slope based on the sample size. We considered sample size of 1600, 800 and 400 to reflect a large, 

modest and small sized RCT respectively. In each case we assumed follow-up times of 3 years and 
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assumed two measurements of serum creatinine at baseline, one measurement at 3 months follow-up, 

and additional measurements at months 6, 12, and every 6 months thereafter. We performed this 

calculation for a trial with a between-patient standard deviation in chronic GFR slopes of 4.0 

ml/min/1.73m2/year, with residual GFR variance equal to 0.67 x [mean baseline GFR], where the mean 

baseline GFR is 40 ml/min/1.73m2.  

 

We used a similar sampling approach for the posterior distribution of 𝛼 + 𝛽 × True. Eff𝑠𝑙𝑜𝑝𝑒 + 𝛥0 to 

estimate the probability that the treatment effect of the clinical endpoint in the new trial, expressed as 

a log hazard ratio, would fall below 0 (corresponding to a non-zero treatment benefit with a hazard ratio 

for the clinical endpoint less than 1) given either the true or the estimated treatment effects on GFR 

slope in the new trial. We refer to the probability of a clinical benefit in the new trial associated with a 

particular treatment effect on GFR slope as the trial level positive predictive value, which we denoted by 

PPVtrial. By considering the positive predictive value as a function of the estimated treatment effect on 

GFR slope, we determined the size of the smallest treatment effect on GFR slope that would be required 

to assure a positive predictive value of at least 0.975 for a benefit on the clinical endpoint. 

 

Statistical analysis 

Analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) and R 4.1.0 (2021-05-18 R 

Project for Statistical Computing www.r-project.org)64. For Bayesian model-fitting within R, we used the 

RStan package (2.21.3)41. For treatment effects displayed in Figure 1 we used restricted maximum 

likelihoods with study as a random effect with the rma.uni function in R metafor package (3.0-2)64. 

 

Statistics and Reproducibility  

http://www.r-project.org/


  40 
 

All studies included in the analyses presented in this manuscript were randomized clinical trials. The 

majority of the clinical trials included in the analyses were double blind placebo-controlled trials. 

However, trials of blood pressure control, dietary intervention and other lifestyle interventions were 

unblinded in that the participants were aware of their randomly assigned treatment. The majority of the 

66 participating studies included sample size calculations which are described in the protocols of the 

respective studies.  We used a pre-defined protocol to identify studies for inclusion in the analyses of 

this report using systematic review of the literature with predefined inclusion and exclusion criteria 

(Protocol and Extended Data Figure 1). Our study design was to use all studies conducted that met the 

entry criteria and for which we received agreement to use the data. Because our analyses were applied 

to all available studies that met the entry criteria, we did not perform sample size calculations for the 

number of studies to be included in the trial level analyses. 

 

Data Availability  

All data used in the analysis were obtained by the CKD-EPI CT group through third parties. Data use 

agreements prohibit CKD-EPI CT from sharing data with parties external to the agreement. See 

Supplement Table 1 for identity of third party providers. The following datasets could be requested 

through data sharing platforms: Vivli: CANVAS (NCT01032629), CANVAS-R (NCT01989754), CREDENCE 

(NCT02065791), EMPA-REG Outcome (NCT01131676), EXAMINE (NCT00968708), Harmony Outcome 

(NCT02465515), FIDELIO-DKD (NCT02540993); NIDDK: AASK (NCT04364139), FSGS/FONT 

(NCT00135811), HALT-PKD A and B (NCT00283686), MDRD (NCT03202914); NHLBI BioLINCC: TOPCAT 

(NCT00094302), SPRINT (NCT01206062); Clinical Study Data Request: PARADIGM-HF (NCT01035255), 

ACCOMPLISH (NCT00170950); Sponsors’ website: LEADER (NCT01179048)  

 

Code Availability 
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The statistical code we used for the primary analysis can be found at 

https://github.com/UofUEpiBio/ckdepict. 
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