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Abstract  

Background: There is strong biologic plausibility to support change in albuminuria as a surrogate 

endpoint for progression of chronic kidney disease (CKD), but empirical evidence to supports its validity 

in epidemiologic studies is lacking.   

Methods:  We analyzed 28 cohorts including 693,816 individuals (80% with diabetes) and 7,461 end-

stage kidney disease (ESKD) events, defined as initiation of kidney replacement therapy. Percent change 

in albuminuria was quantified during a baseline period of 1, 2 and 3 years using linear regression. 

Associations with subsequent ESKD were quantified using Cox regression in each cohort, followed by 

random-effects meta-analysis. Further adjustment for regression dilution was used to take into account 

the high variability of albuminuria.   

Findings: Change in urine albumin-to-creatinine ratio (ACR) was consistently related to subsequent risk 

of ESKD. The adjusted hazard ratio of ESKD following a 30% decrease in ACR during a 2-year baseline 

period was 0.83 (95% CI 0.74-0.94); after further adjustment for regression dilution it was 0.78 (95% CI 

0.66-0.92). Adjusted hazard ratios were relatively consistent across cohorts and subgroups but were 

somewhat stronger at higher ACR (p-interaction<0.05). In a group of persons with baseline ACR >30 

mg/g, an average reduction in ACR of 30% over 2-years was estimated to confer >1% absolute reduction 

in 10-year ESKD risk, even at earlier stages of CKD. Results were generally similar when using change in 

urine protein-to-creatinine ratio (PCR), or when study populations from clinical trials were evaluated. 

Limitations include potential residual confounding, modeling assumptions, and heterogeneity. 

Interpretation: Change in albuminuria was consistently associated with subsequent risk of ESKD across a 

wide range of cohorts, lending support to using average change in albuminuria as a surrogate endpoint 

in clinical trials of CKD progression in the setting of elevated albuminuria.  

Funding: US National Kidney Foundation, National Institute of Diabetes and Digestive and Kidney 

Diseases. 
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Introduction:  

A recent scientific workshop sponsored by the US National Kidney Foundation, in collaboration with the 

US Food and Drug Administration and European Medicines Agency (NKF-FDA-EMA) Workshop evaluated 

candidate surrogate endpoints for clinical trials of drugs to slow kidney disease progression, particularly 

among participants with early stages of chronic kidney disease (CKD). Change in albuminuria has been 

used for decades in some clinical trials for developing therapies to slow progression of CKD.1,2 However, 

substantial controversy exists about whether change in albuminuria meets the criteria for a surrogate 

outcome for end-stage kidney disease (ESKD) risk in phase 3 clinical trials. Criteria for surrogacy include 

biological plausibility, correlation with clinical trial estimates of clinical endpoints and observation of 

consistent risk associations with clinical endpoints across a wide range of settings.3 This study focuses on 

the latter aspect by examining the relationship of change in albuminuria to ESKD risk in a large 

individual-level meta-analysis. This complements parallel investigations in clinical trials of whether the 

effect of interventions on albuminuria agrees with their effects on ESKD risk.4,5  

 

Previous meta-analyses of clinical trials conflict with respect to the strength of associations between 

change in albuminuria and risk of ESKD,4,6,7 leading to controversy8-11. Noted limitations leading to the 

aforementioned controversy were selected populations, small sample size, and relatively short duration 

of follow up. Observational studies can overcome these limitations. Published analyses of single cohorts 

have generally showed change in albuminuria was related to ESKD12-15 and cardiovascular16 risk, but had 

limited power to perform subgroup analyses and to investigate linearity and interactions.  Only one 

study adjusted for imprecision in estimation of change in albuminuria. Imprecision in estimating 

albuminuria at the individual level is substantial17 and is therefore of particular importance because it 

leads to regression dilution which weakens empirical associations of changes in albuminuria with risk. In 
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contrast, clinical trials compare groups of individuals and how average albuminuria reduction is related 

to risk.    

The current investigation is published together with a companion meta-analysis of clinical trials to 

provide complementary approaches evaluating the association of albuminuria change to subsequent 

ESKD risk5. The clinical trial manuscript examines randomized effects at the trial level.  The current 

investigation uses a global collaboration to precisely and rigorously model the individual level 

observational association. To assess consistency and generalizability, we examine the associations 

across a wide range of settings, albuminuria levels, diabetes, hypertension and antihypertensive 

medication use. We adjust for regression dilution to better estimate the association between changes in 

albuminuria and ESKD risk, focusing on changes that are of comparable magnitude to those observed in 

clinical trials. Finally, we estimate attributable risks of albuminuria reduction on ESKD for up to a decade 

of follow-up. Long follow-up is important for understanding the full implications of treatments evaluated 

in shorter term clinical trials.   

 

Methods 

Study selection criteria 

Details of the CKD Prognosis Consortium (CKD-PC) are described elsewhere and in Appendices 1-2.18-22 

Briefly, CKD-PC consists of more than 70 cohorts with at least 1,000 participants (not applied to cohorts 

predominantly enrolling persons with CKD) across over 40 countries, with data on serum creatinine and 

albuminuria, and with 50 or more events on outcomes of interest (either mortality or kidney 

outcome).18-22 CKD-PC is open to new cohorts and invitation to join was widely advertised in preparation 

for the NKF-FDA-EMA workshop.  All cohorts with appropriate data, a repeated measure of albuminuria 

during an elapsed period of  8 months - 4 years and subsequent ESKD or mortality follow-up active 

during this phase opted into this study. We included 28 cohorts with 20 having follow-up on ESKD and 
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27 on mortality. Each meta-analysis for the present study was restricted to cohorts with participants 

aged ≥18 years. Data transfer and analysis took place between July 2015 and June 2018. To ensure that 

the results are consistent with participants enrolled in clinical trials, we performed the same analysis in 

14 clinical trials included in the clinical trials database of CKD-EPI, including 9 clinical trials not included 

in CKD-PC.4 This study was approved by the institutional review board for use of de-identified data at 

the Johns Hopkins Bloomberg School of Public Health (Baltimore, Maryland, USA). 

 

Procedures 

Studies that measured albuminuria (measured as urine albumin-to-creatinine ratio [ACR] or urine 

albumin excretion rate [AER] converted to ACR) and proteinuria (measured as urine protein-to-

creatinine ratio [PCR] or urine protein excretion rate [PER] converted to PCR) were analyzed separately 

(see supplement for details).23 We examined changes in albuminuria on the log scale to focus on relative 

changes, normalize the distribution and enable analysis of change across a wide range of baseline 

albuminuria levels (e.g. 30% decline is possible for all levels while a 300 mg/g decrease is only possible 

above this level of albuminuria). We expressed albuminuria changes as percent change; a change in 

albuminuria of +/-0.515 on the log (base2) scale corresponds to a 30% decrease and 43% increase in 

albuminuria (these percent changes are symmetric relative changes with 1/0.70=1.43). As the 

implications for the magnitude of change in albuminuria may vary depending on the time in which the 

change is observed, we defined three baseline periods (1, 2, and 3 years) to determine the change in 

albuminuria and repeated the analysis for each baseline period. For each baseline period, one-third of 

the total length of time was allowed as a window for determining the last available albuminuria to 

calculate the change, and the albuminuria closest to the end of the period of interest was selected for 

each participant. In the analysis of clinical trials in the CKD Epidemiology Collaboration (CKD-EPI), we 

defined a 0.5 year baseline period  in addition to the 1-, 2-, and 3-year analyses, and we used +/- 3 
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months as the window for measurement. All covariates were assessed at the time of first albuminuria 

and all albuminuria measures within the baseline were used (Appendix shows details for methods).  

 

eGFR was calculated using the CKD-EPI 2009 creatinine equation.22,24 In cohorts where the creatinine 

measurement was not standardized to isotope dilution mass spectrometry (IDMS), creatinine 

concentrations were reduced by 5%, the established calibration factor, and drift over time was 

corrected when possible.25 We defined diabetes as fasting glucose ≥7.0 mmol/L (126 mg/dl), non-fasting 

glucose ≥11.1 mmol/L (200 mg/dl), hemoglobin A1c ≥6.5%, use of glucose lowering drugs, or self-

reported diabetes. Participants with a history of myocardial infarction, coronary revascularization, heart 

failure, or stroke were considered to have a history of cardiovascular disease (CVD). Smoking status was 

classified as never vs. former, or current smoker.  

 

The primary outcome of interest was ESKD developing after the baseline period. We defined ESKD as 

initiation of kidney replacement therapy. ESKD cases during the baseline period were excluded from the 

relevant analyses. Since patients with CKD may die without reaching ESKD, we repeated the analysis for 

cardiovascular and all-cause mortality as well as non-cardiovascular mortality. Cardiovascular mortality 

was defined as death due to myocardial infarction, heart failure, stroke, or sudden cardiac death. 

 

Statistical analysis 

We applied a two-stage analytic approach, whereby each cohort was first analyzed separately, followed 

by a random-effects meta-analysis. The analysis overview and analytic notes for individual studies are 

described in Appendix 1. We imputed missing values of diabetes, history of CVD, smoking, systolic blood 

pressure, and total cholesterol using cohort-specific mean values if missing values were less than 50% 

(see Appendix 1 for details). Variables with more than 50% missing were not included in cohort-specific 
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adjusted models. We quantified heterogeneity with the I2 statistic and χ2 test18 and explored sources of 

heterogeneity with Forest plots and random-effects meta-regression analysis. We performed analyses 

using Stata/MP 14 and 15 software (www.stata.com). We considered 2-sided P-values <0.05 as 

statistically significant. 

 

We modeled the adjusted hazard ratios (HRs) of ESKD and mortality after the end of the baseline period 

as a spline function of change in albuminuria adjusted for the covariates. In each study, we fitted piece-

wise linear splines for change in log albuminuria (five knots were placed: 1-fold change (e.g., no change) 

2-fold change (e.g., 2-times and ½-times), and 4-fold change (4- and ¼-times) with 1-fold (no change) as 

the reference point. We adjusted Cox models for baseline age, sex, race/ethnicity (blacks vs. non-

blacks), systolic blood pressure, total cholesterol, diabetes, history of CVD, current smoking, former 

smoking, and first eGFR and albuminuria. We assessed potential effect modifiers, including baseline 

albuminuria and diabetes, by incorporating interaction terms with continuous change in log albuminuria 

modeled as a linear spline with one knot at zero (no change). We illustrated the opposite effects of 

decreasing and increasing albuminuria as symmetric points on the log scale (30% decrease and 43% 

increase compared to 0% change).   Robustness to further adjustment for hemoglobin A1c or expanding 

the outcome definition to include participants reaching eGFR < 15 ml/min/1.73m2 was tested in a large 

cohort which provided these data. 

 

We adjusted the hazards ratios for regression dilution by dividing the log hazard ratio by the reliability 

coefficient of change in albuminuria.26 We derived the reliability coefficient for each study and baseline 

period as the ratio of the total variance less an estimate of the error variance to the total variance for 

change in albuminuria. We estimated the error variance of the 1-, 2-, and 3-year change in albuminuria 

as twice the albuminuria error variance estimated from repeat albuminuria measures in three studies 

http://www.stata.com/
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with repeated albuminuria measures (details in Table S1). The primary analysis corrected the meta-

analyzed hazard ratio for the median reliability coefficient, and sensitivity analyses corrected the meta-

analyzed hazard ratio for the 25th and 75th percentile estimate of the reliability coefficients from the 

participating cohorts.   

 

We translated meta-analyzed adjusted HRs for change in albuminuria to absolute risk of ESKD up to 10 

years after the baseline period for the following combination of covariates: 60 year old, 50% female, 

non-black, no change albuminuria, first eGFR of 60 ml/min/1.73m2, a systolic blood pressure of 140 mm 

Hg, a total cholesterol of 5.2 mmol/L, 25% diabetes, 25% CVD, and 25% current and 25% former 

smoking. We estimated absolute risk by first fitting competing risk models which accounted for death as 

a competing event within each cohort. 27 We then fit a Weibull distribution to the adjusted baseline 

subhazard within each cohort and averaged these across all studies. This average adjusted subhazard 

was combined with regression dilution-adjusted meta-analyzed hazard ratios to estimate absolute risk. 

We calculated risk for a 30% decline from a baseline ACR of 30, 300 and 600 mg/g and baseline PCR of 

50, 500 and 1000 mg/g as well as eGFR levels of 45 and 75 ml/min/1.73 m2 (Appendix 1).  

 

Role of the funding source 

The funders of the study had no role in study design, data collection, data analysis, data interpretation, 

or writing of the report. JC, YS, KM, and MEG had full access to all the data in the study and all authors 

had final responsibility for the decision to submit for publication, informed by discussions with 

collaborators. 

 

Results: 



10 
 

The study population included 28 cohorts with a total sample size of 693,816 participants in the analysis 

which assessed change in albuminuria over a 2-year baseline period (Table 1). Among these cohorts, 20 

had follow-up for ESKD, 27 had follow-up for mortality, of which 11 had follow-up for cardiovascular 

mortality (Table S2). Albuminuria was quantified with ACR in 16 cohorts, PCR in 3 cohorts and both in 9 

cohorts. PCR was more likely to be available in cohorts with lower mean baseline eGFR. The total 

number of ESKD events after the two year baseline period was 7,461 (Table S2 with Tables S3-S6 

showing results for 1 and 3 year baseline periods). Mean age was 63 (cohort IQR 58-66) years. A large 

number of both men and women were included with a wide range of diabetes prevalence, but only a 

minority of the participants were black. Mean baseline eGFR was 78 ml/min/1.73m2. Baseline 

albuminuria varied according to baseline eGFR, reflecting cohort entry criteria. Sixteen of the cohorts 

had a mean eGFR higher than 60 ml/min/1.73m2 and had a low median baseline ACR (2 to 18 mg/g), 

while twelve of the cohorts had a mean eGFR less than 60 ml/min/1.73m2 and had a wide range of 

median albuminuria (18 to 1118 mg/g). The median fold change in albuminuria was close to 1.0 with IQR 

of 0.61 to 2.17 (Table S3 and S5 show results for shorter and longer baseline periods).   

 

The adjusted hazard ratio of ESKD increased approximately linearly with the change in ACR and PCR on 

the log scale for 1, 2 and 3 year baseline periods (Figure 1). The 95% confidence intervals in all panels 

were narrow, such that even relatively small changes in albuminuria were significantly associated with 

the risk of ESKD. The relative hazard of ESKD following a 2-year 30% reduction in ACR was 0.83 (95% CI 

0.74-0.94) after adjustment for age, sex, race/ethnicity (blacks vs. non-blacks), systolic blood pressure, 

total cholesterol, diabetes, history of CVD, current smoking, former smoking, and first eGFR and 

albuminuria (Table 2). The reliability of albuminuria change in the median cohort was 0.721 for the 2 

year baseline period (detailed by cohort in Table S7). Using this reliability coefficient to adjust for 

regression dilution strengthened the relative hazard to 0.78 (95% CI 0.66-0.92). In analyses using 
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reliability coefficients from the cohort in the 25th and 75th percentile, the corresponding hazard ratios 

were 0.76 (95% CI 0.63-0.91) and 0.80 (95% CI0.70-0.93). The reliability coefficients were higher at 

longer follow-up, indicating more precision in estimate of change in albuminuria, and were similar for 

ACR and PCR changes. Adjusted for regression dilution and baseline variables, the association of 30% 

reduction in albuminuria with ESKD was generally similar across different duration of the baseline period 

and measurement with ACR or PCR, although risk reduction was somewhat stronger for PCR studies with 

more than one year of follow-up (Table 2).   

 

The associations between albuminuria change and ESKD in individual cohorts were consistent with the 

overall meta-analysis result in the majority of cohorts (Figure 2 and Figures S1-S2). The hazard ratio of 

ESKD associated with a 43% increase in albuminuria, measured using ACR or PCR, was opposite in 

direction but similar in magnitude to that of a 30% decrease in albuminuria. None of the covariates 

explained the between study variation in meta-regression. Interaction analysis showed that most 

associations between change in albuminuria and ESKD were similar across levels of other baseline 

covariates, including sex and, in the studies with available data, change in key covariates (e.g. use of 

renin-angiotensin-aldosterone system inhibitor use; see Figure 3 and Figures S3-S4). A notable exception 

was baseline albuminuria, where a 30% decrease in ACR was associated with a stronger adjusted relative 

hazard reduction in ESKD in higher compared to lower levels (p-interaction < 0.001 for ACR and 0.006 for 

PCR; detailed subgroup analyses are shown in Figures S5-S10). There was no interaction of baseline 

albuminuria and increase in albuminuria with ESKD (Figure 3). Other possible interactions with change in 

albuminuria for ESKD included a stronger association of decrease in ACR with stable blood pressure, 

increase in ACR with younger age, and increase in ACR with decrease in systolic blood pressure, and a 

weaker association of decrease in ACR in blacks.  However, none of the p-values was significant after 
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adjustment for multiple comparisons (Figure 3 and Figure S3; similarly trends were seen for decrease in 

PCR possibly interacting modestly with sex, race and decrease in blood pressure, Figure S4).   

 

All-cause mortality and cardiovascular mortality were each related to change in ACR and PCR, but the 

relationships were weaker than for ESKD and in some cases non-linear (Figure 4 and Figure S11-S15). 

Specifically, ACR decrease and some PCR decrease segments were more weakly related than most 

corresponding increases in ACR or PCR during 1, 2 and 3 years of follow-up. A 43% increase in ACR was 

associated with an adjusted hazard ratio of cardiovascular mortality of 1.14 (1.06-1.22) while a 30% 

decrease has a weaker hazard ratio of 0.94 (0.87-1.02). Associations for non-cardiovascular mortality 

were weaker. While a 30% decrease in ACR was not significantly associated with all-cause mortality, a 

43% increase in ACR over 2-years had an adjusted hazard ratio of mortality of 1.07 (1.05-1.09) with the 

corresponding adjusted hazard ratio for PCR weaker at 2-years (0.99 (0.88-1.11) but stronger at 1 and 3 

years (1.09 (1.01-1.20) and 1.15 (0.99-1.33), correspondingly).  

 

Nine of the 13 clinical trials in the CKD-EPI, comprising 11,272 participants, were not included in the 

CKD-PC analysis reported above (Table S8). Analysis of CKD-EPI trials showed that change in ACR had a 

strong linear association (on the log scale) with ESKD, overall and when limited to the nine trials not 

included in the main analysis (Figures S16-S17). The adjusted relative hazard of ESKD after a 2-year 

baseline period was 0.83 (95% CI 0.69-1.00), and 0.79 (0.63-1.00) after adjustment for regression 

dilution (Table S9-S10). Associations were even strong over shorter periods of time and for PCR.  

Changes in albuminuria across different baseline periods were moderately correlated (Table S11).  
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Sensitivity analysis in a cohort which had the relevant data showed that further adjustment for 

hemoglobin A1c or expanding the outcome definition to include participants reaching eGFR < 15 

ml/min/1.73m2 or ESKD did not materially change the result (Figures S18-S19)._ 

Absolute risk of ESKD was calculated for up to 10 years of follow-up at different levels of baseline 

albuminuria and proteinuria (Figure 5). The apparent impact of a 30% reduction in albuminuria was 

accentuated with longer follow-up time and exceeded 1% at 10 years if baseline albuminuria was high 

(e.g., ACR 300 mg/g or PCR 500 mg/g). 

 

Discussion: 

Change in albuminuria was strongly and robustly associated with subsequent risk of ESKD across a wide 

range of settings showing the value of repeat testing of albuminuria despite some guidelines 

recommendations of initial but not follow-up testing for albuminuria. The adjusted hazard ratio of ESKD 

following a 30% decrease in ACR during a 2-year baseline period was 0.83 (95% CI 0.74-0.94); after 

further adjustment for regression dilution it was 0.78 (95% CI 0.66-0.92). This 22% ESKD risk reduction 

was consistent whether albuminuria was quantified using albumin or protein and whether change was 

measured over one, two, or three years (20-32% across the different analyses), thus extending and 

expanding upon results from previous studies of single cohorts.12-15,28,29  Our results suggest a greater 

relative and absolute risk reduction at higher level of albuminuria, but no difference with use of renin-

angiotensin aldosterone inhibitors.  Even at a constant relative hazard, the absolute reduction in ESKD 

was higher at higher risk and greater than 1% at ACR >300 mg/g after ten years of follow-up. These 

analyses substantially advance our understanding of quantitative associations of early average change in 

albuminuria with the risk of the clinical endpoint of ESKD and their application as a surrogate endpoint 

to groups of individuals in clinical trials of limited duration.  
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The generalizability of our results is supported by consistency of the association across 28 cohorts, 

multiple subgroups, and observational analysis of 9 additional clinical trials. Previous observational 

analyses of albuminuria change and risk found increased risk of ESKD12-15,30 and cardiovascular 

mortality15,16 as well. These published associations are generally consistent with our findings but often 

focused on the risk implications of larger changes in albuminuria, since single cohorts have more limited 

power and poorer precision.  Despite consistent association between change in albuminuria and ESKD 

incidence, the two are not equivalent, as one-third to one-half of ESKD cases developed without any 

increase in albuminuria during the baseline period, often when the baseline albuminuria was already 

high. 

 

Average change in albuminuria as an endpoint in clinical trials overcomes the imprecision of its 

estimation at the individual level as a result of substantial biological variation and laboratory 

measurement error. Change in albuminuria has a (√2-times) greater coefficient of variation than 

albuminuria measured at a single visit; coefficients of variation for ACR in 24-hour urine AER collections, 

spot urine samples from first morning voids, and random spot urines have been estimated at 19%, 19% 

and 36%, respectively.17 Our updated estimates, which also include 8505 observations from the 

ALTITUDE trial where albuminuria was measured on three consecutive days at multiple follow-up study 

visits, show coefficients of variation of approximately 35% and 54% for first morning void and random 

urine albuminuria changes. This level of imprecision suggests that even without intervention, the inter-

quartile range of change in albuminuria would be 20% decrease to 26% increase for a first-morning 

specimen, and 39% decrease to 65% increase for a random specimen, making it difficult to estimate the 

true treatment effects and risk associations at the individual level without correction for random 

variation. However, corrected for regression dilution, we found that even modest changes in the true 

albuminuria level are associated reliably with meaningful changes in subsequent risk of ESKD. The only 
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other study to adjust for regression dilution, the ADVANCE-ON extended follow-up of a diabetes clinical 

trial, found similar strengthening of associations.30 The 20-32% reduction in ESKD risk we observed for a 

30% reduction in albuminuria adjusted for regression dilution is similar in magnitude to the ~30% ESKD 

reduction associated with a 30% reduction in albuminuria found in a meta-regression of clinical trials in 

a companion manuscript.5  The companion meta-regression also quantifies the precision with which 

average changes in albuminuria can predict changes in ESKD risk in a trial and suggests that a minimum 

threshold average reduction of greater than 20-30% in albuminuria is needed to infer a clinical benefit. 

Both papers indicate change in albuminuria in more informative as a surrogate of ESKD at higher level of 

baseline albuminuria because of higher absolute risk reductions.   

 

Absolute risks estimates may not generalize well across settings. However, the general trends and 

magnitude demonstrated here provide useful guidelines. As expected, reduction in ESKD risk from 

reduction in albuminuria increased markedly with longer follow-up time. Observational studies extend 

the relatively short period of follow-up in trials to suggest that after a decade of follow-up, the benefits 

associated with albuminuria reduction would be substantial, particularly for higher risk individuals. Risk 

itself is also strongly influenced by the baseline level of albuminuria and eGFR, as published previously.31 

As a result, patients with high albuminuria can benefit substantially from albuminuria reduction, even if 

they have higher baseline eGFR and a lower short-term (but higher long-term) ESKD risk.    

 

Our observational associations have a number of limitations. We cannot rule out residual confounding 

despite the temporal design where ESKD risk is observed after the change in albuminuria. Untreated 

cases of ESKD were not captured, representation of non-white groups is limited, and sex as a biological 

variable was not explicitly addressed. There is unexplained heterogeneity across studies in both 

methods and results despite a uniform analysis. Measurements of albuminuria were not standardized 
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across cohorts, and reasons for changes in albuminuria are mostly unknown. Reliability of change in 

albuminuria used a median estimate across studies, and the residual error variance was based on three 

cohorts. The length of follow-up for events varied across cohorts. Results were not adjusted for diabetes 

control, the full range of concomitant diseases, or other risk factors after the baseline period, including 

subsequent changes in albuminuria.  Interaction tests assumed linearity.  This study also has significant 

strengths including the wide range of cohorts and large sample size, allowing investigation of various 

subgroups, adjustment for regression dilution and large number of sensitivity analyses.  Relative 

changes in albuminuria can be applied to the full range of albuminuria and use each person as their own 

control, facilitating comparisons across groups which may differ in creatinine excretion such as men and 

women. 

 

The observational association of change in albuminuria with subsequent risk of ESKD was consistent 

across a wide range of cohorts and subgroups. Even modest true changes in albuminuria such as a 30% 

decrease, associated with a significant reduction of ESKD risk when baseline albuminuria was elevated. 

This observational analysis provides a complementary line of evidence to intention to treat analyses in 

clinical trials.4,5 The latter are less susceptible to bias, but are also less precise, with our observational 

analyses representing larger and more heterogeneous groups. Taken together, the results from these 

two very different analyses and populations agree both qualitatively and quantitatively after adjustment 

for regression dilution. They support a role for average change in albuminuria as a surrogate endpoint 

for CKD progression, particularly in patients with higher baseline albuminuria.    
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Research in context 

Evidence before this study  

Change in albuminuria has biologic plausibility as a surrogate endpoint for kidney disease progression in 

clinical trials, and implementing therapies to slow progression of CKD.  However, a review of the 

published data and discussions with experts showed substantial controversy about the extent to which 

change in albuminuria meets the criteria for a surrogate outcome for end-stage kidney disease (ESKD) 

risk.  Two previous meta-analyses of clinical trials conflicted with respect to the strength of associations 

between change in albuminuria and risk of ESKD. Noted limitations were selected populations, small 

sample size, and relatively short duration of follow up. Observational studies can overcome these 

limitations. Published analyses of single cohorts have generally showed that change in albuminuria was 

related to ESKD and cardiovascular risk, but had limited power to perform subgroup analyses and to 

investigate linearity and interactions. The US National Kidney Foundation, in collaboration with the US 

Food and Drug Administration and European Medicines Agency sponsored a workshop to evaluated 

candidate surrogate endpoints for clinical trials of drugs to slow kidney disease progression, particularly 

among participants with early stages of chronic kidney disease (CKD).  Planning began in 2015, cohorts 

were invited to contribute data in June 2015, detailed analyses with feedback from stakeholders were 

conducted subsequently and a workshop discussing the preliminary results was held in March 2018. 

Added value of this study  

This study provides a comprehensive individual-level meta-analysis of the association between change in 

albuminuria with subsequent risk of ESKD. A companion paper conducts a Bayesian summary of 

intention to treat analyses in 41 clinical trials of whether the effect of interventions on albuminuria 

agrees with their effects on ESKD risk. We analyzed 28 cohorts including 693,816 individuals and 7,461 

end-stage kidney disease (ESKD) events. Change in urine albumin-to-creatinine ratio (ACR) was 

consistently related to subsequent risk of ESKD. The adjusted hazard ratio of ESKD following a 30% 

decrease in ACR during a 2-year baseline period was 0.83 (95% CI 0.74-0.94); after further adjustment 

for regression dilution it was 0.78 (95% CI 0.66-0.92). Adjusted hazard ratios were relatively consistent 

across cohorts and subgroups but were somewhat stronger at higher ACR. Among persons with ACR >30 

mg/g, a reduction in ACR of 30% over 2-years was estimated to confer >1% absolute reduction in 10-

year ESKD risk even at earlier stages of CKD with higher risks at later stages. Results were generally 

similar when using change in urine protein-to-creatinine ratio (PCR). 

Implications of all the available evidence  

Change in albuminuria is consistently associated with subsequent risk of ESKD across a wide range of 

cohorts and subgroups, lending support to use of average change in albuminuria as a surrogate endpoint 

for clinical trials including in early CKD.  The magnitude of ESKD risk is related to the percent change in 

albuminuria, the baseline level of albuminuria and ESKD risk and the duration of follow up.  Changes in 

albuminuria over a relatively short time period provide information about longer term risk of 

ESKD.  Combined with data from clinical trials, simulations and biologic plausibility, these data provide a 

foundation for how to use average change in albuminuria as a surrogate endpoint for CKD progression. 
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Table 1. Baseline characteristics for cohorts with a 2-year baseline period. 

 Cohort Exposure N 
Age, 
years 

% 
Female % Black 

Baseline eGFR, 
ml/min/1.72m2 % DM 

Baseline median 
ACR/PCR (IQR), mg/g 

Median ACR/PCR 
fold change (IQR) 

AASK PCR* 898 55 (11) 39% 100% 47 (14) 0% 72 (28-285) 1.19 (0.63-2.15) 

ADVANCE ACR 9383 66 (6) 43% 0.33% 78 (17) 100% 14 (7-38) 1.01 (0.54-1.92) 

BC CKD ACR/PCR 7855 70 (13) 46% 0% 34 (15) 51% 103 (25-545) 1.17 (0.63-2.33) 

CanPREDDICT ACR 682 68 (12) 37% 1.2% 28 (9) 49% 142 (28-616) 1.04 (0.52-2.05) 

CCF ACR 1739 71 (10) 54% 15% 49 (11) 85% 19 (7-66) 1.18 (0.62-2.15) 

CPRD ACR 90172 63 (12) 43% 0% 73 (21) 95% 10 (5-26) 1.02 (0.60-1.95) 

CRIC PCR* 2774 58 (11) 45% 40% 45 (15) 46% 126 (54-602) 1.08 (0.59-1.88) 

Framingham ACR 893 60 (10) 55% 0% 84 (19) 9.2% 7 (3-16) 0.93 (0.52-2.04) 

Geisinger ACR/PCR 26594 62 (14) 50% 2.3% 83 (23) 79% 14 (6-41) 1.07 (0.53-2.17) 

GLOMMS 2 ACR/PCR 5953 66 (13) 50% 0% 68 (20) 8.0% 9 (8-35) 1.00 (0.87-1.83) 

Maccabi ACR 117414 60 (13) 48% 0% 81 (20) 83% 5 (5-20) 1.00 (0.86-1.31) 

MASTERPLAN PCR* 408 60 (13) 31% 0% 37 (15) 23% 260 (98-840) 1.00 (0.62-1.78) 

MDRD PCR* 682 52 (12) 39% 6.7% 36 (13) 8.4% 230 (60-1100) 1.12 (0.63-1.93) 

Mt Sinai BioMe ACR/PCR 2895 58 (13) 63% 33% 76 (26) 71% 12 (5-55) 1.10 (0.51-2.43) 

NephroTest PCR*/ACR* 783 58 (15) 33% 13% 44 (20) 30% 236 (110-720) 1.06 (0.64-1.71) 

NZDCS ACR 8698 61 (13) 51% 0.092% 77 (22) 100% 2 (1-6) 1.00 (0.42-2.37) 

Optum/AMGA ACR 81653 63 (13) 46% 4.3% 78 (24) 78% 14 (7-42) 1.18 (0.67-2.13) 

Pima ACR/PCR 2720 34 (14) 62% 0% 120 (17) 30% 12 (7-24) 1.09 (0.68-1.83) 

PREVEND ACR 4941 54 (12) 49% 0.87% 93 (15) 6.6% 7 (5-12) 1.09 (0.87-1.35) 

PSP-CKD ACR/PCR 3598 75 (10) 53% 0.94% 49 (12) 42% 18 (11-39) 1.04 (0.75-2.29) 

Rancho Bernardo ACR 369 73 (9) 60% 0.27% 70 (17) 16% 11 (7-18) 1.27 (0.83-2.12) 

RCAV ACR 301816 64 (10) 3% 17% 79 (17) 83% 11 (5-33) 1.12 (0.61-2.17) 

RENAAL ACR* 1243 60 (7) 36% 15% 40 (13) 100% 1118 (503-2203) 0.85 (0.42-1.57) 

SCREAM ACR 17811 53 (13) 40% 0% 84 (27) 46% 18 (7-73) 1.04 (0.55-1.97) 

SRR-CKD ACR 420 65 (14) 32% 0% 23 (7) 35% 117 (24-472) 1.05 (0.48-2.95) 

Sunnybrook PCR/ACR 1003 59 (17) 42% 0% 59 (31) 37% 490 (175-1240) 0.83 (0.42-1.55) 

Takahata NA NA NA NA NA NA NA NA NA 

ZODIAC ACR 419 68 (10) 58% 0% 68 (16) 100% 2 (1-5) 1.22 (0.68-2.47) 

Total   693816 63 (12) 25% 9.1% 78 (21) 80% 11 (5-33) 1.12 (0.61-2.17) 



24 
 

 

ACR: urine albumin-to-creatinine ratio; PCR: urine protein-to-creatinine ratio; DM: diabetes mellitus; IQR: interquartile range.  

If both ACR and PCR are included, the first listed in the column is the larger sample size for this baseline period. All characteristics listed are for 
the larger sample. 
 

*Albuminuria is based on 24-hour urine in these studies as albumin excretion rate (AER) rather than ACR and protein excretion rate (PER) rather 

than PCR.   

% Black is tabulated for use in categorization of race in the CKD-EPI eGFR equation. Publications from the individual cohorts describe 

race/ethnicity and geography in more detail. 

Total number of ESKD, cardiovascular mortality, and all-cause mortality events are 7,461,  3,443, and 75,761 among 20, 11, and 25 cohorts. Table 

S2 provides events counts and additional covariates (1-year and 3-year baseline window data are detailed in Tables S4 and S6).   
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Table 2. Hazard Ratio of ESKD with 30% ACR & PCR Reduction – Meta-Analysis Before and after 

Adjustment for Measurement Error  

Change 
Period 

Hazard Ratio** 
HR  (95% CI) 

Regression Dilution adjusted HR estimates (95% CI)* 

Assuming median 
reliability 

Assuming low 
reliability 

Assuming high 
reliability 

ACR     

1-year 0.82 (0.74-0.91) 0.75 (0.64-0.87) 0.70 (0.58-0.85) 0.78 (0.68-0.89) 

2-year 0.83 (0.74-0.94) 0.78 (0.66-0.92) 0.76 (0.63-0.91) 0.80 (0.69-0.93) 

3-year 0.80 (0.71-0.90) 0.76 (0.65-0.87) 0.73 (0.62-0.86) 0.77 (0.67-0.88) 

PCR     

1-year 0.86 (0.76-0.97) 0.80 (0.67-0.95) 0.76 (0.61-0.94)
 

0.82 (0.70-0.96)
 

2-year 0.77 (0.68-0.87) 0.69 (0.58-0.83) 0.67 (0.55-0.81)
 

0.72 (0.62-0.84)
 

3-year 0.74 (0.61-0.89) 0.68 (0.54-0.86) 0.65 (0.50-0.84)
 

0.70 (0.56-0.87)
 

*Based on estimates for ACR and PCR in 19 studies. Reliability estimates (λ) for 1, 2 and 3 year change 

had a median (IQR 25th to 75th percentile) of 0.677 (0.533-0.770), 0.721 (0.650-0.808) and 0.789 (0.713-

0.852).  The same reliability estimates were used for ACR and PCR.    

**Adjusted for age, sex, race/ethnicity (blacks vs. non-blacks), systolic blood pressure, total cholesterol, 

diabetes, history of cardiovascular disease, current smoking, former smoking, and first eGFR and 

albuminuria. 
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Figure 1.  Adjusted hazard ratio of ESKD and population distribution of change in albuminuria. Top row ACR, bottom row PCR, left to right 1, 2, 

and 3-year baseline period. Two-year albuminuria change is used for the primary analysis with 7,461 ESKD cases among 675,904 individuals in 20 

cohorts. Black circles denote -30% and +43% change in albuminuria. 
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Figure 2. Forest plot showing the individual study and meta-analyzed estimate of adjusted hazard ratio of ESKD associated with 2-year ACR 

change (top row) and PCR change (bottom row) for a 30% reduction (left side) 43% increase (right side) 
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Figure 3. Interaction analysis of the adjusted hazard ratio of ESKD associated with 2-year change in ACR by baseline level of ACR, eGFR, and 

diabetes.* 

 

30% Reduction in ACR        43% Increase in ACR  

 

* ACR levels of 8, 64 and 512 mg/g were chosen to be within the categories of <30, 30-299 and 300+ mg/g.  Additional interaction variables 

including hypertension, sex, and age are shown in Figures S3 and the interactions for 2-year change in PCR are shown in Figure S4.  Interaction 

models assumed linearity of the association between albuminuria decline or rise (one knot at 1.0 fold, equal to no change in albuminuria) and 

adjusted risk of ESKD to estimate the overall interaction. The magnitude of the association is more precisely quantified with the inclusion of 

additional knots (5 knots) in Figure 1. 
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Figure 4.  Adjusted hazard ratio of cardiovascular (CVM), non-cardiovascular (Non-CVM) and all-cause mortality by 2-year change in albuminuria 

(ACR).  3,443 CVM, 13,175 non-CVM and 75,761 ACM cases among 125,000, 125,000 and 690,513 individuals in 11, 11 and 25 cohorts.    

CVM       Non-CVM    ACM 
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Figure 5. Risk of ESKD by years of follow-up for three levels of baseline albuminuria (ACR, panel A; PCR, panel B) and a 30% decline in 

albuminuria (dashed lines).  Differences between lines with the same level of albuminuria indicate attributable risk for change in albuminuria 

adjusted for regression dilution.  Analysis includes the competing risk of mortality with baseline subhazards meta-analyzed in 18 cohorts 

including 6,799 ESKD events and 584,489 individuals. 
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