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Supplementary Table 1. Pool of candidate markers proposed. 
 

Biomarkers identified in SysKid Biomarkers identified in SUMMIT 

Chitinase 3-Like 1 (CHI3L1) Creatinine 

Growth Hormone 1 (GH) B2-microglobulin (B2M) 

Hepatocyte Growth Factor (HGF) Symmetric dimethylarginine/asymmetric 

dimethylarginine ratio 

Matrix Metallopeptidase-2 (MMP2) Symmetric dimethylarginine 

Matrix Metallopeptidase-7 (MMP7) a1-Antitrypsin 

Matrix Metallopeptidase-8 (MMP8) Kidney injury molecule-1 (KIM1) 

Matrix Metallopeptidase-13 

(MMP13) 

Uracil 

Tyrosine Kinase-2 (Tie2) N-terminal prohormone of brain natriuretic peptide 

Tumor necrosis factor receptor-1 

(TNFR1) 

C16-acylcarnitine 

 Hydroxyproline 

 Fibroblast growth factor -21 (FGF21) 

 Fatty acid-binding protein heart 

 Creatine 

 Adrenomedullin 
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Biomarkers identified by 

work package 5 

refinement 

Disease Heterogeneity Biomarkers proposed by 

work package 2  

Urinary MCP-1 a-hydroxybutyrate TNFR1 

Uromodulin (UMOD) C-peptide EGF 

GRO-a Anti-GAD antibodies CTGF 

VCAM-1 Insulin-like growth factor-1 Adrenomedullin 

MMP1 Insulin-like growth factor-2 ADME 

Cystatin C  MMP2 

FGF-23   

CTGF   

Sclerostin (SOST)   

Col18a1 (Endostatin)   

Podocin   

Natriuretic Peptide 

Precursor C 

  

EGF   

Seventeen markers were selected on the basis of previous studies (SysKid, SUMMIT, 23 
marker candidates), biological plausibility, literature evidence, technical limitation (detectable in 
K3 EDTA plasma) and systems biology approaches (Beat-DKD work packages, 24 markers 
proposed). 
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Supplementary Table 2.  Sample selection from PROVALID cohort.  
 

Baseline 
KDIGO stage 

Slope quintiles(fast to slow progression) Totals 

1 (<-5.2) 
2(-5.2 

to -2.6) 
3 (-2.6 
to -0.8) 

4(-0.8 to 
1.4) 

5(> 
1.4) 

Sum % 

G5 0 0 0 2 0 2 0.1 

G4 2 6 4 2 9 23 1.5 

G3b 
4  

(3) 

18 

(17) 
15 

29  

(24) 
21 87 5.6 

G3a 
22  

(15) 

21  

(18) 
28 

31  

(28) 
69 171 11 

G2 
149  

(91) 
138 114 

128 

(105) 
169 698 45.1 

G1 
131  

(79) 
127 148 

117 

(101) 
41 564 36.4 

NA 2 0 0 1 1 4 0.3 

Sum 
310 

(188) 

310 

(35) 
309 310(258) 310 1549  

% 20 20 19.9 20 20  100 

 
Initial selection of 650 samples is shaded in grey (see Supplementary Figure 1, „Selection 
based on estimated eGFR change‟).  Final selection after manual and statistical review of 
samples is given in parentheses (see Supplementary Figure 1, „Selection based on stability of 
estimation of eGFR slope‟). Slope quintiles (change in eGFR per year) were estimated by 
patient specific linear regression models for eGFR levels; boundaries of quintiles are given in 
parentheses in  
the header of the table. 
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Supplementary Table 3. Details on baseline medicationof the study cohort, overall and 
stratified by speed of progression (stable vs. fast progressors).  
 

  Baseline value 

 
Missing Overall Stable Fast 

Glucose lowering 

agents 
0    

Biguanides  346 (72%) 184 (71%) 162 (73%) 

Insulin  119 (25%) 55 (21%) 64 (29%) 

Sulfonylureas  133 (28%) 68 (26%) 65 (29%) 

DPPIV inhibitors/GLP1 

agonists 
 97 (20%) 50 (19%) 47 (21%) 

Glinides  6 (1%) 4 (2%) 2 (1%) 

Glitazones  22 (5%) 12 (5%) 10 (5%) 

Alpha-Glucosidase-

inhibitors 
 7 (1%) 3 (1%) 4 (2%) 

SGLT2  0 (0%) 0 (0%) 0 (0%) 

Blood pressure lowering 

agents 
0    

ACE inhibitors / ARBs   354 (74%) 176 (68%) 178 (80%) 

β-blockers  211 (44%) 98 (38%) 113 (51%) 

Calcium antagonists 

(including direct 

vasodilators) 

 178 (37%) 98 (38%) 80 (36%) 

Diuretics (Thiazide 

diuretics / Loop 

diuretics) 

 238 (50%) 118 (46%) 120 (54%) 

α-blockers  72 (15%) 34 (13%) 38 (17%) 

ESA therapy* 0 11 (2%) 4 (2%) 7 (3%) 

*Including Darbepoetin alfa, Epoetin alfa, Epoetin beta, Epoetin theta, Epoetin zeta, Others 
 
Data are provided as absolute frequency (relative frequency). 
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Biomarker measurement quality control 
Overall biomarker levels could be measured for all 481 samples selected from the PROVALID 
study cohort. 
 
Supplementary Table 4. Incurred sample reanalysis and % of samples with percentage 
difference (PD) < 20% between successfully repeated measurements.  
 

Biomarker 

% of samples with PD < 20% 

between successfully repeated 

measurements 

UMOD 88% 

Endostatin 72% 

Cystatin C 83% 

MMP1 80% 

MMP7 87% 

CCL2 91% 

MMP8 90% 

GH 91% 

VCAM1 96% 

HGF 82% 

CHI3L1 96% 

TIE2 83% 

TNFR1 96% 

KIM1 76% 

FGF23 - 

NTproBNP - 
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Supplementary Table 5. Number of available samples per biomarker after quality control and 
used in further analysis. To truncatevalues out of quantifiable range we set these values to 0.5 
and 1.5 times the lower and upper quantifiable limit, respectively.  
 

Biomarker Number valid  Number after truncation of 

out of range values 

SOST 328 331 

UMOD 462 475 

Endostatin 474 474 

CystatinC 470 470 

MMP1 448 476 

MMP7 453 471 

CCL2 471 472 

MMP8 156 421 

GH 388 447 

VCAM1 474 474 

HGF 382 471 

CHI3L1 433 467 

TIE2 470 470 

TNFR1 474 474 

KIM1 430 466 

FGF23 435 435 

NTproBNP 372 433 
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Supplementary Table 6. Measurement issues per biomarker.  
 

Biomarker Samples Measure

ments 

Samples 

lost 

Measurement issues 

%CV* Range† Other‡ Total 

KIM1 478 570 12 41 48 2 84 

SOST 339 339 8 8 3 0 11 

UMOD 479 562 4 6 16 1 23 

Endostatin 479 562 5 5 0 1 6 

CystatinC 479 562 9 23 0 0 23 

MMP1 480 567 4 14 34 1 47 

MMP7 480 567 9 11 26 2 35 

CCL2 480 567 8 5 2 1 8 

MMP8 480 567 59 68 382 13 386 

GH 480 567 33 39 105 6 112 

VCAM1 480 567 6 6 1 0 6 

HGF 480 567 9 12 111 1 117 

CHI3L1 480 567 13 14 50 3 54 

TIE2 480 567 10 22 0 1 23 

TNFR1 480 567 6 11 0 1 12 

FGF23 437 437 2 0 2 0 2 

NTproBNP 480 480 47 47 61 0 108 

 
* %CV between duplicates >11.2 
† Out of quantifiable range 
‡ Other reasons of technical nature 
 
Overview of the number of samples and measurements lost due to measurement issues. 
Measurements were conducted according to FDA guidelines which involve re-measurement of 
at least 10% of randomly selected samples in order to assess the stability of measurements. 
Thus, the actual number of measurements is higher than the number of samples. Differences 
in sample numbers and numbers of measurements are due to the different measurement 
platforms used. The total number of measurements lost may be different from the sum of 
measurements lost due to %CV, out of quantifiable range or technical reasons, as a 
measurement may fail due to more than one reason. A sample is counted as lost when no 
measurement with %CV < 11.2 was available – out of range values were truncated (this 
corresponds to the total number of samples available for analysis, see supplement table 5). 
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Supplementary Table 7. Univariable linear mixed models for prediction of eGFR levels (with 
baseline eGFR as part of the dependent variable). 
 

 Baseline Slope  

Analyte Coefficient 
p-

value 
Coefficient p-value 

Adjusted 

model R² 

SOST  -0.234 0.717  0.013 0.916 2.8 

Cystatin C -31.943 <0.001 -0.744 0.089 46.9 

Endostatin -27.438 <0.001 -0.975 0.021 39.3 

UMOD  11.700 <0.001  0.309 0.206 22.7 

CCL2  -1.291 0.420  0.039 0.908 2.8 

CHI3L1  -4.117 <0.001 -0.158 0.368 7.5 

GH  -1.759 0.002 -0.101 0.387 4.8 

HGF  -2.385 0.032  0.211 0.350 3.3 

MMP1  -2.092 0.014 -0.366 0.038 4.3 

MMP7  -7.148 <0.001 -0.542 <0.001 17.3 

MMP8  -1.968 0.051  0.334 0.104 3.1 

TIE2   6.042 0.002 -0.267 0.517 4.2 

TNFR1 -25.053 <0.001 -0.476 0.203 39.9 

VCAM1 -10.058 <0.001 -0.079 0.841 8.0 

KIM1  -6.877 <0.001 -1.011 <0.001 18.8 

FGF23  -8.099 <0.001  0.210 0.434 10.1 

NTproBNP  -3.012 <0.001 -0.233 0.005 17.4 

The baseline coefficients correspond to the change in baseline eGFR levels and slope 
coefficients correspond to the change in eGFR levels per year, both with each doubling of the 
biomarker concentration (log2 transformed biomarker levels). Adjusted model explained 
variability (R²) combines the contributions of baseline and slope coefficients. 
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Supplementary Table 8. Univariable mixed models for prediction of eGFR levels (with 
baseline eGFR as part of the dependent variable) adjusted for clinical covariates*. 

 Baseline Slope  

Analyte Coefficient 
p-

value 
Coefficient p-value 

Adjusted 

R² 

SOST  -0.470 0.427  0.024 0.852 36.4 

Cystatin C -24.144 0.000 -0.817 0.069 56.1 

Endostatin -19.871 0.000 -1.027 0.018 52.7 

UMOD   8.131 0.000  0.311 0.219 45.1 

CCL2   0.288 0.824  0.058 0.867 36.2 

CHI3L1  -1.215 0.090 -0.185 0.305 36.8 

GH  -0.144 0.781 -0.074 0.545 36.3 

HGF  -1.950 0.037  0.215 0.365 36.5 

MMP1  -1.036 0.133 -0.376 0.036 37.0 

MMP7  -4.243 0.000 -0.595 0.001 42.2 

MMP8  -2.851 0.001  0.389 0.064 37.2 

TIE2   3.269 0.047 -0.367 0.387 36.4 

TNFR1 -18.915 0.000 -0.592 0.125 53.4 

VCAM1  -3.325 0.043 -0.253 0.534 36.9 

KIM1  -3.934 0.000 -1.048 0.000 42.9 

FGF23  -5.654 0.000  0.103 0.716 39.1 

NTproBNP  -1.269 0.000 -0.228 0.009 39.5 

*Age, gender, serum cholesterol, log2 transformed UACR, HbA1C, MAP and BMI at 
baseline entered the model as adjustment variables 
 

The baseline coefficients correspond to the change in mean eGFR levels at baseline and slope 
coefficients correspond to the change in eGFR levels per year, both with each doubling of the 
biomarker concentration (log2 transformed BM levels). Adjusted model explained variability 
(R²) combines the contributions of baseline and slope coefficients. 
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Supplementary Table 9. Overview of variable selection frequencies obtained by employing 
backward elimination to construct a linear mixed model predicting eGFR levels (with baseline 
eGFR as part of the dependent variable) on 20 multiply imputed datasets.  
 

Selection 
frequency 

Baseline Slopes 

Biomarker Clinical Biomarker Clinical 

100% 

Cystatin C 
UMOD 
CHI3L1 

HGF 
MMP1 
TIE2 

TNFR1 
KIM1 

NTproBNP 

Age 
Smoking 

MAP 

HGF 
MMP1 
KIM1 

NTproBNP 

 

>75% 
Endostatin 

FGF23 
MMP7 

Serum Chol. 
FGF23 

 
Age 

<25% 
GH 

 

Gender 
HbA1C 
UACR 

TIE2 
TNFR1 

UACR 

0% 
CCL2 

VCAM1 
BMI 

CCL2 
CHI3L1 

Cystatin C 
Endostatin 

GH 
MMP7 
UMOD 
VCAM1 

BMI 
Gender 
HbA1C 
MAP 

Smoking 
Serum Chol. 

 

There was a clear distinction between variables which were almost always selected and those 
that were almost never selected into the model, thus making the final model results quite 
stable and ruling out major uncertainty due to missing data. The final model consists of all 
predictors which were selected in more than 50% of the imputations. 
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Supplementary Table 10. Overview of variable selection frequencies obtained by employing 
backward elimination to construct a linear mixed model predicting eGFR levels (with baseline 
eGFR as part of the dependent variable) on 100 datasets obtained by multiple imputation (20) 
and bootstrap resamples of each imputation (5). This procedure attempts to investigate the 
stability of model selection by taking two main sources of variation, namely uncertainty due to 
missing data as well as sampling variation, into account. 
 
The main insight is that almost all predictors are still frequently selected (compare to 
supplement table 9), corroborating our main conclusions, while only a few weak predictors 
show decreased importance (FGF23 and MMP1). 
 

Selection 

frequency 

Baseline Slopes 

Biomarker Clinical Biomarker Clinical 

100% 

Cystatin C 

UMOD 

TIE2 

TNFR1 

KIM1 

Age 

 

 

KIM1 

 

 

>75% 

CHI3L1 

NTproBNP 

MMP7 

Smoking 

 
NTproBNP  

>50% 

Endostatin 

HGF 

MMP1 

MAP 

Serum Chol. 

Gender 

HGF  

>25% FGF23 
UACR 

HbA1C 

MMP1 

FGF23 

TNFR1 

TIE2 

Age 

UACR 

>0% 

GH 

CCL2 

VCAM1 

BMI 

Endostatin 

Cystatin C 

CHI3L1 

GH 

CCL2 

MMP7 

UMOD 

VCAM1 

BMI 

HbA1C 

Gender 

Smoking 

MAP 

Serum Chol. 
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Multivariable models without selection 
 

Supplementary Table 11. Multivariable linear mixed model for prediction of eGFR levels (with 
baseline eGFR as part of the dependent variable) based on clinical covariates only. It includes 
all covariates without selection. Note that with the exception of UACR, slope coefficients are 
not significant, as expected from the demographics table and the balanced distribution 
between patient groups. The model has an overall adjusted R² of 35%. 
 

 Baseline Slope 

Variable Coefficient p-value Coefficient p-value 

Intercept 150.734 <0.001 1.360 0.675 

Age -1.167 <0.001 -0.018 0.452 

Gender 2.141 0.168 0.213 0.633 

BMI -0.318 0.023 -0.026 0.509 

Smoking 3.995 0.009 -0.309 0.477 

MAP 0.213 0.002 -0.025 0.203 

HbA1C -0.551 0.412 0.022 0.908 

Serum 

Chol. 
-0.715 0.261 0.044 0.808 

UACR* -0.689 0.007 -0.147 0.039 

 
* log2 transformed 
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Supplementary Table 12. Multivariable linear mixed model for prediction of eGFR levels (with 
baseline eGFR as part of the dependent variable) based on biomarkers on top of the clinical 
covariates. It includes all predictors without selection. It has an overall adjusted R² of 60%, 
which is lower than the model obtained from our selection procedure (63%). The reason for 
this is that the model contains multiple variables that do not contribute to the prediction of 
eGFR levels and hence constitute variables that need not enter into a proper prediction model. 
 

 Baseline Slope 

Variable Coefficient p-value Coefficient p-value 

Intercept 414.903 <0.001 -1.738 0.901 

Age -12.352 <0.001 0.490 0.522 

Gender -2.504 0.225 -0.593 0.399 

BMI 2.862 0.001 0.169 0.543 

Smoking -0.474 0.654 -0.002 0.995 

MAP 1.091 0.052 0.061 0.744 

HbA1C 0.488 0.201 -0.079 0.529 

Serum 

Chol. 
0.063 0.934 0.494 0.053 

UACR* 0.868 0.131 -0.319 0.103 

Cystatin C -1.201 0.081 -0.048 0.832 

Endostatin 5.078 <0.001 -0.697 0.130 

UMOD -11.584 <0.001 0.676 0.270 

CCL2 -0.147 0.911 0.025 0.955 

CHI3L1 0.085 0.900 -1.040 <0.001 

GH -0.737 0.412 0.536 0.096 

HGF 0.050 0.852 -0.286 0.004 

MMP1 -0.664 <0.001 0.034 0.182 

MMP7 1.597 0.217 0.363 0.408 

TIE2 0.136 0.235 -0.041 0.294 
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TNFR1 2.542 0.030 -0.367 0.354 

VCAM1 0.093 0.077 -0.013 0.467 

KIM1 -0.799 0.122 0.171 0.325 

FGF23 -0.636 0.188 -0.004 0.979 

NTproBNP -0.112 0.550 -0.085 0.181 

 
* log2 transformed 
 
 
 
Classification of progression 
The task of modeling eGFR decline can also be approached as a classification problem and 
analyzed via simple logistic regression models. This corresponds to a nested case-control like 
analysis. The dependent variable in these models is the classification of patients into “stable” 
and “fast” progressors based on their change in eGFR per year. In our study, patients in the 
fast progressors group had an annual eGFR loss of at least 2.4 ml/min/year and patients in the 
stable group had a loss of less than 0.8 ml/min/year. Note that these analyses correspond to 
the analysis of the slope of eGFR decline and hence the slope coefficients in the reported 
linear mixed models. 
 
Supplementary Table 13. Results of univariable logistic regression models classifying 
patients as stable vs. fast progressors.  
 

Analyte 
Odds 

ratio 
95% CI 

p-

value 
AUC 

SOST 1.049 0.913 1.207 0.527 0.505 

Cystatin C 2.356 1.527 3.635 <0.001 0.600 

Endostatin 2.153 1.434 3.232 <0.001 0.604 

UMOD 0.796 0.635 0.999 0.053 0.567 

CCL2 0.966 0.712 1.309 0.822 0.509 

CHI3L1 1.172 0.996 1.379 0.055 0.550 

GH 1.087 0.976 1.210 0.142 0.538 

HGF 0.921 0.744 1.140 0.439 0.518 

MMP1 1.216 1.031 1.435 0.019 0.563 
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MMP7 1.384 1.152 1.663 0.001 0.608 

MMP8 0.878 0.720 1.070 0.167 0.538 

TIE2 1.068 0.734 1.553 0.739 0.506 

TNFR1 1.726 1.216 2.450 0.002 0.576 

VCAM1 1.243 0.865 1.786 0.231 0.527 

KIM1 1.693 1.395 2.054 <0.001 0.648 

FGF23 1.050 0.822 1.342 0.730 0.510 

NTproBNP 1.156 1.068 1.250 <0.001 0.615 

 
The area under the curve (AUC) statistic gives the probability to correctly classify two randomly 
chosen samples from each class based on the model predictions. The results are inline with 
the results from the longitudinal analysis as each marker alone only has a low power to 
discriminate between stable and fast progressors. 
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Supplementary Table 14. Results from backward elimination (based on AIC) applied to the 
logistic regression model for classification of fast and stable progressors.  
 

Predictor 
Odds 

ratio 

p-

value 

Constant 0.012 <0.001 

HGF 0.719 0.011 

MMP1 1.206 0.045 

KIM1 1.698 <0.001 

NTproBNP 1.128 0.006 

BMI 1.037 0.052 

 
The results are inline with the results from the linear mixed models – all selected biomarker 
predictors also showed an effect on eGFR slope in the main analysis in the manuscript. 
Contrary to the linear mixed model results, BMI was included into the parsimonious logistic 
regression model but its actual effect is minimal (odds ratio close to unity). The AUC for the 
selected model was 0.70. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



SUPPLEMENTARY DATA 
 

©2018 American Diabetes Association. Published online at http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-0532/-/DC1 

Supplementary Table 15. Univariable mixed models for prediction of eGFR levels after 
baseline, adjusted for clinical covariates (including baseline eGFR levels)*.  

 Baseline Slope  

Analyte Coefficient 
p-

value 
Coefficient p-value 

Adjusted 

R² 

SOST -0.010 0.977 -0.039 0.847 78.5 

Cystatin C -4.869 0.000 -0.178 0.758 79.2 

Endostatin -3.588 0.003 -0.522 0.357 79.3 

UMOD 1.693 0.006 -0.003 0.992 78.8 

CCL2 0.746 0.371 -0.272 0.555 78.5 

CHI3L1 -1.039 0.015 0.231 0.315 78.5 

GH -0.125 0.671 -0.070 0.644 78.5 

HGF 0.671 0.220 -0.054 0.854 78.5 

MMP1 0.821 0.054 -0.690 0.003 78.7 

MMP7 0.049 0.917 -0.644 0.008 79.1 

MMP8 -0.367 0.498 0.313 0.263 78.4 

TIE2 -0.499 0.618 -0.063 0.908 78.5 

TNFR1 -3.760 0.001 0.058 0.908 78.9 

VCAM1 0.485 0.622 -0.178 0.734 78.5 

KIM1 -0.459 0.337 -0.987 0.000 80.0 

FGF23 -0.622 0.383 0.363 0.306 78.4 

NTproBNP -0.430 0.032 -0.128 0.231 79.1 

*Age, gender, serum cholesterol, log2 transformed UACR, HbA1C, MAP, BMI and eGFR at 
baseline entered the model as adjustment variables 
 

The baseline coefficients correspond to the change in mean eGFR levels at baseline and slope 
coefficients correspond to the change in eGFR levels per year, both with each doubling of the 
biomarker concentration (log2 transformed biomarker levels). Adjusted model variability (R²) 
combines the contributions of baseline and slope coefficients. 
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Supplementary Table 16. Multivariable linear mixed model for prediction of eGFR levels after 
baseline. 
 

 Baseline Slope  

Predictor Coefficient 
p-

value 
Coefficient 

p-

value 

R² 

decomposition 

Constant 80.262 0.002 5.427 0.211 - 

Cystatin C -3.002 0.012 n.s. n.s. <1 

UMOD 1.097 0.027 n.s. n.s. <1 

CHI3L1 -1.000 0.030 0.548 0.021 <1 

HGF 1.167 0.009 n.s. n.s. <1 

MMP1 0.988 0.023 -0.635 0.006 <1 

TNFR1 -1.848 0.075 n.s. n.s. <1 

KIM1 0.245 0.629 -1.202 <0.001 <1 

NTproBNP -0.144 0.492 -0.202 0.074 <1 

Age (Years) -0.107 0.027 n.s. n.s. <1 

Gender (Male vs 

Female) 
1.073 0.126 n.s. n.s. <1 

UACR* 0.188 0.217 -0.171 0.035 <1 

Baseline eGFR 0.862 0.000 -0.048 0.001 78.1 

 
n.s.: not selected 
* log2 transformed 
 
This model was obtained in the same way as the model in Table 2but baseline eGFR was 
included as covariate and not as part of the dependent variable. The model had an adjusted R² 
of 79.2%, which is mostly due to the influence of baseline eGFR as covariate. The 
decomposition of the model R² combines the contributions of baseline and slope coefficients 
for each predictor.    
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Supplementary Table 17. Overview of backward elimination results for multivariable mixed 
models predicting eGFR levels after baseline on 20 multiply imputed datasets, including 
baseline eGFR levels as covariate.  
 

Selection 

frequency 

Baseline Slopes 

Biomarker Clinical Biomarker Clinical 

100% 

Cystatin C 

UMOD 

CHI3L1 

HGF 

MMP1 

TNFR1 

KIM1 

NTproBNP 

Age 

Baseline eGFR 

Gender 

UACR 

CHI3L1 

MMP1 

KIM1 

 

Baseline eGFR 

UACR 

>85%   NTproBNP  

<33% 

Endostatin 

FGF23 

MMP7 

VCAM1 

BMI 
FGF23 

MMP7 
 

0% 

CCL2 

GH 

TIE2 

HbA1C 

MAP 

Serum Chol. 

Smoking 

 

CCL2 

Cystatin C 

Endostatin 

GH 

HGF 

TIE2 

TNFR1 

UMOD 

VCAM1 

 

Age 

BMI 

Gender 

HbA1C 

MAP 

Smoking 

Serum Chol. 

 

There was a clear distinction between variables which were almost always selected and those 
that were almost never selected, thus making the final model results quite stable with regards 
to uncertainty due to missing data. The final model consists of all predictors which were 
selected in more than 50% of the imputations. 
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Multiple imputation procedure  
 

Multiple imputation was conducted using multivariate imputation by chained equations, as 
implemented in the package “mice” for the R statistical software. The rationale to conduct this 
more complex analysis was that while the amount of missing data in each biomarker 
individually was low, in a combined model the overall amount of missing data was around 
35%.  
The multivariable imputation model included all candidate predictors as well as the outcome 
eGFR to impute the data. The outcome variable itself was completely available. An overview of 
the availability of data can be found in table 1 and supplement tables 5 and 6. Since 
measurements of biomarkers out of quantifiable range were set to suitable values prior to this 
imputation procedure, we could assume the remaining data was missing at random. We chose 
to use 20 imputed datasets as the overall level of missingness was moderate. The only 
exception was SOST, which was not included in multivariable analyses. Convergence of the 
multiple imputation procedure was checked using graphical methods provided by the “mice” 
package and found to be satisfactory. Final, unique model estimates were obtained from the 
analysis on multiply imputed datasets by pooling the estimates using Rubin‟s rules. 
 
 
 
Replications of the univariable results from the manuscript for complete cases only 
Results are very similar between multiply imputed and complete case data, indicating little 
impact of missing data on the results. The only exception is SOST, which did not enter 
multivariable analyses.  
 
 
Supplementary Table 18. Univariable linear mixed models for the prediction of eGFR levels 
(including baseline measurement).  
 

  Baseline Slope  

Analyte Samples Coefficient 
p-

value 
Coefficient p-value 

Adjusted 

model R² 

SOST 331 -2.384 0.087 0.248 0.362 3.1 

Cystatin C 470 -32.208 <0.001 -0.724 0.100 47.3 

Endostatin 474 -27.517 <0.001 -0.957 0.023 39.5 

UMOD 475 11.989 <0.001 0.401 0.103 23.4 

CCL2 472 -1.300 0.422 0.067 0.843 2.8 

CHI3L1 467 -4.149 <0.001 -0.234 0.204 7.5 

GH 447 -1.708 0.004 -0.095 0.442 4.6 
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HGF 471 -2.576 0.020 0.225 0.323 3.5 

MMP1 476 -2.160 0.012 -0.348 0.052 4.4 

MMP7 471 -7.418 <0.001 -0.569 0.002 18.0 

MMP8 421 -2.251 0.029 0.359 0.087 3.4 

TIE2 470 5.991 0.002 -0.262 0.525 4.2 

TNFR1 474 -25.212 <0.001 -0.512 0.171 40.4 

VCAM1 474 -10.390 <0.001 -0.095 0.811 8.4 

KIM1 466 -7.034 <0.001 -1.006 <0.001 19.2 

FGF23 434 -8.195 <0.001 0.224 0.402 10.4 

NTproBNP 433 -3.057 <0.001 -0.260 0.001 18.1 

 
 
For each model a different number of complete cases was available, these are indicated in the 
„Samples‟ column. The baseline coefficients correspond to the change in mean eGFR levels 
and slope coefficients correspond to the change in eGFR levels per year, both with each 
doubling of the biomarker concentration (log2 transformed biomarker levels). Adjusted model 
variability (R²) combines the contributions of baseline and slope coefficients. 
 
 
Supplementary Table 19. Mixed model for prediction of eGFR levels (with baseline eGFR as 
part of the dependent variable) obtained from AIC-based backward elimination applied to all 
candidate predictors (log2 transformed biomarker and clinical).  
 

 Baseline Slope  

Predictor Coefficient 
p-

value 
Coefficient 

p-

value 

R² 

decomposition 

Constant 451.419 <0.001  -5.626 0.309 - 

Cystatin C -16.185 <0.001 n.s. n.s. 16.7 

UMOD   2.890 0.003 n.s. n.s. 3.9 

CHI3L1   1.010 0.149 n.s. n.s. <1 

HGF   0.303 0.757 0.740 0.015 <1 

MMP1   1.205 0.085 -0.571 0.008 <1 
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MMP7  -1.159 0.139 n.s. n.s. <1 

TIE2   3.420 0.036 n.s. n.s. 1 

TNFR1 -10.310 <0.001 1.017 0.051 11.9 

KIM1   0.592 0.441 -1.032 <0.001 1.1 

NTproBNP   0.053 0.874 -0.314 0.002 <1 

Age (Years)  -0.701 <0.001 n.s n.s. 25.2 

Gender (Male)   2.874 0.038 n.s. n.s. <1 

BMI  -0.011 0.937  -0.077 0.074 <1 

Current or former 

smoker 
  2.483 0.086  -0.651 0.156 <1 

UACR* -0.301 0.156 n.s. n.s. <1 

 
n.s.: not selected 
* log2 transformed 
 
Complete data was available for 313 patients. The model had an adjusted R² of 62.1%. 
Biomarkers had a total contribution of 34.3%, clinical predictors had a total contribution of 
27.8%.  The decomposition of the model R² combines the contributions of baseline and slope 
coefficients for each predictor. 
 
Selected variables and associated coefficients are similar between multiply imputed and 
complete case data for „strong‟ predictors with relatively large contributions to the overall 
model R².  
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Treatment effects 
 
Supplementary Table 20. Overview of variable selection frequencies obtained by employing 
backward elimination to construct a linear mixed model predicting eGFR levels (with baseline 
eGFR as part of the dependent variable) on 20 multiply imputed datasets. Clinical covariates 
representing medication of study patients were included in the pool of candidate predictors for 
this analysis: the number of blood pressure lowering agents administered (N BP med), the 
number of orally administered glucose lowering agents (N Gluc med), insulin usage (yes / no) 
and haemoglobin levels (as proxy for anemia medication which was extremely rare in our early 
stage cohort; see demographics table 1).  
 
Compared to the analysis without treatment effects, the selection frequencies for biomarkers 
and other clinical covariates are very similar (compare supplement table 9) – however, MAP is 
selected less often, while baseline effects of N BP med and insulin are always selected. 
 

Selection 
frequency 

Baseline Slopes 

Biomarker Clinical Biomarker Clinical 

100% 

Cystatin C 
UMOD 
CHI3L1 
MMP1 
TIE2 

TNFR1 
KIM1 

NTproBNP 

Age 
Smoking 

Serum Chol. 
N BP med 

Insulin 

MMP1 
KIM1 

NTproBNP 
 

>75% 
HGF 

MMP7 
FGF23 

 
HGF 

FGF23 
 

Age 

>50% Endostatin MAP TNFR1 Insulin 

>25% 
GH 

 

BMI 
Gender 
HbA1C 
UACR 

TIE2 
 

BMI 
UACR 
HbA1C 

>0%  Hemoglobin GH 
Hemoglobin 

MAP 
 

0% 
CCL2 

VCAM1 
N Gluc med 

CCL2 
CHI3L1 

Cystatin C 
Endostatin 

MMP7 
UMOD 
VCAM1 

Gender 
Smoking 

Serum Chol. 
N BP med 

N Gluc med 
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Supplementary Table 21. Multivariable linear mixed model for prediction of eGFR levels (with 
baseline eGFR as part of the dependent variable) obtained from AIC-based backward 
elimination on all candidate predictors (log2 transformed biomarker and clinical), including 
treatment covariates. The model had an adjusted R² of 63% (same as main model in table 2).  
 
The changes to the main model in the manuscript are minor – all predictors remain in the 
model, except MAP which is replaced by the number of blood pressure lowering agents. 
Insulin usage enters the model as additional covariate. Coefficient estimates and individual R² 
values for all predictors are similar to the model without treatment effects. Thus, incorporating 
treatment variables has a negligible effect on overall prediction performance of the biomarkers. 
 
 
 

 Baseline  Slope  

Predictor Coefficient p-value Coefficient p-value R² 

decomposition 

Constant 410.829 <0.001 -1.834 0.468 - 

Cystatin C -11.324 <0.001 n.s. n.s. 9 

Endostatin -2.680 0.169 n.s. n.s. <1 

UMOD 2.776 <0.001 n.s. n.s. 3.5 

CHI3L1 1.117 0.036 n.s. n.s. <1 

HGF 0.215 0.770 0.435 0.067 <1 

MMP1 0.746 0.175 -0.305 0.089 <1 

MMP7 -1.380 0.036 n.s. n.s. <1 

TIE2 4.626 <0.001 n.s. n.s. 3.2 

TNFR1 -10.895 <0.001 n.s. n.s. 13.0 

KIM1 0.270 0.678 -1.081 <0.001 2.6 

FGF23 -0.857 0.325 0.437 0.127 <1 

NTproBNP 0.168 0.524 -0.263 0.005 <1 

Age (Years) -0.708 <0.001 0.050 0.033 27.7 

Current or 

former 
2.024 0.063 n.s. n.s. <1 
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smoker 

Total 

cholesterol 
-1.001 0.030 n.s. n.s. <1 

Number of 

BP lowering 

agents 

-0.719 0.090 n.s. n.s. <1 

Insulin -3.369 0.009 n.s. n.s. 1.3 
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Supplementary Figure 1. Flow chart of patient selection from the PROVALID study. In total 
4065 subjects were recruited in five countries into PROVALID. From those, 2560 subjects 
recruited in Austria, Hungary and Scotland were available for this study.  After excluding 
subjects with less than 720 days of follow up (FU), patients were grouped by CKD stage and 
broken up into quintiles based on their individual eGFR slope estimated by patient specific 
linear regression models (see  

Supplementary Table 2) to separate stable and progressive DKD patients. For stages G4 and 
G5 an insufficient number of samples were available. For the remaining stages (G1 to G3b) 
samples in the fourth quintile having a change in eGFR ml/min/year between -0.79 and 1.39 
were deemed to be non-progressors. Samples in the first quintile having a change in eGFR 
ml/min/year between -24.9 and -5.2 were identified as fast progressors. Within this group, CKD 
stages G3a and G3b were underrepresented when compared to the group of stable patients 
and were therefore complemented with samples from the second quintile (change in eGFR 
ml/min/year between -5.2 to -2.58)to match the patient‟s baseline eGFR of the two groups. Our 
rationale for this was to balance the eGFR distribution between both groups as baseline eGFR 
is known to be a predictor of future eGFR decline. 
 

The final selection of patients aimed at providing stable eGFR trajectories. Two experts in the 
field manually assessed the individual trajectories regarding stable disease progression. 
Outliers were identified by having eGFR measurements that were erratic, indicating changes in 
the underlying patient‟s progression of disease. Their evaluation was then turned into a 
statistical criterion by setting a threshold for the maximum allowed standard deviation of 5 for 
the estimated regression coefficients from the patient specific linear regression models. This 
corresponds to limiting the uncertainty in the individual estimated eGFR slope per year.  
 

This patient selection process is summarized in supplement table 2. 
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Supplementary Figure 2. Boxplots of valid measurements (%CV < 11.2 and measurement in 
quantifiable range; “Measured”) compared to measurements after truncatingout of range data 
(“Truncated”) by setting values out of range to 0.5 and 1.5 times the lower and upper limit of 
quantification, respectively. All concentrations are given in pg/ml except for FGF23 (relative 
units). Biomarker concentration levels and spread before and after truncation were very 
similar, with the exception of MMP8, which was excluded from multivariable analyses. 
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Supplementary Figure 3. Correlation matrix including biomarkers, clinical predictors and 
eGFR. Positive (non-parametric) Spearman correlation coefficients are indicated in red, 
negative correlation coefficients in blue. The black line separates clinical characteristics and 
biomarkers. 
Overall it can be observed that the correlation between clinical markers and biomarkers is low, 
with the exception of the outcome of eGFR. The correlation between biomarkers is generally 
higher, which supports our analysis strategy to use a variable selection procedure which takes 
this into account. 
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Supplementary Figure 4. Power curve for sample size estimation. The dashed line indicates 
80% power to detect a single biomarker with a significant effect on renal function decline 
(modelled as change in eGFR per year) analysed by linear regression. With 481 samples, our 
study had a power of almost 90% to detect a significant association of a biomarker with the 
outcome of interest. 
We obtained this curve before conducting the study through the following simulation 
procedure. We assumed that 20 biomarkers and 10 clinical covariates would enter the 
analysis. All of these variables were then drawn from a multivariable standard normal 
distribution, where the correlation coefficient of a biomarker and clinical covariates, as well as 
between clinical covariates, was set to 0.1. This corresponds to a setting of low correlation 
between variables which was, in hindsight, a realistic assumption (see supplement figure 3). 
The outcome was modelled as slopes of eGFR decline (change per year) with a standard 
deviation of 5 (similar to earlier SYSKID publications, as referenced in the main manuscript) 
and analysed using linear regression models including the biomarker and the clinical 
covariates (i.e. corresponding to a univariable analysis in our manuscript, see supplement 
table 7). Furthermore, we assumed that clinical covariates would contribute 40% of explained 
variability of the outcome and a biomarker added around 2%. We subsequently simulated 
5000 datasets for each sample size indicated in the graph above and computed the 
percentage of simulation runs in which a biomarker (i.e. its corresponding estimated regression 
coefficient) had a p-value lower than 0.0025 in the linear regression model fit to the data of the 
simulation run. The p-value threshold resulted from adjusting for multiplicity by conservative 
Bonferroni correction for 20 biomarkers. The percentages over varying sample sizes result in 
the power curve in the figure above. 
 

 


