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Population-based reference values for kidney function and 
kidney function decline in 25- to 95-year-old Germans 
without and with diabetes.

Data FindingsAim

CONCLUSION Our reference values help clinicians to judge eGFR 
values in individuals according to their age and to understand the 
expected range of annual eGFR decline based on their risk profile. 

Herold, 2024

80 year-old
eGFR=58ml/min/1.73m²

1. Is this an age-
appropriate eGFR 
value?

2. What is the 
expected range of 
eGFR decline based 
on their risk profile?

Cross-sectional and 
longitudinal data 
>12 000 individuals

aged 25-95 years
>26 000 eGFR assessments
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“Healthy” 
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Diabetes 
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1. Reference values for eGFR 2. Reference values for eGFR decline

3. Revisiting CKD prevalence (eGFR cut-off without/with age-dependency)
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Abstract 45 

Understanding normal aging of kidney function is pivotal to help distinguish 46 

individuals at particular risk for chronic kidney disease. Glomerular filtration rate 47 

(GFR) is typically estimated via serum creatinine (eGFRcrea) or cystatin C 48 

(eGFRcys). Since population-based age-group-specific reference values for eGFR 49 

and eGFR-decline are scarce, we aimed to provide such reference values from 50 

population-based data of a wide age range. In four German population-based cohorts 51 

(KORA-3, KORA-4, AugUR, DIACORE), participants underwent medical exams, 52 

interview, and blood draw up to five times within up to 25 years. We analyzed 53 

eGFRcrea and eGFRcys cross-sectionally and longitudinally (12,000 individuals, age 54 

25-95 years). Cross-sectionally, we found age-group-specific eGFRcrea to decrease 55 

approximately linearly across the full age range, for eGFRcys up to the age of 60 56 

years. Within age-groups, there was little difference by sex or diabetes status. 57 

Longitudinally, linear mixed models estimated an annual eGFRcrea decline of -0.80 58 

[95% confidence interval -0.82, -0.77], -0.79 [-0.83, -0.76], and -1.20 mL/min/1.73m² 59 

[-1.33, -1.08] for the general population, “healthy” individuals, or individuals with 60 

diabetes, respectively. Reference values for eGFR using cross-sectional data were 61 

shown as percentile curves for “healthy” individuals and for individuals with diabetes. 62 

Reference values for eGFR-decline using longitudinal data were presented as 95% 63 

prediction intervals for “healthy” individuals and for individuals with diabetes, obesity, 64 

and/or albuminuria. Thus, our results can help clinicians to judge eGFR values in 65 

individuals seen in clinical practice according to their age and to understand the 66 

expected range of annual eGFR-decline based on their risk profile. 67 
 68 

Keywords: Reference values, kidney function, kidney function decline, general population, 69 

chronic kidney disease, diabetes 70 

 71 

Lay summary 72 

Kidney function, assessed as estimated glomerular filtration rate (eGFR), declines by age. In 73 

clinical practice, it is important to understand whether a person has an eGFR value as expected 74 

given the person’s age, or whether the value is lower than expected and potentially a reason 75 

for concern. While chronic kidney disease is defined as eGFR<60 ml/min/1.73m², the question 76 

arises whether a value of, e.g., 58 ml/min/1.73m² for an 80-year-old person is indicative of 77 

disease or age-appropriate. We collected data from >12,000 individuals aged 25 to 95 years 78 

from population-based German studies. We provide age-specific reference values for eGFR 79 

usable in clinical practice to answer this question. Longitudinal information on eGFR-decline 80 

was analyzed to also provide reference values for eGFR-decline by risk profile groups. 81 
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Advanced regression models were applied for these analyses. Our results are interpretable 82 

and usable to help in clinical routine.  83 

 84 

 85 

Introduction 86 

Kidney function undergoes a natural decline by aging. The number of nephrons, the smallest 87 

units of the kidney and responsible for the filtration process, starts decreasing at the age of 30 88 

years.1 Glomerular filtration rate is an established parameter to assess kidney function, 89 

typically estimated via serum creatinine (eGFRcrea), cystatin C (eGFRcys), or both (eGFRcrea-cys). 90 

Values of eGFR<60 mL/min/1.73m² define chronic kidney disease (CKD).2,3 About 10% of the 91 

world´s population4 and 10-13% in Germany5 are affected by CKD.  92 

Elderly individuals often have eGFR<60 mL/min/1.73m² due to natural kidney aging,6,7 93 

giving rise to a substantial debate whether age-dependent CKD definitions are warranted.8 94 

Clinicians are typically faced with the question whether an observed eGFR of, e.g. 58 95 

ml/min/1.73m² is within the normal range for a healthy 80 year-old individual. Another question 96 

is what annual eGFR-decline can be expected for individuals with a certain risk profile, e.g. for 97 

individuals with obesity or with diabetes and microalbuminuria.  98 

Reference values for eGFR using cross-sectional data from general populations, and, 99 

particularly longitudinal data to derive reference values for eGFR-decline are limited. Some 100 

studies provide reference values for middle-aged adults9-11 and few include individuals above 101 

the age of 80,12-15 including two German studies.11,15 Furthermore, many studies provide only 102 

eGFRcrea due to higher costs when measuring cystatin C, but eGFRcys or eGFRcrea-cys are 103 

considered more suitable for individuals at old age.16 There is thus a lack of reference values 104 

for eGFR or eGFR-decline for individuals over a wide age range and limited data on cystatin-105 

based eGFR.  There is also no consensus on how to generate and present such reference 106 

values in an interpretable fashion.  107 
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We thus aimed to provide population-based reference values for eGFR and eGFR-108 

decline based on both creatinine and cystatin C in adult individuals of a wide age range (25-109 

95 years), for “healthy” individuals, and for individuals with diabetes. Furthermore, we aimed 110 

to derive estimates of the association of sex, obesity, diabetes, and albuminuria with eGFR- 111 

levels and annual eGFR-decline and to use these to generate eGFR-decline reference values 112 

by risk groups. For this, we evaluated data four comparably designed population-based 113 

cohorts from Germany enabling the analysis of >12,000 individuals cross-sectionally and 114 

>26,000 eGFRcrea and eGFRcys assessments over up to 25 years longitudinally. 115 

 116 

Methods 117 

Study populations 118 

We analyzed four population-based cohorts from South Germany: (i-ii) two studies for the 119 

middle-aged adult population (KORA-3, KORA-4), (iii) one study for the old-aged population 120 

(AugUR), and (iv) one study on individuals with diabetes (DIACORE). In the following, we used 121 

the term “KORA-3” for individuals in KORA-S3 with follow-up (F3, Fit) and “KORA-4” for 122 

individuals in S4 (F4, FF4, Fit). Studies were comparable in terms of recruitment, study 123 

conduct, and standard operating procedures. Detailed study descriptions were published 124 

previously17-19(Supplementary Note S1.1). 125 

 126 

Processing of biomaterial and biomarker measurements 127 

Processing of biomaterial for was equivalent across the 4 studies as described previously20-22 128 

(Supplementary Note S1.2). Biomarkers were measured by certified laboratories with 129 

different arrays, where comparability of methods were assessed following Clinical & Laboratory 130 

Standards Institute (CLSI) guidelines. Serum creatinine concentrations were measured by 131 

enzymatic assays or modified Jaffé (if applicable, corrected by factor 0.9523) and standardized 132 

to IDMS (Information Display Measurements Standard). Since KORA-S3 creatinine 133 

measurements lacked assay manufacturer’s documentation and differed from the other KORA 134 

surveys (Supplementary Figure S1), we excluded these values from analyses and 135 
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considered, KORA-F3 “baseline” for analyses using creatinine. Cystatin C was measured via 136 

nephelometric methods or immunoassays and standardized according to IFCC (International 137 

Federation of Clinical Chemistry). Glycated hemoglobin (HbA1c) was measured from EDTA 138 

anticoagulated whole blood via ion-exchange high performance liquid chromatographic assay 139 

(KORA, AugUR) or immunoassay (DIACORE). Urine albumin and creatinine were measured 140 

in each study and at each timepoint, except KORA-S4, KORA-Fit3, KORA-Fit4. A detailed 141 

overview of blood processing and biomarker measurements is provided in Supplementary 142 

Table S1. 143 

 144 

Variable assessment 145 

The outcome of interest was GFR and various formulas estimate GFR from creatinine and/or 146 

cystatin to fit eGFR as closely as possible to measured GFR (mGFR). For our primary 147 

analyses, we derived eGFRcrea, eGFRcys and eGFRcrea-cys using the Chronic Kidney Disease 148 

Epidemiology Collaboration (CKD-EPI) 2021 equation,24 the CKD-EPI 2012 equation,25 or the 149 

combined equation from 2021,24 respectively. CKD-EPI 2021 includes sex-specific coefficients 150 

and an age-term (e.g. 0.9938age) and avoids the race-term from CKD-EPI 2009.26 CKD-EPI 151 

2021 was used by the recent KDIGO guidelines.27 However, most European laboratories still 152 

derive eGFRcrea by CKD-EPI 2009,26 and European societies recommended to stall the update 153 

to CKD-EPI 2021 due to limited advantages for European populations.28 As potential update, 154 

alternative equations for eGFRcrea
29 and eGFRcys

30 are suggested by the European Kidney 155 

Function Consortium (EKFC; sex-specific coefficients, no age term until 40, e.g. 0.990age-40 for 156 

age>40). We thus applied also CKD-EPI 2009 and EKFC for sensitivity analyses.  157 

From each study center visit, time-dependent covariables were obtained in a very 158 

similar fashion across studies. Albuminuria was derived from urinary albumin to urinary 159 

creatinine ratio (UACR) as microalbuminuria (UACR ≥30 and <300mg/g) or macroalbuminuria 160 

(UACR ≥300mg/g).31 Diabetes was defined via self-report, intake of antidiabetic medication 161 

(using Anatomical Therapeutic Chemical classification32), or HbA1c ≥6.5%. DIACORE was 162 

restricted to individuals with diabetes assessed via health insurance provider. History of 163 
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cardiovascular disease (CVD) was defined as self-report of any prior myocardial infarction, or 164 

stroke (or interventional revascularization in AugUR and DIACORE). Body-mass index (BMI) 165 

was computed using measured weight (from each visit) divided by squared height [kg/m2] (from 166 

baseline visit). BMI ≥25 and <30kg/m² was defined as “overweight” and BMI ≥30kg/m² as 167 

“obese”. Blood pressure was measured three times at each study center visit and the mean of 168 

2nd and 3rd measurements was used for analyses.  169 

 170 

Inclusion and exclusion criteria  171 

For our analyses, we included participants aged ≥25 years (minimum age in KORA studies), 172 

with neither renal replacement therapy (dialysis or kidney transplantation) nor history of severe 173 

kidney disease (end-stage kidney disease, acute kidney injury, disease requiring nephrectomy 174 

reported at baseline. For cross-sectional analyses, we excluded individuals without available 175 

eGFR assessment at baseline (Supplementary Figure S2a). For longitudinal analyses, we 176 

excluded eGFR values after an eGFR<15 mL/min/1.73m² or after onset of renal replacement 177 

therapy or severe kidney disease; we excluded individuals without any available measurement 178 

of eGFRcrea at any timepoint (Supplementary Figure S2b).  179 

We analyzed the data focused on general population individuals (i.e. KORA-3, KORA-180 

4, AugUR), their “healthy” subgroup, or individuals with diabetes (adding DIACORE). For the 181 

“healthy“ subgroup, eGFR values were excluded when the individual had diabetes, history of 182 

CVD, systolic/diastolic blood pressure ≥140/90 mmHg, or UACR≥30 mg/g at baseline (cross-183 

sectional analyses) or at the respective timepoint (longitudinal analyses); the “healthy”-defining 184 

variables were non-missing in >99% individuals at baseline or any timepoint where eGFR was 185 

available (except for UACR in KORA). For the diabetes subgroup, we analyzed eGFR values 186 

when individuals had ascertained diabetes at baseline (cross-sectionally) or at one timepoint 187 

(longitudinally; excluding eGFR values before diabetes was observed).  188 

 189 

Statistical analyses in cross-sectional and longitudinal data 190 
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We analyzed eGFRcrea, eGFRcys, and eGFRcrea-cys (CKD-EPI 2021 and 2012) as outcome on 191 

the original scale (winsorized at 15 and 200 mL/min/1.73m²). While studies were comparable 192 

in design and conduct, creatinine and cystatin were measured by different laboratories and 193 

assays. Therefore, we performed study-specific analyses and then evaluated whether fixed-194 

effect meta-analyses or joint data analyses were applicable. All statistical analyses were 195 

performed using R, version 4.3.1. For all regression models, age was centered at 50 years.  196 

In cross-sectional data (using baseline), we derived mean values of eGFRcrea and 197 

eGFRcys and 95% confidence intervals (CI) per sex and age-group.  198 

In longitudinal data, we estimated eGFRcrea-decline over age without linearity 199 

assumption (generalized additive model, GAM, penalized splines to model age, f(age)) and 200 

with linearity assumption (linear mixed model, LMM). The models included random intercepts 201 

(RI), sex, interaction of sex with f(age) or age, respectively, study membership if applicable, 202 

and, in sensitivity analyses, random slopes (RI&RS; Supplementary Note S2.1). We analyzed 203 

eGFRcys-decline analogously. Both GAM and LMM enabled the inclusion of all individuals with 204 

at least one eGFR value while accounting for intra-subject variation caused by repeated 205 

measurements. 206 

 207 

Risk factor association in longitudinal data 208 

In longitudinal data, we applied a further multivariable LMM to estimated risk factor association 209 

with eGFRcrea-levels (main effects) and eGFRcrea-decline (interaction with age): the LMM 210 

included RI, age, all risk factors (sex, diabetes, overweight, obesity, micro- and 211 

macroalbuminuria), their interaction with age, study membership if applicable (Supplementary 212 

Note S2.2); the model included time-constant (sex) and time-varying covariate effects (all other 213 

risk factors). We analyzed eGFRcys analogously. 214 

 215 

Reference values for eGFR and eGFR-decline 216 

To generate reference values for eGFRcrea, we used cross-sectional data for the “healthy” 217 

subgroup and for individuals with diabetes. We derived 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, 218 
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and 97.5th percentile curves as age-appropriate reference values (using generalized additive 219 

mixed model for location, scale and shape, GAMLSS, Supplementary Note S2.3). The use 220 

of GAMLSS allowed us to model eGFRcrea over age without linearity or normality assumption. 221 

We repeated this for eGFRcrea-cys, since this is judged by practitioners when cystatin is 222 

available. 223 

To generate reference values for eGFRcrea-decline or eGFRcys-decline, we used 224 

longitudinal data and risk factor association estimates from the LMM described above (here: 225 

RI&RS). By risk profile, we derived 95% prediction intervals which account for the variability in 226 

person-specific slopes (Supplementary Note S2.4).  227 

Revisiting results using alternative equations for eGFR 228 

We compared individuals’ eGFRcrea (eGFRcys) values derived by CKD-EPI 202124 (CKD-EPI 229 

201225) with values derived by CKD-EPI 200926 or EKFC 202129 (EKFC 202330). We also 230 

evaluated the impact of using these alternative eGFR equations on cross-sectional and 231 

longitudinal analyses results described above.  232 

 233 

CKD proportions using tentative age-dependent cut-off values for eGFR 234 

There is a substantial debate on the use of age-independent versus age-dependent eGFR cut-235 

off values to define CKD.8 We derived the proportion of CKD by age-group based on 236 

eGFRcrea<60 mL/min/1.73m², UACR≥30 mg/g, or their combination. We contrasted these with 237 

CKD proportions that would be yielded if age-specific cut-off values for eGFR were based on 238 

our GALMSS-derived reference values (using midpoint age per age-group and corresponding 239 

modelled 2.5th percentile).  240 

 241 

Results 242 

Cross-sectional data: participant characteristics and dependency of eGFR on age  243 

Our cross-sectional analyses included 12,014 or 12,125 individuals with available eGFRcrea or 244 

eGFRcys at baseline, respectively. Participants of the general population studies (KORA-3, 245 

KORA-4, AugUR) covered a baseline age of 25-95 years, and 8%, 5%, or 24% had diabetes, 246 
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respectively; individuals from the diabetes study (DIACORE) were aged 27-92 years (Table 1; 247 

by sex, Supplementary Table S2). 248 

 First, we evaluated the comparability between studies in the cross-sectional data. We 249 

observed comparable age-group specific mean eGFR between studies, except slightly lower 250 

mean at older age for DIACORE in line with lower eGFR in diabetes (Supplementary Figure 251 

S3a & S3b). Second, we derived mean values by age-group and sex in the joint cross-sectional 252 

data focused on general population (KORA-3, KORA-4, AugUR; n=5,732), their “healthy” 253 

subgroup (n=3,042), or individuals with diabetes (including DIACORE: n=3,890;). We found (i) 254 

a predominant impact of age on eGFRcrea and eGFRcys, (ii) little difference by sex, (iii) an 255 

approximately linear decrease in eGFR by age, even for younger individuals aged 25-39 years 256 

compared to 40-49 years, and (iv) lower mean values for eGFRcys than for eGFRcrea at older 257 

age (Figure 1, Supplementary Table S3). The pattern was similar for general population, 258 

“healthy”, and diabetes - with slightly higher mean for “healthy” and lower mean for diabetes 259 

at older age.  260 

 261 

Longitudinal data: participants characteristics and estimates of eGFR-decline  262 

Our longitudinal analyses included 12,076 or 12,638 individuals with up to 5 assessments of 263 

eGFRcrea or eGFRcys, respectively, covering an age range of 25-98 years (meGFRcrea= 26,179 or 264 

meGFRcys= 24,507, respectively; Table 2). Study-specific analyses showed comparable course 265 

of eGFR (using GAM; Supplementary Figure S4) and annual decline estimates (using LMM; 266 

Supplementary Table S4) across KORA-3, KORA-4, AugUR (eGFRcrea: -0.8 to -1.0 267 

mL/min/1.73m² per year) and slightly steep decline in DIACORE (-1.5 mL/min/1.73m²). We 268 

also found similar results in meta-analysis versus joint analyses or when adding random slopes 269 

(Supplementary Tables S4 & S5). We thus continued to analyze the longitudinal data jointly 270 

adjusting for study membership and without random slopes, if not indicated otherwise.   271 

We analyzed the longitudinal data for general population, “healthy” individuals, or 272 

individuals with diabetes, (neGFRcrea=9,082, 4,545, or 4,323, neGFRcys=9,644, 6,126, or 4,304, 273 

respectively). When estimating eGFR-decline over age without linearity assumption (GAM; 274 
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sex, age, and their interaction as covariables), we found (Figure 2): (i) a fairly linear decline 275 

with little difference by sex, (ii) a more pronounced decline in eGFRcys than in eGFRcrea, and 276 

(iii) a similar pattern between general population and “healthy” individuals, but slightly steeper 277 

decline in individuals with diabetes. When estimating eGFR-decline over age with linearity 278 

assumption (LMM; sex, age, and their interaction as covariables), we found an annual 279 

eGFRcrea-decline of –0.80 [95%-CI=-0.82, -0.77], -0.79 [-0.83, -0.76], or -1.20 [-1.33, -1.08] 280 

mL/min/1.73m² per year for general population, “healthy” individuals, or individuals with 281 

diabetes, respectively. For eGFRcys, the annual decline was more pronounced. We found little 282 

difference in annual eGFR-decline by sex (Table 3) or by adding an age² term (not shown).  283 

Risk factor association with eGFR-levels and eGFR-decline in longitudinal data 284 

We quantified the association of risk factors with eGFR-levels and eGFR-decline in our 285 

longitudinal joint data (multivariable RI-only LMM including sex, diabetes, overweight, obesity, 286 

micro-, and macroalbuminuria, and their interactions with age as covariables; neGFRcrea=10,815, 287 

neGFRcys=9,725). Annual eGFRcrea-decline for the reference group (50-year-old normal-weight 288 

women without diabetes or albuminuria) was -0.73 mL/min/1.73m² [95%-CI=-0.77, -0.69] 289 

(Table 4, “Age effect”), similar to the above stated estimate in “healthy” individuals. Most 95%-290 

CIs excluded zero, indicative of a well-powered analysis, and overlapped for eGFRcrea and 291 

eGFRcys, suggesting similar associations for both biomarkers. Compared to the reference 292 

group, we found steeper eGFRcrea- and eGFRcys-decline for diabetes, overweight, obesity, or 293 

microalbuminuria (Table 4, “interaction effects”; also for macroalbuminuria when omitting 294 

diabetes in the model, Supplementary Table S6). Risk factor associations were independent 295 

and additive: e.g. women with diabetes, obesity, and microalbuminuria had an annual decline 296 

of -1.39 mL/min/1.73m² per year (=-0.73-0.45-0.12-0.09).  297 

 298 

Reference values for eGFR from cross-sectional data 299 

Clinical practitioners are interested in comparing a patient’s eGFR value with age-appropriate 300 

percentiles of “healthy” individuals. To provide age-specific reference values for eGFR, we 301 

estimated percentile curves for eGFRcrea and eGFRcrea-cys over age in the “healthy” subgroup 302 
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of joint cross-sectional data (GAMLSS, neGFRcrea=4,984, neGFRcrea-cys=3,042). A person’s 303 

eGFRcrea value measured in clinical practice – or, if cystatin is also available, eGFRcrea-cys – can 304 

be judged against these reference value diagrams (Figure 3a & 3c, Supplementary Table 305 

S7): e.g. eGFRcrea=62 mL/min/1.73m² is way below the 5th percentile for a 60-year-old healthy 306 

individual, but near the 25th percentile if the person is 80-year-old. Age-group specific eGFR 307 

percentiles were highly comparable to previously reported mGFR percentiles34 308 

(Supplementary Table S7).  309 

Since many patients in the nephrologists’ practice have diabetes, we also generated 310 

reference values for individuals with diabetes (neGFRcrea=3,172, neGFRcrea-cys=3,890): a person 311 

with diabetes and eGFRcrea=62 mL/min/1.73m² will be above the 5th or 25th percentile when the 312 

patient is 60-year-old or 80-year-old, respectively (Figure 3b & 3d, Supplementary Table 313 

S7).  314 

 315 

Reference values for annual eGFR-decline for individuals without and with risk factors 316 

from longitudinal data 317 

 Clinical practitioners have also an interest in the expected annual decline of a person with 318 

certain risk factors compared to persons without risk factors. We derived 95%-prediction 319 

intervals for individuals without and with overweight/obesity, diabetes, or micro-320 

/macroalbuminuria (i.e. using risk factor association estimates from LMM RI+RS in longitudinal 321 

data; Supplementary Table S8). These intervals provide reference values for annual 322 

eGFRcrea-decline (Figure 4a): (i) when the clinician sees a 50-year-old woman without any risk 323 

factor, 95% of such individuals can be expected to have an annual eGFRcrea-decline between 324 

-0.02 and -1.44 mL/min/1.73m² per year. (ii) Due to the linearity assumption, this is the same 325 

when the woman is 70-year-old. (iii) If the person is a man, this interval is very similar (-0.05 326 

to -1.47 mL/min/1.73m² per year). (iv) If the woman has diabetes or both diabetes and obesity, 327 

the interval is -0.49 to -1.90 or -0.61 to -2.03 mL/min/1.73m² per year, respectively 328 

(independent of age, very similar for men). For eGFRcys, these intervals were smaller due to a 329 

lower variability of eGFRcys random slopes (Figure 4b). 330 
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 331 

Revisiting results using alternative formulas to derive eGFR 332 

In cross-sectional data of general population individuals (both creatinine and cystatin 333 

measurement available at baseline, n=5,732), we compared individuals´ values of eGFRcrea 334 

and eGFRcys across the  formulas (CKD-EPI 2021,24 CKD-EPI 2009,26 EKFC 2021,29 and CKD-335 

EPI 2012,25 EKFC 2023,30 respectively; Supplementary Figure S5a & S5b): while CKD-EPI 336 

2009 showed little differences to CKD-EPI 2021, EKFC 2021 yielded lower eGFRcrea values 337 

than CKD-EPI 2021 for all age-groups (similarly CKD-EPI 2012 versus EKFC 2023 for 338 

eGFRcys; Supplementary Figure S5c)  339 

We thus compared the impact of using EKFC rather than CKD-EPI on our cross-340 

sectional and longitudinal results. The overall pattern was similar (Supplementary Figures 341 

S6 & S7), but two aspects differed: In cross-sectional data, mean levels differed between 342 

eGFRcys and eGFRcrea in young individuals (Supplementary Figure S6a-S6c); in longitudinal 343 

data, no eGFR-decline was observed in general population individuals until the age of 40 344 

(Supplementary Figure S6d). Reference values for eGFRcrea based on 2.5th percentiles in 345 

“healthy” individuals were similar for EKFC compared to CKD-EPI for individuals aged <70 346 

years (Supplementary Table S9).  347 

 348 

CKD proportions with age-independent and age-dependent cut-off values for eGFR 349 

When using the established CKD definition2 based on eGFRcrea CKD-EPI 2021 in our cross-350 

sectional general population data (UACR ≥30mg/g or eGFR <60 mL/min/1.73m²), we yielded 351 

the following CKD proportions:  4%, 4%, 7%, 14%, 30%, or 48% for age-groups 30-40, 40-50, 352 

60-70, 70-80, or 80+ years, respectively (Figure 5a). While almost no-one in the young age-353 

group had CKD via the eGFR criterion, about 1/3 of the individuals aged 70+ had CKD only 354 

due to “eGFR<60”. For individuals with diabetes, CKD proportions were 20%, 24%, 26%, 29%, 355 

44%, and 60%, respectively (Figure 5b).  356 

While acknowledging that large longitudinal data on kidney failure and mortality is 357 

needed to develop age-dependent cut-off values, we were interested in the impact of age-358 
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dependent cut-offs for eGFR on these CKD proportions: when using GAMLSS-estimated 2.5th 359 

percentiles in “healthy” (rounded to next 5 or 10 units), yielded 75, 70, 60, 50, 40, 30 360 

mL/min/1.73m² for the age-groups 30-40, 40-50, 50-60, 60-70, 70-80, 80+ years, respectively. 361 

This resulted, for the general population, 6%, 5%, 7%, 11%, 21%, and 30% CKD, respectively.  362 

 363 

Discussion 364 

We provided reference values for eGFR and eGFR-decline for adult individuals of a wide age-365 

range from Germany. Our cross-sectional and longitudinal data on >26,000 assessments of 366 

eGFR based on creatinine and cystatin C yielded three main results: (i) annual eGFRcrea 367 

decline estimates of – 0.80 in the general population, -0.79 in “healthy” individuals, and -1.20 368 

mL/min/1.73m² per year for individuals with diabetes were in line with literature.17,35 (ii) Our 369 

age-specific percentile curves for eGFR via GAMLSS in cross-sectional data provide 370 

interpretable reference values without assuming linear eGFR decrease by age. (iii) A unique 371 

aspect of our work are the reference values for eGFR-decline from longitudinal data provided 372 

as 95% prediction intervals. These intervals account for intra-person variability, are readily 373 

interpretable, and fill an important gap of epidemiological data on eGFR in current literature. 374 

The use of GAMLSS and LMM-based prediction intervals is established in the statistical 375 

community,36 but – to our knowledge - novel in the literature of nephrology.  376 

 Our results cover numerous further aspects enabled by sex-specific analyses and the 377 

use of alternative biomarkers, and alternative eGFR equations. Our cross-sectional and 378 

longitudinal analyses of eGFR underscored the predominant impact of age, which was 379 

substantially larger than any differences by sex, the use of cystatin rather than creatinine, or 380 

alternative equations to estimate GFR. While there have been reported differences in mGFR 381 

between men and women,13 our data showed very little sex differences in eGFR accounting 382 

for age. Lower levels of eGFRcys compared to eGFRcrea levels in elderly shown in cross-383 

sectional data were also in line with longitudinal data results that eGFRcys-decline was steeper 384 

than eGFRcrea-decline. Both is an indication of overestimated GFR by eGFRcrea and 385 

underestimated eGFR-decline in the older age range due to muscle mass loss described 386 
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previously.37 While individuals´ eGFR values differed when using alternative eGFR equations 387 

from EKFC rather than CKD-Epi, the 2.5th or 5th percentiles in healthy individuals were relatively 388 

stable when using alternative eGFR equations to estimate GFR and in line with published data 389 

on mGFR.34 390 

Our reference values from population-based cross-sectional data are unique for 391 

Germany due to their wide age range and smooth percentile curves. European reference 392 

values were previously provided for a limited age range15,16 or limited to eGFR using an 393 

outdated formula.11,15,26,38 Previous statistical methods to display reference values from cross-394 

sectional data used median values, percentiles per age-group connected by a line, or quantile 395 

regression assuming linear decrease.9,11,15   396 

Our reference values indicate, as shown by others,39 that an eGFR of 60 397 

mL/min/1.73m² was well within the norm for “healthy” elderly, but would result in a CKD 398 

classification according to the established definition.2 There is a substantial debate on whether 399 

this age-independent cut-off value of 60 mL/min/1.73m² appropriately distinguishes the healthy 400 

aging kidney from kidney disease. Based on the risk of kidney failure and mortality of ~100,000 401 

individuals,40 age-specific eGFR cut-off values for CKD have been proposed previously (75, 402 

60, or 45 mL/min/1.73m² for age-groups 18-54, 55-64, or 65+ years, respectively.8 We 403 

evaluated similar, but more refined age-specific cut-off values based on our age-specific 2.5th 404 

percentiles in “healthy” individuals (75, 70, 60, 50, 40, 35 mL/min/1.73m² for <40, 40-50, 50-405 

60, 60-70, 70-80, 80+ years, respectively) and demonstrated a substantial impact on the 406 

proportion of CKD. Large longitudinal data on kidney failure and mortality will be needed to 407 

evaluate such alternative eGFR cut-off values for their predictive ability of severe endpoints.  408 

It was not clear how to present reference values for eGFR-decline given the current 409 

nephrological literature. Longitudinal data and reference values for eGFR-decline have been 410 

scarce in Germany and internationally. Previous work generated reference values for 411 

eGFRcrea-decline as quantiles for the eGFRcrea difference between two assessments11 or as 412 

mean slopes by age-group.41 However, reference values should give a sense of what to expect 413 

regarding the eGFR-decline when a person of a certain risk profile regarding obesity, diabetes, 414 
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or albuminuria appears in clinical practice. For this, we utilized risk factor association estimates 415 

from multivariable LMM with random slopes that accounted for the uncertainty in the 416 

association estimate and the variability of person-specific slopes. Importantly, the resulting 417 

95% prediction intervals have an intuitive interpretation: for a person seen in clinical practice, 418 

e.g. with diabetes and obesity but without albuminuria, the clinician can use these intervals to 419 

say that 95% of such individuals have an annual decline of -2.03 to -0.61 mL/min/1.73m² per 420 

year.  421 

There are some strengths and limitations that should be mentioned. A strength of our 422 

data is that the studies are random population-level cohorts: individuals were drawn randomly 423 

from population registries or, for the diabetes study, health care providers. However, 424 

participants are typically not hospitalized and more mobile, healthier, and more health-425 

interested than non-participants.17-19 Due to this participation bias and exclusion of individuals 426 

with severe kidney disease or renal replacement therapy, mean levels of eGFR in cross-427 

sectional and longitudinal analyses might be overestimated in the general or diabetes 428 

population. Furthermore, it is not fully straight-forward how to define “healthy” individuals; we 429 

tried to capture the most relevant factors known to influence the health status in view of kidney 430 

function.9,41 Another limitation is the various assays used for biomarker measurements across 431 

studies and timepoints. While we ascertained comparability of age-group specific mean values 432 

across arrays with little evidence of systematic error, the different assays can be expected to 433 

have increased the random noise. Still, various assays will also be used in clinical routine, and 434 

our data might thus provide a more realistic scenario than standardized centralized 435 

measurements. Finally, the potential of survival bias warrants consideration: due to excluding 436 

individuals with renal replacement therapy, end-stage kidney disease, acute kidney injury, or 437 

nephrectomy, we expect negligible loss to follow-up due to kidney-related death; sensitivity 438 

analyses suggested no impact of survival status on annual decline estimates in line with 439 

previous work using bivariate analysis.15  440 

While the data is from one country, reference values on eGFR and eGFR-decline can 441 

be generalized to other countries of similar life-style and health care systems; generalizability 442 
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to non-Caucasian populations is limited due to the study population being mostly White 443 

Caucasian.17,19,22 A challenge derives from the different equations to estimate GFR from 444 

creatinine: reference values should be based on the equation used by laboratories in clinical 445 

practice. KDIGO guidelines27 (CKD-Epi 2021) differ to European laboratory practice (mostly 446 

CKD-Epi 2009), and European societies recommend to stall the update.28,42 In our data, 447 

individual eGFRcrea values were very similar for CKD-EPI 2009 compared to CKD-Epi 2021, 448 

making our reference values applicable when laboratory reports are based on CKD-EPI 2009. 449 

EKFC-derived eGFRcrea values29 differed, prompting us to present reference values also for 450 

this alternative equation that is currently being discussed as potential update to CKD-EPI 2009 451 

in Europe.  452 

In conclusion, we provided age-specific reference values for eGFR in healthy 453 

individuals and reference values for eGFR-decline by subgroups of special interest in clinical 454 

routine. These reference values can help guide clinicians in judging their patient’s eGFR 455 

against the normal range and in predicting annual eGFR-decline in general and in high-risk 456 

subgroups. Our findings support the pledge for an age-adapted CKD definition and motivate 457 

further analyses to investigate the benefit of age-specific thresholds.  458 
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Supplementary Table S1. Overview of biomarker measurement in each of the studies. 551 

Shown are available details for serum creatinine and serum cystatin C timepoint of blood 552 

sampling and sample processing, assay name and underlying method as well as details 553 

available for sample storage and location information of measurement. Shown are respective 554 

details for urine creatinine and urine albumin measurements for all studies.    555 

Supplementary Table S2. Sex-specific characteristics of cross-sectionally analyzed 556 

sample separated by study. The analyzed sample was restricted to individuals with available 557 

eGFR values from baseline study assessment. Shown are demographic characteristics, 558 

information on diseases and medication intake, laboratory measurements with focus on 559 

established risk factors previously reported for kidney function decline.S4 Estimated glomerular 560 

filtration rate was deviated from serum creatinineS5 or serum cystatin.S6 Continuous variables 561 

are given as mean values with standard deviation (SD). Categorical variables are shown in 562 

percent and absolute number of affected individuals. Relative frequency is calculated based 563 

on non-missing values of each categorical variable.  564 

Supplementary Table S3. Mean values per age-group with respective number of 565 

individuals in cross-sectional data. The analyzed sample consisted of individuals with 566 

available eGFRcrea and eGFRcys. Shown are age-group specific sample sizes, mean values and 567 

standard errors for eGFRcrea and eGFRcys for the general population individuals (KORA-3, 568 
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KORA-4, AugUR), “healthy” individuals (excluding individuals with diabetes, CVD, 569 

HbA1c≥6.5%, blood pressure ≥ 140/90 mmHg, or UACR ≥30 mg/g; selected from KORA-3, 570 

KORA-4, AugUR), and individuals with diabetes (DIACORE, extended with respective 571 

individuals from KORA-3, KORA-4, AugUR).  572 

Supplementary Table S4. Longitudinal analysis of annual decline of eGFR by study and 573 

combined. The analyzed sample consisted of individuals with at least one available eGFRcrea 574 

value at any timepoint. For each study and outcome eGFRcrea and eGFRcys, we applied a linear 575 

mixed model (LMM, RI-only model; age centered at 50 years, sex, and their interaction as 576 

covariables). Sensitivity analyses in a subset of elderly individuals (AugUR: n= 1,898, 577 

m=2,784) and individuals with diabetes (DIACORE: n=2,586, m= 8,592) restricted to 578 

individuals survived follow-up yielded the same annual decline estimates (-1.08 [-1.22, -0.90] 579 

and -1.44 [-1.50, -1.32] ml/min/1.73m² for AugUR and DIACORE, respectively). Joint data 580 

results are compared to an analysis adjusting for study membership (“joint-study”) and to a 581 

meta-analysis of beta- estimates (“meta”; inverse-variance-fixed effect, 𝛽 = ∑ 𝛽𝑖𝑤𝑖/ ∑ 𝑤𝑖𝑖𝑖 , 582 

with 𝑤𝑖 = 1/𝑆𝐸𝑖
2. Beta-estimates with respective 95%-CI are given.  583 

Supplementary Table S5. Alternative model results for annual eGFR-decline by study in 584 

longitudinal analyses using random slopes. The analyzed sample consisted of individuals 585 

with at least one eGFR value available at any timepoint. For each study and outcome, a linear 586 

mixed model was fitted (LMM, RI+RS model; age centered at 50 years, sex, and their 587 

interaction as covariables). Shown is also the standard deviation of random slopes (SDRS). 588 

Results are very similar to the results from LMM RI-only shown in Supplementary Table S4). 589 

Supplementary Table S6. Stepwise analyses of albuminuria association with eGFR 590 

levels and eGFR-decline in longitudinal data. The analyzed sample consisted of individuals 591 

with at least one eGFR value available at any timepoint and with available information on 592 

diabetes, body-mass index (BMI) and urinary-to-creatinine ratio (UACR). For each outcome, 593 

eGFRcrea or eGFRcys, three multivariable linear regression models were fitted (LMM, RI-only, 594 

model 1: age centered at 50 years, sex, and micro-, and macroalbuminuria, and their 595 

interactions with age, and study membership as covariables, model 2: adding diabetes and its 596 

interaction with age, model 3: adding overweight and obesity, and their interactions with age. 597 

Beta estimates are shown in mL/min/1.73 m² with 95%-CI.  598 

Supplementary Table S7. Percentile values for eGFRcrea and eGFRcrea-cys based on CKD-599 

EPI 2021 equationsS5,S6 in cross-sectional data. The analyzed sample was restricted to 600 

individuals with available eGFR values at baseline. Shown are modelled percentiles for the 601 

midpoint of each age interval resulting from GAMLSS for “healthy” individuals (neGFRcrea=4,984, 602 

neGFRcrea-cys=3,042) and individuals with diabetes (neGFRcrea=3,172, neGFRcrea-cys=3,890). 603 

Percentile values correspond to reference curves in Figure 3. Percentiles of measured GR 604 

(mGFR) based on 1,983 living kidney donorsS7are provided for comparison.  605 
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Supplementary Table S8. Longitudinal analyses for risk factor association with eGFR-606 

levels and eGFR-decline. Table is analogous to Table 4 except for the random slopes 607 

included in the model (RI+RS; age centered at 50 years, sex, diabetes, overweight, obesity, 608 

micro-, and macroalbuminuria, their interactions with age, and study membership as 609 

covariables). Beta estimates are shown in mL/min/1.73m² with 95%-CI. Results are very 610 

similar to results shown in Table 4 for the RI-only model.  611 

Supplementary Table S9. Percentile values for eGFRcrea based on EKFC 2021 equationS9 612 

in cross-sectional data. The analyzed sample was restricted to individuals with available 613 

eGFRcrea value at baseline. Shown are modelled percentiles for the midpoint of each age 614 

interval resulting from GAMLSS for “healthy” individuals (neGFRcrea=4,984) and individuals with 615 

diabetes (neGFRcrea=3,172). Percentile values correspond to reference curves in  616 

Supplementary Figure S1. Comparability of mean eGFR in KORA. Shown are mean values 617 

of (A) eGFRcrea and (B) eGFRcys per age-group in the two KORA surveys S3 and S4 with the 618 

respective follow-up data. Mean values of eGFRcys in KORA-F4 are based on only 234 619 

individuals with available eGFRcys and thus, not interpretable. For KORA-S3, the CREA assay 620 

(Boehringer Mannheim) was used, for which documentation regarding comparability with other 621 

assays, e.g. with the next generation assay CREA PLUS, was lacking (personal 622 

communication: Koenig Lab, Ulm, Roche Diagnostics, Burkhard Lab, Regensburg).   623 

Supplementary Figure S2. Overview of study data. Shown are the number of included 624 

individuals (n) and number of measurements (m) in the analysis of eGFRcrea, eGFRcys, or 625 

eGFRcrea-cys for (a) cross-sectional and (b) longitudinal analyses. Exclusion criteria for 626 

individuals and measurements of eGFR are described stating the numbers of individuals or 627 

numbers of measurements that are excluded in each step.  628 

Supplementary Figure S3. Age-group specific mean values of eGFR in cross-sectional 629 

data. The analyzed sample consisted of individuals with available eGFR value at baseline. 630 

Shown are study-specific mean values of (a) creatinine- or (b) cystatin-based eGFR by age-631 

groups. Color code was used to differentiate between the studies. Whiskers represent the 632 

95%- CIs.  633 

Supplementary Figure S4. Decline of eGFR over age per study in longitudinal data. The 634 

analyzed sample consisted of individuals with at least one available eGFRcrea value at any 635 

timepoint. Shown are predicted values of eGFRcrea and eGFRcys over the full age range (25-98 636 

years). General additive models (GAM) were fitted on longitudinal data in each study 637 

separately (RI-only) with age modelled as function by splines, f(age), and sex and sex*f(age) 638 

as covariables. Values on the y-axis are the (a) eGFRcrea or (b) eGFRcys values predicted by 639 

the model fitted for each study. Color code differentiates between the studies and bands 640 

represent the 95%-CI. 641 
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Supplementary Figure S5. Comparison of eGFR in the general population using 642 

different equations. The analyzed sample consisted of general population individuals with 643 

eGFR available at baseline (n=5,732). Shown are individuals´ values of eGFRcrea based on 644 

CKD-EPI 2021 equationS6 (y-axis) compared to (a) CKD-EPI 2009S9 (x-axis) and (b) EKFC 645 

2021S10 (x-axis). Also shown are individuals´ values for eGFRcys based on CKD-EPI 2012S7 (y-646 

axis) compared to EKFC 2023S11 (x-axis).  647 

Supplementary Figure S6. Sex- and age-group specific eGFR mean values and eGFR 648 

decline over age using EKFC equations. The analyzed sample consisted of (a-c) individuals 649 

with both eGFRcrea and eGFRcys values available at baseline (cross-sectional data) or (d-f) 650 

individuals with at least one eGFR value at any timepoint (longitudinal data). Color code 651 

differentiates between eGFRcrea (blue) based on EKFC 2021S10 and eGFRcys (orange) based 652 

on EKFC 2023.S11 Shown are cross-sectional mean values per age-groups for (a) the general 653 

population, (b) “healthy” individuals and (c) individuals with diabetes. Symbols indicate sex-654 

specific mean values. Whiskers represent the 95%-CIs. Also shown are predicted values of 655 

eGFRcrea and eGFRcys over the full age range (25-98 years) for (d) the general population 656 

(neGFRcrea= 9,082, meGFRcrea= 16,835, neGFRcys= 9,644, meGFRcys= 15,188), (e) “healthy” individuals 657 

(neGFRcrea= 4,545, meGFRcrea= 5,848, neGFRcys= 3,896, meGFRcys= 5,188) and (f) individuals with 658 

diabetes from all studies (neGFRcrea= 4,323, meGFRcrea= 11,179, neGFRcys= 4,304, meGFRcys= 659 

11,091). Prediction values were derived from a generalized additive model fitted for each 660 

outcome eGFRcrea or eGFRcys (GAM, RI-only; f(age), sex, their interaction, and study 661 

membership as covariables). Line type between men (dashed) and women (solid). Bands 662 

represent the 95%-CIs. 663 

Supplementary Figure S7. Reference values for eGFR and eGFR decline based on EKFC 664 

equationS10 in cross-sectional data. The analyzed sample consisted of individuals with (a&b) 665 

available eGFR values at baseline (cross-sectional data) or (c&d) at least one eGFR value 666 

available at any timepoint (longitudinal data) and with available information on diabetes, body-667 

mass index (BMI) and urinary-to creatinine ratio (UACR). Shown are percentiles curves of 668 

eGFRcrea based on cross-sectional data (GAMLSS) from (a) “healthy” individuals 669 

(neGFRcrea=4,984, neGFRcrea-cys=3,042) and (b) individuals with diabetes (neGFRcrea=3,172, neGFRcrea-670 

cys=3,890). Age-group-specific percentiles are shown in Supplementary Table S8.  Also shown 671 

are reference values for annual eGFR-decline for different subgroups of individuals for (c) 672 

eGFRcrea and (d) eGFRcys based on longitudinal data (LMM, RI+RS, neGFRcrea= 10,800, 673 

meGFRcrea= 19,173 and neGFRcys= 9,725, meGFRcys= 18,165). Reference values for women (dark 674 

grey) and men (light grey) are displayed as 95% prediction interval including the variability of 675 

RS (SDeGFRcrea= 0.23, SDeGFRcys= 0.25). The dashed vertical line indicates the estimate of 676 

eGFR-decline for the reference group (women, normal weight, no diabetes and no 677 
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albuminuria). The stated values next to the bars indicate sex-specific estimates with the 678 

respective 95% prediction intervals.  679 
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Figure legend 789 

Figure 1. Sex and age-group specific mean values of eGFR in cross-sectional data. The 790 

analyzed sample consisted of individuals with both eGFRcrea and eGFRcys values available at 791 

baseline. Shown are mean values of creatinine- or cystatin-based eGFR (eGFRcrea (blue) and 792 

eGFRcys (orange)) per age-groups for (a) the general population, (b) “healthy” individuals and 793 

(c) individuals with diabetes. Symbols indicate sex-specific mean values. Whiskers represent 794 

the 95%-CIs. Numbers are shown in Supplementary Table S3. 795 

Figure 2. Longitudinal analysis of decline of eGFR over age. The analyzed sample 796 

consisted of individuals with at least one eGFR value available at any timepoint. Shown are 797 

predicted values of eGFRcrea and eGFRcys over the full age range (25-98 years) for (a) the 798 

general population (neGFRcrea= 9,082, meGFRcrea= 16,835, neGFRcys= 9,644, meGFRcys= 15,188), (b) 799 

a subset of “healthy” individuals (neGFRcrea= 4,545, meGFRcrea= 5,848, neGFRcys= 3,896, meGFRcys= 800 

5,188) and (c) individuals with diabetes from all studies (neGFRcrea= 4,323, meGFRcrea= 11,179, 801 

neGFRcys= 4,304, meGFRcys= 11,091). Data of all studies were analyzed jointly for the outcome 802 

eGFRcrea and eGFRcys (Generalized additive model (GAM), RI-only; f(age), sex, their 803 

interaction, and study membership as covariables). Color code differentiates between eGFRcrea 804 

(blue) and eGFRcys (orange) and line type between men (dashed) and women (solid). Bands 805 

represent the 95%-CIs. 806 

Figure 3. Reference values for eGFRcrea and eGFRcrea-cys based on cross-sectional data. 807 

The analyzed sample was restricted to individuals with eGFR values available at baseline. 808 

Shown are percentiles curves of eGFRcrea and eGFRcrea-cys based on data from (a&c) “healthy” 809 

individuals (neGFRcrea=4,984, neGFRcrea-cys=3,042) and (b&d) individuals with diabetes 810 

(neGFRcrea=3,172, neGFRcrea-cys=3,890). The color code was used to differentiate areas between 811 

selected percentiles (grey: 2.5th-5th and 95th-97.5th; blue: 5th-10th and 90th-95th percentile; 812 

purple: 10th-25th and 75th-90th percentile; green: 25th-50th and 50th-75th percentile). Age-group-813 

specific percentiles are shown in Supplementary Table S7.  814 

Figure 4. Reference values for eGFR-decline in longitudinal data. The analyzed sample 815 

consisted of individuals with at least one eGFR value available at any timepoint and with 816 

available information on diabetes, body-mass index (BMI) and urinary-to creatinine ratio 817 

(UACR). Shown are reference values for annual eGFR-decline for different subgroups of 818 

individuals for (a) eGFRcrea and (b) eGFRcys. For each outcome, a multivariable linear mixed 819 

model (LMM) was applied (neGFRcrea= 10,800, meGFRcrea= 19,173 and neGFRcys= 9,725, meGFRcys= 820 

18,165): random intercept (RI)+random slope (RS) model with age (centered at 50 years), sex, 821 

diabetes, BMI category, albuminuria category, and their interactions with age as covariables. 822 

Reference values for annual decline were derived from combining beta estimates for age and 823 

the age interaction with the respective risk factor (Supplementary Table S8) with the 824 

respective 95% prediction interval including the variability of RS (SDeGFRcrea= 0.36, SDeGFRcys= 825 
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0.11). Reference values are color coded by sex (dark grey: women, light grey: men). The 826 

dashed vertical line indicates the value for eGFR-decline for the reference group (women, 827 

normal weight, no diabetes and no albuminuria). The stated values correspond next to the bars 828 

indicate sex-specific estimates with the respective 95% prediction intervals. 829 

Figure 5. Revisiting CKD prevalence in the general population and individuals with 830 

diabetes in cross-sectional data. The analyzed sample consisted of individuals with both 831 

eGFRcrea and UACR assessments available at baseline. Shown are percentages of individuals 832 

with CKD, defined by albuminuria (UACR ≥30mg/g) or eGFRcrea <60 mL/min/1.73m², in (a&b) 833 

the general population and (c&d) individuals with diabetes derived. a&c show the percentage 834 

of CKD resulting from cutoff defined by KDIGO. The white and grey bars show percentage of 835 

individuals with albuminuria (eGFR≥60 or cut-off or eGFR<60 or cut-off, respectively); blue bar 836 

shows the percentage of individuals without albuminuria but low eGFRcrea values. b&d show 837 

the percentage of CKD resulting from age-dependent cut-offs (30-40 years: 75; 40- 50 years: 838 

70; 50-60 years: 60; 60-70 years: 50; 70-80 years: 40; >80: 35mL/min/1.73m²), for eGFRcrea in 839 

“healthy” individuals (rounded 2.5th percentile for midpoint age of respective age-group).  840 
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Tables 842 

Table 1. Characteristics of cross-sectionally analyzed individuals by study. For cross-843 

sectional analyses, the analyzed sample was restricted to individuals with available eGFRcrea 844 

value at baseline. For a total of 12,014 analyzed individuals, we show demographic 845 

characteristics, information on diseases and medication intake, laboratory measurements with 846 

focus on established risk factors previously reported for kidney function decline.33 Estimated 847 

glomerular filtration rate (eGFR) was derived from serum creatinine via CKD-EPI 2021 848 

equation,24 serum cystatin or both via CKD-EPI 2012 equation.25  849 

  KORA 3 KORA 4 AugUR DIACORE 

n 2,906 3,732 2,385 2,991 

Demographic characteristics 
    

Age, mean (SD), y 57 (13) 50 (14) 78 (5) 65 (9) 

Men % (n) 48 (1,422) 48 (1,823) 48 (1,151) 60 (1,795) 

never smoked % (n) 44 (1,282) 41 (1,539) 55 (1,311) 42 (1,260) 

ever smoked % (n) 37 (1,075) 33 (1,240) 38 (921) 45 (1,342) 

BMI, mean (SD), kg/m² 27.7 (4.6) 27.2 (4.7) 27.7 (4.5) 31.4 (5.7) 

Clinical characteristics 
    

Obesity % (n) 27 (772) 23 (858) 26 (624) 55 (1,623) 

Overweight % (n) 44 (1,255) 43 (1,609) 46 (1,091) 35 (1,032) 

Diabetes % (n) 8 (241) 5 (197) 24 (534) 100 (2,991) 

Time since diabetes [years] 10 (10) 10 (8) NA 10 (8) 

Systolic BP mean (SD), mmHg 130 (20) 128 (19) 132 (18) 139 (18) 

Diastolic BP mean (SD), mmHg 82 (11) 80 (10) 76 (11) 77 (11) 

Hypertension % (n) 34 (979) 29 (1068) 31 (739) 45 (1,329) 

CVD % (n) 5 (137) 0.2 (7) 22 (516) 26 (773) 

Medication intake  
    

Glucose-lowering % (n) 6 (182) 3 (122) 16 (385) 88 (2616) 

Blood pressure-lowering % (n) 32 (916) 18 (674) 68 (1,609) 78 (2,324) 

Lipid-lowering % (n) 11 (318) 6 (224) 35 (828) 50 (1,477) 

Laboratory measurements 
    

HbA1c, mean (SD), % 5.4 (0.5) 5.6 (0.6) 5.8 (0.7) 6.9 (1.1) 

LDL cholesterol, mean (SD), mg/dL 128.1 (32.8) 137.3 (41.4) 141.2 (34.9) 118.1 (37.0) 

HDL cholesterol, mean (SD), mg/dL 58.6 (17.1) 57. 9 (17.0) 61.3 (15.5) 52.9 (15.3) 

Hemoglobin, mean (SD), g/dL 14.2 (1.2) 14.3 (1.3) 13.8 (1.3) 14.2 (1.3) 

UACR**, mean (SD), mg/g 17.5 (137.1) 25.5 (199.3) 42.9 (127.8) 75.8 (342.4) 

Creatinine, mean (SD), mg/dL 0.88 (0.28) 0.85 (0.24) 0.97 (0.31) 0.96 (0.36) 

Cystatin C*, mean (SD), mg/L 0.93 (0.24) 0.86 (0.23) 1.20 (0.31) 1.10 (0.39) 

Kidney function 
    

eGFRcrea, mean (SD), mL/min/1.73 m² 90.6 (17.2) 96.6 (16.0) 72.6 (16.7) 82.5 (20.6) 

eGFRcys*, mean (SD), mL/min/1.73 m² 90.0 (19.9) 97.2 (19.5) 61.1 (16.9) 74.6 (22.5) 

eGFRcrea-cys, mean (SD), mL/min/1.73 m² 77.4 (21.3) 100.4 (16.8) 69.4 (17.2) 81.5 (22.3) 

Microalbuminuria % (n) 7 (189) 8 (241) 21 (476) 21 (617) 

Macroalbuminuria % (n) 0.8 (21) 1.1 (32) 2.9 (66) 4.3 (130) 

NA: not available; BMI: body-mass index, BP: blood pressure, HbA1c: glycated hemoglobin A1c, UACR: 850 
urinary-albumin-to-creatinine-ratio, eGFR in mL/min/1.73m². Microalbuminuria: UACR ≥30 and 851 
<300mg/g; macroalbuminuria: UACR ≥300mg/g. “Overweight”: BMI ≥25 and <30kg/m²; “Obese”: BMI 852 
≥30kg/m². Non-missing data used to calculate percentages (KORA3, KORA4, AugUR, DIACORE, 853 
respectively: Smoking: 2,898, 3,728, 2,373, 2,979; BMI: 2,882, 3,705, 2,370, 2,976; diabetes: 2,899, 854 
3,719, 2,260, 2,991; blood pressure: 2,893, 3,719, 2,379, 2,989; CVD: 2,899, 3,724, 2,363, 2,985; intake 855 
of glucose-/lipid lowering medication: 2,900, 3,724, 2,378, 2,970; intake blood pressure-lowering 856 
medication: 2,900, 3,724, 2,378, 2,991; UACR: 2,701, 2,894, 2,310, 2,908. The “healthy”-defining 857 
variables were non-missing in >99% individuals at baseline or any timepoint (except for UACR in KORA). 858 
*Cystatin C and eGFRcys are shown for KORA-S3. **UACR and albuminuria is shown for KORA-F4. 859 
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Table 2. Descriptive statistics for longitudinal data. For longitudinal data analyses, the 860 

analyzed sample consisted of individuals with at least one eGFR value available at any 861 

timepoint. Shown are age and follow-up time per study and overall. Numbers of individuals and 862 

respective number of measurements are given for each biomarker.  863 

 864  
KORA3 KORA4 AugUR DIACORE Overall  

Age, min-max, years 34-85 25-88 70-98 27-93 25-98 

FU-time, 75th percentile (max), 
years 

11 (25) 9 (20) 3.3 (10)  9 (12) 5 (25) 

Measurement intervals median 
(max) years 

10 (11) 7 (9) 3.2 (5.5) 2.3 (5.2) 2.8 (11) 

            
Individuals           

neGFRcrea 2,933 3,752 2,397 2,994 12,076 

neGFRcys 3,641 3,614 2,389 2,994 12,638 

neGFRcrea-cys 231 3,614 2,388 2,994 9,227 

            
eGFR assessments           

meGFRcrea 3,749 9,644 3,442 9,344 26,179 

meGFRcys 3,866 8,116 3,206 9,319 24,507 

meGFRcrea-cys 231 8,112 3,196 9,319 20,858 

FU: follow-up 865 
 866 
 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 
 876 
 877 
 878 
 879 
 880 
 881 
 882 
 883 
 884 
 885 
 886 
 887 
 888 
 889 
 890 
 891 
 892 
 893 
 894 
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Table 3. Annual decline of eGFR in longitudinal analyses for the general, the “healthy”, 895 

and diabetes individuals. Longitudinal data of all studies were analyzed jointly in individuals 896 

with at least one available eGFR value available at any timepoint. For each outcome eGFRcrea 897 

and eGFRcys, a linear mixed model (LMM, RI-only; age centered at 50 years, sex, their 898 

interaction, and study membership as covariables) was fitted to the general population 899 

individuals (KORA-3, KORA-4, AugUR), their subgroup of “healthy” individuals (excluding 900 

individuals with diabetes, CVD, HbA1c≥6.5%, UACR≥ 30 mg/g, or blood pressure ≥140/90 901 

mmHg; from KORA-3, KORA-4, AugUR), and individuals with diabetes (DIACORE, diabetes 902 

individuals from KORA-3, KORA-4, AugUR). Beta estimates with respective 95%-CI are given. 903 

There was no evidence for interaction of age with sex (except for a small agexsex interaction 904 

for eGFRcys in “healthy”).  905 

 906 

 General population “Healthy” individuals Individuals with diabetes 

eGFRcrea 
n 9 082 4 545 4 323 
m 16 835 5 848 11 179 
Intercept  95.1 [94.6, 95.7] 95.9 [95.3, 96.4] 100.4 [97.7, 103.1] 
Age -0.80 [-0.82, -0.77] -0.79 [-0.83, -0.76] -1.20 [-1.33, -1.08] 
Sex 1.35 [0.70, 2.01] 1.14 [0.29, 1.99] 0.28 [-1.58, 2.14] 
Age x sex 0.00 [-0.03, 0.03] 0.05 [-0.003, 0.10] -0.00 [-0.08, 0.08] 
eGFRcys 
n 9 644 6 126 4 304 
m 15 188 9 127 11 091 
Intercept  95.7 [95.2, 96.3] 92.9 [92.4, 93.4] 94.2 [91.1, 97.3] 
Age -1.1 [-1.10, -1.04] -1.09 [-1.13, -1.06] -1.29 [-1.44, -1.14] 
Sex 0.38 [-0.25, 1.01] 0.92 [-0.05, 1.90] 6.95 [5.00, 8.89] 
Age x sex 0.021 [-0.01, 0.051] 0.07 [0.02, 0.13] -0.26 [-0.33, 0.11] 

n: number of individuals included in analysis, m: number of measurements. 907 
 908 
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Table 4. Longitudinal analyses for risk factor association with eGFR-levels and eGFR-911 

decline. The analyzed sample consisted of individuals with at least one eGFR value available 912 

at any timepoint and with available information on diabetes, body-mass index (BMI) and 913 

urinary-to-creatinine ratio (UACR). For each outcome, eGFRcrea or eGFRcys, a multivariable 914 

linear regression model (LMM) was fitted (RI-only; age centered at 50 years, sex, diabetes, 915 

overweight, obesity, micro-, and macroalbuminuria, their interactions with age, and study 916 

membership as covariables). Beta estimates are shown in mL/min/1.73m² with 95%-CI. The 917 

intercept can be interpreted as mean eGFR-level for the reference group and the age effect as 918 

the mean annual decline of the reference group (50-year-old women with normal weight, no 919 

diabetes nor albuminuria). The main effect of a risk factor can be interpreted as the change of 920 

eGFR-level when this risk factor is present, e.g. for “obesity”, 50-year-old women with obesity 921 

(no diabetes, no albuminuria) have on average -2.50 mL/min/1.73m² lower eGFRcrea than 922 

without obesity. The interaction effect of risk factor with age is the additional annual decline for 923 

individuals with this risk factor versus the reference group: e.g. 50-year-old women with obesity 924 

(no diabetes, no albuminuria) have on average -0.12 mL/min/1.73m² steeper annual eGFRcrea 925 

decline (average decline of (-0.73) + (-0.12) = -0.85 mL/min/1.73m² per year) than without 926 

obesity.   927 

 928 

 929 

 eGFRcrea eGFRcys 

n 10,815 
19,183 

9,725 
18,165 m 

Main effects   

Intercept 97.09 [96.4,97.8] 95.1[94.3,95.9] 

Age -0.73 [-0.77,-0.69] -1.03 [-1.07,-0.99] 

Men 1.46 [0.66,2.26] 2.15 [1.25,3.05] 

Diabetes 5.64 [4.62,6.66] 5.33 [4.25,6.41] 

Overweight -1.77 [-2.59,-0.95] -0.76 [-1.64,0.12] 

Obesity -2.50 [-3.50,-1.50] -3.73 [-4.81,-2.65] 

Microalbuminuria 0.96 [-0.14,2.06] 0.16 [-0.96,1.28] 

Macroalbuminuria -3.65 [-6.20,-1.10] -3.92 [-6.55,-1.29] 

Interaction effects   

Age x Men -0.03 [-0.07,0.01] -0.04 [-0.08,-0.00] 

Age x Diabetes -0.45 [-0.49,-0.41] -0.43 [-0.49,-0.37] 

Age x Overweight -0.03 [-0.07,0.01] -0.05 [-0.09,-0.01] 

Age x Obesity -0.12 [-0.16,-0.08] -0.11 [-0.17,-0.05] 

Age x Microalbuminuria -0.09 [-0.13,-0.05] -0.09 [-0.15,-0.03] 

Age x Macroalbuminuria -0.08 [-0.20,0.04] -0.10 [-0.22,0.02] 

Microalbuminuria was defined as UACR ≥30 and <300mg/g and macroalbuminuria as UACR 930 
≥300mg/g. BMI ≥25 and <30kg/m² was defined as “overweight” and BMI ≥30kg/m² as “obese”. 931 
 932 
 933 
 934 
 935 
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