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Abstract

Understanding normal aging of kidney function is pivotal to help distinguish
individuals at particular risk for chronic kidney disease. Glomerular filtration rate
(GFR) is typically estimated via serum creatinine (eGFRcrea) or cystatin C
(eGFRcys). Since population-based age-group-specific reference values for eGFR
and eGFR-decline are scarce, we aimed to provide such reference values from
population-based data of a wide age range. In four German population-based cohorts
(KORA-3, KORA-4, AugUR, DIACORE), participants underwent medical exams,
interview, and blood draw up to five times within up to 25 years. We analyzed
eGFRcrea and eGFRcys cross-sectionally and longitudinally (12,000 individuals, age
25-95 years). Cross-sectionally, we found age-group-specific eGFRcrea to decrease
approximately linearly across the full age range, for eGFRcys up to the age of 60
years. Within age-groups, there was little difference by sex or diabetes status.
Longitudinally, linear mixed models estimated an annual eGFRcrea decline of -0.80
[95% confidence interval -0.82, -0.77], -0.79 [-0.83, -0.76], and -1.20 mL/min/1.73m?2
[-1.33, -1.08] for the general population, “healthy” individuals, or individuals with
diabetes, respectively. Reference values for eGFR using cross-sectional data were
shown as percentile curves for “healthy” individuals and for individuals with diabetes.
Reference values for eGFR-decline using longitudinal data were presented as 95%
prediction intervals for “healthy” individuals and for individuals with diabetes, obesity,
and/or albuminuria. Thus, our results can help clinicians to judge eGFR values in
individuals seen in clinical practice according to their age and to understand the
expected range of annual eGFR-decline based on their risk profile.

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

chronic kidney disease, diabetes

Lay summary

Kidney function, assessed as estimated glomerular filtration rate (eGFR), declines by age. In
clinical practice, it is important to understand whether a person has an eGFR value as expected
given the person’s age, or whether the value is lower than expected and potentially a reason
for concern. While chronic kidney disease is defined as eGFR<60 ml/min/1.73m?2, the question
arises whether a value of, e.g., 58 ml/min/1.73mz2 for an 80-year-old person is indicative of
disease or age-appropriate. We collected data from >12,000 individuals aged 25 to 95 years
from population-based German studies. We provide age-specific reference values for eGFR
usable in clinical practice to answer this question. Longitudinal information on eGFR-decline

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

and usable to help in clinical routine.

Introduction

Kidney function undergoes a natural decline by aging. The number of nephrons, the smallest
units of the kidney and responsible for the filtration process, starts decreasing at the age of 30
years.! Glomerular filtration rate is an established parameter to assess kidney function,
typically estimated via serum creatinine (eGFRcrea), Cystatin C (eGFRcys), or both (eGFRcrea-cys)-
Values of eGFR<60 mL/min/1.73m?2 define chronic kidney disease (CKD).23 About 10% of the
world’s population* and 10-13% in Germany?® are affected by CKD.

Elderly individuals often have eGFR<60 mL/min/1.73m?2 due to natural kidney aging,®”’
giving rise to a substantial debate whether age-dependent CKD definitions are warranted.®
Clinicians are typically faced with the question whether an observed eGFR of, e.g. 58
ml/min/1.73m2 is within the normal range for a healthy 80 year-old individual. Another question
is what annual eGFR-decline can be expected for individuals with a certain risk profile, e.g. for
individuals with obesity or with diabetes and microalbuminuria.

Reference values for eGFR using cross-sectional data from general populations, and,
particularly longitudinal data to derive reference values for eGFR-decline are limited. Some
studies provide reference values for middle-aged adults®!! and few include individuals above
the age of 80,'>5 including two German studies.'*'®> Furthermore, many studies provide only
eGFRcea due to higher costs when measuring cystatin C, but eGFRcys or eGFRcreacys are
considered more suitable for individuals at old age.*® There is thus a lack of reference values
for eGFR or eGFR-decline for individuals over a wide age range and limited data on cystatin-
based eGFR. There is also no consensus on how to generate and present such reference

values in an interpretable fashion.
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We thus aimed to provide population-based reference values for eGFR and eGFR-
decline based on both creatinine and cystatin C in adult individuals of a wide age range (25-
95 years), for “healthy” individuals, and for individuals with diabetes. Furthermore, we aimed
to derive estimates of the association of sex, obesity, diabetes, and albuminuria with eGFR-
levels and annual eGFR-decline and to use these to generate eGFR-decline reference values
by risk groups. For this, we evaluated data four comparably designed population-based
cohorts from Germany enabling the analysis of >12,000 individuals cross-sectionally and

>26,000 eGFR¢ea and eGFRcys assessments over up to 25 years longitudinally.

Methods

Study populations

We analyzed four population-based cohorts from South Germany: (i-ii) two studies for the
middle-aged adult population (KORA-3, KORA-4), (iii) one study for the old-aged population
(AugUR), and (iv) one study on individuals with diabetes (DIACORE). In the following, we used
the term “KORA-3” for individuals in KORA-S3 with follow-up (F3, Fit) and “KORA-4" for
individuals in S4 (F4, FF4, Fit). Studies were comparable in terms of recruitment, study
conduct, and standard operating procedures. Detailed study descriptions were published

previously'”*(Supplementary Note S1.1).

Processing of biomaterial and biomarker measurements

Processing of biomaterial for was equivalent across the 4 studies as described previously?°-22
(Supplementary Note S1.2). Biomarkers were measured by certified laboratories with
different arrays, where comparability of methods were assessed following Clinical & Laboratory
Standards Institute (CLSI) guidelines. Serum creatinine concentrations were measured by
enzymatic assays or modified Jaffé (if applicable, corrected by factor 0.95%%) and standardized
to IDMS (Information Display Measurements Standard). Since KORA-S3 creatinine
measurements lacked assay manufacturer’'s documentation and differed from the other KORA

surveys (Supplementary Figure S1), we excluded these values from analyses and
4
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considered, KORA-F3 “baseline” for analyses using creatinine. Cystatin C was measured via
nephelometric methods or immunoassays and standardized according to IFCC (International
Federation of Clinical Chemistry). Glycated hemoglobin (HbA1c) was measured from EDTA
anticoagulated whole blood via ion-exchange high performance liquid chromatographic assay
(KORA, AugUR) or immunoassay (DIACORE). Urine albumin and creatinine were measured
in each study and at each timepoint, except KORA-S4, KORA-Fit3, KORA-Fit4. A detailed
overview of blood processing and biomarker measurements is provided in Supplementary

Table S1.

Variable assessment

The outcome of interest was GFR and various formulas estimate GFR from creatinine and/or
cystatin to fit eGFR as closely as possible to measured GFR (mMGFR). For our primary
analyses, we derived eGFRcrea, €GFReys and eGFRcreacys UsiNng the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) 2021 equation,?* the CKD-EPI 2012 equation,?® or the
combined equation from 2021,%* respectively. CKD-EPI 2021 includes sex-specific coefficients
and an age-term (e.g. 0.99382%) and avoids the race-term from CKD-EPI 2009.26 CKD-EPI
2021 was used by the recent KDIGO guidelines.?” However, most European laboratories still
derive eGFRea by CKD-EPI 2009,%¢ and European societies recommended to stall the update
to CKD-EPI 2021 due to limited advantages for European populations.?® As potential update,
alternative equations for eGFRcea?® and eGFRys*° are suggested by the European Kidney
Function Consortium (EKFC; sex-specific coefficients, no age term until 40, e.g. 0.99029¢4° for
age>40). We thus applied also CKD-EPI 2009 and EKFC for sensitivity analyses.

From each study center visit, time-dependent covariables were obtained in a very
similar fashion across studies. Albuminuria was derived from urinary albumin to urinary
creatinine ratio (UACR) as microalbuminuria (UACR 230 and <300mg/g) or macroalbuminuria
(UACR 2300mg/g).3! Diabetes was defined via self-report, intake of antidiabetic medication
(using Anatomical Therapeutic Chemical classification3?), or HbAlc 26.5%. DIACORE was

restricted to individuals with diabetes assessed via health insurance provider. History of

5
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cardiovascular disease (CVD) was defined as self-report of any prior myocardial infarction, or
stroke (or interventional revascularization in AugUR and DIACORE). Body-mass index (BMI)
was computed using measured weight (from each visit) divided by squared height [kg/m?] (from
baseline visit). BMI =225 and <30kg/m2 was defined as “overweight” and BMI =30kg/m2 as
“‘obese”. Blood pressure was measured three times at each study center visit and the mean of

2" and 3" measurements was used for analyses.

Inclusion and exclusion criteria
For our analyses, we included participants aged =25 years (minimum age in KORA studies),
with neither renal replacement therapy (dialysis or kidney transplantation) nor history of severe
kidney disease (end-stage kidney disease, acute kidney injury, disease requiring nephrectomy
reported at baseline. For cross-sectional analyses, we excluded individuals without available
eGFR assessment at baseline (Supplementary Figure S2a). For longitudinal analyses, we
excluded eGFR values after an eGFR<15 mL/min/1.73mz or after onset of renal replacement
therapy or severe kidney disease; we excluded individuals without any available measurement
of eGFR¢ea at any timepoint (Supplementary Figure S2b).

We analyzed the data focused on general population individuals (i.e. KORA-3, KORA-
4, AugUR), their “healthy” subgroup, or individuals with diabetes (adding DIACORE). For the
*healthy” subgroup, eGFR values were excluded when the individual had diabetes, history of
CVD, systolic/diastolic blood pressure 2140/90 mmHg, or UACR=30 mg/g at baseline (cross-
sectional analyses) or at the respective timepoint (longitudinal analyses); the “healthy”-defining
variables were non-missing in >99% individuals at baseline or any timepoint where eGFR was
available (except for UACR in KORA). For the diabetes subgroup, we analyzed eGFR values
when individuals had ascertained diabetes at baseline (cross-sectionally) or at one timepoint

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

Statistical analyses in cross-sectional and longitudinal data
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We analyzed eGFRcrea, €GFRcys, and eGFRcreacys (CKD-EPI 2021 and 2012) as outcome on
the original scale (winsorized at 15 and 200 mL/min/1.73m?2). While studies were comparable
in design and conduct, creatinine and cystatin were measured by different laboratories and
assays. Therefore, we performed study-specific analyses and then evaluated whether fixed-
effect meta-analyses or joint data analyses were applicable. All statistical analyses were
performed using R, version 4.3.1. For all regression models, age was centered at 50 years.

In cross-sectional data (using baseline), we derived mean values of eGFR¢ea and
eGFR¢ys and 95% confidence intervals (Cl) per sex and age-group.

In longitudinal data, we estimated eGFRcea-decline over age without linearity
assumption (generalized additive model, GAM, penalized splines to model age, f(age)) and
with linearity assumption (linear mixed model, LMM). The models included random intercepts
(RI), sex, interaction of sex with f(age) or age, respectively, study membership if applicable,
and, in sensitivity analyses, random slopes (RI&RS; Supplementary Note S2.1). We analyzed
eGFRcys-decline analogously. Both GAM and LMM enabled the inclusion of all individuals with
at least one eGFR value while accounting for intra-subject variation caused by repeated

measurements.

Risk factor association in longitudinal data

In longitudinal data, we applied a further multivariable LMM to estimated risk factor association
with eGFRcea-levels (main effects) and eGFRcea-decline (interaction with age): the LMM
included RI, age, all risk factors (sex, diabetes, overweight, obesity, micro- and
macroalbuminuria), their interaction with age, study membership if applicable (Supplementary
Note S2.2); the model included time-constant (sex) and time-varying covariate effects (all other

risk factors). We analyzed eGFRys analogously.

Reference values for eGFR and eGFR-decline
To generate reference values for eGFRcea, We used cross-sectional data for the “healthy”

subgroup and for individuals with diabetes. We derived 2.5%, 5, 10t, 25", 50t, 75t 90, 95t

7
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and 97.5™ percentile curves as age-appropriate reference values (using generalized additive
mixed model for location, scale and shape, GAMLSS, Supplementary Note S2.3). The use
of GAMLSS allowed us to model eGFR¢ea Over age without linearity or normality assumption.
We repeated this for eGFRcreacys, Since this is judged by practitioners when cystatin is
available.

To generate reference values for eGFRcea-decline or eGFRcys-decline, we used
longitudinal data and risk factor association estimates from the LMM described above (here:
RI&RS). By risk profile, we derived 95% prediction intervals which account for the variability in
person-specific slopes (Supplementary Note S2.4).

Revisiting results using alternative equations for eGFR

We compared individuals’ eGFRcea (€GFRcys) values derived by CKD-EPI 202124 (CKD-EPI
20122%) with values derived by CKD-EPI 200926 or EKFC 2021%° (EKFC 2023%°). We also
evaluated the impact of using these alternative eGFR equations on cross-sectional and

longitudinal analyses results described above.

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

There is a substantial debate on the use of age-independent versus age-dependent eGFR cut-
off values to define CKD.8 We derived the proportion of CKD by age-group based on
eGFR¢ea<60 mL/min/1.73m2, UACR=30 mg/g, or their combination. We contrasted these with
CKD proportions that would be yielded if age-specific cut-off values for eGFR were based on
our GALMSS-derived reference values (using midpoint age per age-group and corresponding

modelled 2.5 percentile).

Results

Cross-sectional data: participant characteristics and dependency of eGFR on age
Our cross-sectional analyses included 12,014 or 12,125 individuals with available e GFRcea OF
eGFRys at baseline, respectively. Participants of the general population studies (KORA-3,

KORA-4, AugUR) covered a baseline age of 25-95 years, and 8%, 5%, or 24% had diabetes,
8
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respectively; individuals from the diabetes study (DIACORE) were aged 27-92 years (Table 1;
by sex, Supplementary Table S2).

First, we evaluated the comparability between studies in the cross-sectional data. We
observed comparable age-group specific mean eGFR between studies, except slightly lower
mean at older age for DIACORE in line with lower eGFR in diabetes (Supplementary Figure
S3a & S3b). Second, we derived mean values by age-group and sex in the joint cross-sectional
data focused on general population (KORA-3, KORA-4, AugUR; n=5,732), their “healthy”
subgroup (n=3,042), or individuals with diabetes (including DIACORE: n=3,890;). We found (i)
a predominant impact of age on eGFRcea and eGFRcys, (ii) little difference by sex, (iii) an
approximately linear decrease in eGFR by age, even for younger individuals aged 25-39 years
compared to 40-49 years, and (iv) lower mean values for eGFRys than for eGFRcrea at older
age (Figure 1, Supplementary Table S3). The pattern was similar for general population,
“healthy”, and diabetes - with slightly higher mean for “healthy” and lower mean for diabetes

at older age.

Longitudinal data: participants characteristics and estimates of eGFR-decline
Our longitudinal analyses included 12,076 or 12,638 individuals with up to 5 assessments of
eGFRcrea Or eGFRcys, respectively, covering an age range of 25-98 years (Mecrrerea= 26,179 or
Mecrreys= 24,507, respectively; Table 2). Study-specific analyses showed comparable course
of eGFR (using GAM; Supplementary Figure S4) and annual decline estimates (using LMM,;
Supplementary Table S4) across KORA-3, KORA-4, AugUR (eGFR¢ea: -0.8 to -1.0
mL/min/1.73mz2 per year) and slightly steep decline in DIACORE (-1.5 mL/min/1.73m?2). We
also found similar results in meta-analysis versus joint analyses or when adding random slopes
(Supplementary Tables S4 & S5). We thus continued to analyze the longitudinal data jointly
adjusting for study membership and without random slopes, if not indicated otherwise.

We analyzed the longitudinal data for general population, “healthy” individuals, or
individuals with diabetes, (Necrrerea=9,082, 4,545, or 4,323, Necrreys=9,644, 6,126, or 4,304,
respectively). When estimating eGFR-decline over age without linearity assumption (GAM;

9
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sex, age, and their interaction as covariables), we found (Figure 2): (i) a fairly linear decline
with little difference by sex, (ii) a more pronounced decline in eGFR¢ys than in eGFRcrea, and
(i) a similar pattern between general population and “healthy” individuals, but slightly steeper
decline in individuals with diabetes. When estimating eGFR-decline over age with linearity
assumption (LMM; sex, age, and their interaction as covariables), we found an annual
eGFRcea-decline of —0.80 [95%-CI=-0.82, -0.77], -0.79 [-0.83, -0.76], or -1.20 [-1.33, -1.08]
mL/min/1.73m2 per year for general population, “healthy” individuals, or individuals with
diabetes, respectively. For eGFRys, the annual decline was more pronounced. We found little
difference in annual eGFR-decline by sex (Table 3) or by adding an age2 term (not shown).
Risk factor association with eGFR-levels and eGFR-decline in longitudinal data

We quantified the association of risk factors with eGFR-levels and eGFR-decline in our
longitudinal joint data (multivariable Rl-only LMM including sex, diabetes, overweight, obesity,
micro-, and macroalbuminuria, and their interactions with age as covariables; Necrrerea=10,815,
Necrreys=9,725). Annual eGFRceadecline for the reference group (50-year-old normal-weight
women without diabetes or albuminuria) was -0.73 mL/min/1.73m2 [95%-CI=-0.77, -0.69]
(Table 4, “Age effect”), similar to the above stated estimate in “healthy” individuals. Most 95%-
Cls excluded zero, indicative of a well-powered analysis, and overlapped for eGFR¢ea and
eGFRcys, suggesting similar associations for both biomarkers. Compared to the reference
group, we found steeper eGFRcea- and eGFR¢ys-decline for diabetes, overweight, obesity, or
microalbuminuria (Table 4, “interaction effects”; also for macroalbuminuria when omitting
diabetes in the model, Supplementary Table S6). Risk factor associations were independent
and additive: e.g. women with diabetes, obesity, and microalbuminuria had an annual decline

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

Reference values for eGFR from cross-sectional data
Clinical practitioners are interested in comparing a patient’'s eGFR value with age-appropriate
percentiles of “healthy” individuals. To provide age-specific reference values for eGFR, we

estimated percentile curves for eGFRcea and eGFRcreacys OVEr age in the “healthy” subgroup

10
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of joint cross-sectional data (GAMLSS, nNecrrerea=4,984, Necrrerea-cys=3,042). A person’s
eGFRcrea Value measured in clinical practice — or, if cystatin is also available, eGFRcrea-cys — can
be judged against these reference value diagrams (Figure 3a & 3c, Supplementary Table
S7): e.g. eGFR¢ea=62 mL/min/1.73m2 is way below the 5" percentile for a 60-year-old healthy
individual, but near the 25™ percentile if the person is 80-year-old. Age-group specific eGFR
percentiles were highly comparable to previously reported mMGFR percentiles®*
(Supplementary Table S7).

Since many patients in the nephrologists’ practice have diabetes, we also generated
reference values for individuals with diabetes (Necrrerea=3,172, Necrrerea-cys=3,890): a person
with diabetes and eGFR¢rea=62 mL/min/1.73m2 will be above the 5" or 25™ percentile when the
patient is 60-year-old or 80-year-old, respectively (Figure 3b & 3d, Supplementary Table

s7).

Reference values for annual eGFR-decline for individuals without and with risk factors
from longitudinal data

Clinical practitioners have also an interest in the expected annual decline of a person with
certain risk factors compared to persons without risk factors. We derived 95%-prediction
intervals for individuals without and with overweight/obesity, diabetes, or micro-
/macroalbuminuria (i.e. using risk factor association estimates from LMM RI+RS in longitudinal
data; Supplementary Table S8). These intervals provide reference values for annual
eGFR¢ea-decline (Figure 4a): (i) when the clinician sees a 50-year-old woman without any risk
factor, 95% of such individuals can be expected to have an annual eGFRcea-decline between
-0.02 and -1.44 mL/min/1.73m2 per year. (ii) Due to the linearity assumption, this is the same
when the woman is 70-year-old. (iii) If the person is a man, this interval is very similar (-0.05
to -1.47 mL/min/1.73mz per year). (iv) If the woman has diabetes or both diabetes and obesity,
the interval is -0.49 to -1.90 or -0.61 to -2.03 mL/min/1.73m2 per year, respectively
(independent of age, very similar for men). For eGFR.ys, these intervals were smaller due to a

lower variability of eGFRcys random slopes (Figure 4b).
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Revisiting results using alternative formulas to derive eGFR

In cross-sectional data of general population individuals (both creatinine and cystatin
measurement available at baseline, n=5,732), we compared individuals” values of eGFR¢ea
and eGFRys across the formulas (CKD-EPI 2021,%* CKD-EPI 2009,%6 EKFC 2021,%° and CKD-
EPI 2012,%5 EKFC 2023,%° respectively; Supplementary Figure S5a & S5b): while CKD-EPI
2009 showed little differences to CKD-EPI 2021, EKFC 2021 yielded lower eGFRcrea Values
than CKD-EPI 2021 for all age-groups (similarly CKD-EPI 2012 versus EKFC 2023 for
eGFRcys; Supplementary Figure S5c)

We thus compared the impact of using EKFC rather than CKD-EPI on our cross-
sectional and longitudinal results. The overall pattern was similar (Supplementary Figures
S6 & S7), but two aspects differed: In cross-sectional data, mean levels differed between
eGFR¢ys and eGFRcea in young individuals (Supplementary Figure S6a-S6c); in longitudinal
data, no eGFR-decline was observed in general population individuals until the age of 40
(Supplementary Figure S6d). Reference values for eGFRcea based on 2.5" percentiles in
“healthy” individuals were similar for EKFC compared to CKD-EPI for individuals aged <70

years (Supplementary Table S9).

CKD proportions with age-independent and age-dependent cut-off values for eGFR
When using the established CKD definition? based on eGFR¢ea CKD-EPI 2021 in our cross-
sectional general population data (UACR 230mg/g or eGFR <60 mL/min/1.73m?2), we yielded
the following CKD proportions: 4%, 4%, 7%, 14%, 30%, or 48% for age-groups 30-40, 40-50,
60-70, 70-80, or 80+ years, respectively (Figure 5a). While almost no-one in the young age-
group had CKD via the eGFR criterion, about 1/3 of the individuals aged 70+ had CKD only
due to “eGFR<60". For individuals with diabetes, CKD proportions were 20%, 24%, 26%, 29%,
44%, and 60%, respectively (Figure 5b).

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

needed to develop age-dependent cut-off values, we were interested in the impact of age-
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dependent cut-offs for eGFR on these CKD proportions: when using GAMLSS-estimated 2.5"
percentiles in “healthy” (rounded to next 5 or 10 units), yielded 75, 70, 60, 50, 40, 30
mL/min/1.73m?2 for the age-groups 30-40, 40-50, 50-60, 60-70, 70-80, 80+ years, respectively.

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

Discussion

We provided reference values for eGFR and eGFR-decline for adult individuals of a wide age-
range from Germany. Our cross-sectional and longitudinal data on >26,000 assessments of
eGFR based on creatinine and cystatin C yielded three main results: (i) annual eGFR¢rea
decline estimates of — 0.80 in the general population, -0.79 in “healthy” individuals, and -1.20
mL/min/1.73m?2 per year for individuals with diabetes were in line with literature.'”:35 (ii) Our
age-specific percentile curves for eGFR via GAMLSS in cross-sectional data provide
interpretable reference values without assuming linear eGFR decrease by age. (iii) A unique
aspect of our work are the reference values for eGFR-decline from longitudinal data provided
as 95% prediction intervals. These intervals account for intra-person variability, are readily
interpretable, and fill an important gap of epidemiological data on eGFR in current literature.
The use of GAMLSS and LMM-based prediction intervals is established in the statistical
community,®® but — to our knowledge - novel in the literature of nephrology.

Our results cover numerous further aspects enabled by sex-specific analyses and the
use of alternative biomarkers, and alternative eGFR equations. Our cross-sectional and
longitudinal analyses of eGFR underscored the predominant impact of age, which was
substantially larger than any differences by sex, the use of cystatin rather than creatinine, or
alternative equations to estimate GFR. While there have been reported differences in mGFR
between men and women,*® our data showed very little sex differences in eGFR accounting
for age. Lower levels of eGFR¢s compared to eGFRcrea levels in elderly shown in cross-
sectional data were also in line with longitudinal data results that eGFR¢ys-decline was steeper
than eGFR¢ea-decline. Both is an indication of overestimated GFR by eGFRcea and

underestimated eGFR-decline in the older age range due to muscle mass loss described
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previously.3” While individuals” eGFR values differed when using alternative eGFR equations
from EKFC rather than CKD-Epi, the 2.5 or 5™ percentiles in healthy individuals were relatively
stable when using alternative eGFR equations to estimate GFR and in line with published data
on mGFR.3

Our reference values from population-based cross-sectional data are unique for
Germany due to their wide age range and smooth percentile curves. European reference
values were previously provided for a limited age range'®>* or limited to eGFR using an
outdated formula.''1526:38 Previous statistical methods to display reference values from cross-
sectional data used median values, percentiles per age-group connected by a line, or quantile
regression assuming linear decrease .11

Our reference values indicate, as shown by others,3® that an eGFR of 60
mL/min/1.73m? was well within the norm for “healthy” elderly, but would result in a CKD
classification according to the established definition.? There is a substantial debate on whether
this age-independent cut-off value of 60 mL/min/1.73m2 appropriately distinguishes the healthy
aging kidney from kidney disease. Based on the risk of kidney failure and mortality of ~100,000
individuals,*® age-specific eGFR cut-off values for CKD have been proposed previously (75,
60, or 45 mL/min/1.73m? for age-groups 18-54, 55-64, or 65+ years, respectively.® We
evaluated similar, but more refined age-specific cut-off values based on our age-specific 2.5"
percentiles in “healthy” individuals (75, 70, 60, 50, 40, 35 mL/min/1.73m2 for <40, 40-50, 50-
60, 60-70, 70-80, 80+ years, respectively) and demonstrated a substantial impact on the
proportion of CKD. Large longitudinal data on kidney failure and mortality will be needed to
evaluate such alternative eGFR cut-off values for their predictive ability of severe endpoints.

It was not clear how to present reference values for eGFR-decline given the current
nephrological literature. Longitudinal data and reference values for eGFR-decline have been
scarce in Germany and internationally. Previous work generated reference values for
eGFRcea-decline as quantiles for the eGFRea difference between two assessments!? or as
mean slopes by age-group.*! However, reference values should give a sense of what to expect

regarding the eGFR-decline when a person of a certain risk profile regarding obesity, diabetes,
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or albuminuria appears in clinical practice. For this, we utilized risk factor association estimates
from multivariable LMM with random slopes that accounted for the uncertainty in the
association estimate and the variability of person-specific slopes. Importantly, the resulting
95% prediction intervals have an intuitive interpretation: for a person seen in clinical practice,
e.g. with diabetes and obesity but without albuminuria, the clinician can use these intervals to
say that 95% of such individuals have an annual decline of -2.03 to -0.61 mL/min/1.73m2 per
year.

There are some strengths and limitations that should be mentioned. A strength of our
data is that the studies are random population-level cohorts: individuals were drawn randomly
from population registries or, for the diabetes study, health care providers. However,
participants are typically not hospitalized and more mobile, healthier, and more health-
interested than non-participants.t’-*° Due to this participation bias and exclusion of individuals
with severe kidney disease or renal replacement therapy, mean levels of eGFR in cross-
sectional and longitudinal analyses might be overestimated in the general or diabetes
population. Furthermore, it is not fully straight-forward how to define “healthy” individuals; we
tried to capture the most relevant factors known to influence the health status in view of kidney
function.®#! Another limitation is the various assays used for biomarker measurements across
studies and timepoints. While we ascertained comparability of age-group specific mean values
across arrays with little evidence of systematic error, the different assays can be expected to
have increased the random noise. Still, various assays will also be used in clinical routine, and
our data might thus provide a more realistic scenario than standardized centralized
measurements. Finally, the potential of survival bias warrants consideration: due to excluding
individuals with renal replacement therapy, end-stage kidney disease, acute kidney injury, or
nephrectomy, we expect negligible loss to follow-up due to kidney-related death; sensitivity
analyses suggested no impact of survival status on annual decline estimates in line with
previous work using bivariate analysis.'®

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

be generalized to other countries of similar life-style and health care systems; generalizability
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to non-Caucasian populations is limited due to the study population being mostly White
Caucasian.'”1922 A challenge derives from the different equations to estimate GFR from
creatinine: reference values should be based on the equation used by laboratories in clinical
practice. KDIGO guidelines?” (CKD-Epi 2021) differ to European laboratory practice (mostly
CKD-Epi 2009), and European societies recommend to stall the update.?®#2 In our data,
individual eGFRcrea values were very similar for CKD-EPI 2009 compared to CKD-Epi 2021,
making our reference values applicable when laboratory reports are based on CKD-EPI 2009.
EKFC-derived eGFRcea values? differed, prompting us to present reference values also for
this alternative equation that is currently being discussed as potential update to CKD-EPI 2009
in Europe.

In conclusion, we provided age-specific reference values for eGFR in healthy
individuals and reference values for eGFR-decline by subgroups of special interest in clinical
routine. These reference values can help guide clinicians in judging their patient's eGFR
against the normal range and in predicting annual eGFR-decline in general and in high-risk
subgroups. Our findings support the pledge for an age-adapted CKD definition and motivate

further analyses to investigate the benefit of age-specific thresholds.

16



459

460
461
462
463
464
465
466
467
468
469
470
471
472

473

474
475
476

477

478

479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

Disclosure statement
JMH., SW.,J.N, B.J., M.G., B.T., M.E.Z, R.B.,, B.B., H.K., K.J.S., A.P., and C.A.B. declare

no conflicts of interest. W.K. reports advisory board fees from AstraZeneca, Novartis, Amgen,
Pfizer, The Medicines Company, DalCor, Kowa, Corvidia, OMEICOS, Daiichi-Sankyo, Novo
Nordisk, New Amsterdam Pharma, TenSixteen Bio, Esperion, Genentech; lecture fees from
Bristol-Myers Squibb, Novartis, Amgen, Berlin-Chemie, Sanofi and AstraZeneca; grants and
non-financial support from Abbott, Roche Diagnostics, Beckmann, and Singulex, outside the
submitted work. T.Z. is listed as co-inventor of an international patent on the use of a computing
device to estimate the probability of myocardial infarction (International Publication Number
W02022043229A1). T.Z. is shareholder of the ART.EMIS GmbH Hamburg. I.M.H. has
received support from Roche Diagnostics for a biomarker project, but unrelated to the work
presented here. The results presented in this paper have not yet been published, either in

whole or in part.

Data Sharing Statement

Mean values and percentiles are provided in detail in Supplementary Tables S3 and S7. The
individual participant data of the studies cannot be shared openly due to the data protection

requirements of study participants. Data are available upon reasonable request.

Acknowledgements

This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) — Project-ID 387509280, SFB1350 (Subproject C6 to I.M.H.) and Project-ID
509149993, TRR 374. The AugUR study was supported by the German Federal Ministry of
Education and Research (grant number BMBF 01ER1206, BMBF 01ER1507 to I.M.H.) and by
the German Research Foundation (grant number HE 3690/7-1 to I.M.H). The KORA study was
initiated and financed by the Helmholtz Zentrum Miinchen - German Research Center for
Environmental Health, which is funded by the German Federal Ministry of Education and
Research (BMBF) and by the State of Bavaria. Data collection in the KORA study is done in
cooperation with the University Hospital of Augsburg. Cystatin-C measurements in KORA have
been partly funded through the EU project BiomarCaRE (grant agreement No. HEALTH-F2-
2011-278913) under the Seventh Framework Programme (FP7/2007-2013). T.Z. is funded by
the German Research Foundation, the EU Horizon 2020 programme, the EU ERANet and
ERAPreMed Programmes, the German Centre for Cardiovascular Research (DZHK,
8170710102) and the German Ministry of Education and Research. The DIACORE study was
supported by a grant from the KFH Foundation for Preventive Medicine (C.A.B). This project

has received funding from the Innovative Medicines Initiative 2 Joint Undertaking under grant

17



495
496
497
498
499
500
501

502

503

504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

525

526
527
528
529
530
531

agreement n° 115974 (BEAt-DKD). This Joint Undertaking (JU) receives the support from the
European Union’s Horizon 2020 research and innovation programme and EFPIA with JDRF.
Any dissemination of results reflects only the author's view; the JU is not responsible for any
use that may be made of the information it contains.

We would like to thank all AugUR, KORA and DIACORE study participants for taking part in
the studies. We further thank the physicians and health insurance companies supporting the

studies and all study nurses for their expert work in performing the study visits.

Author Contributions Statement

J.M.H.: Statistical analyses, manuscript writing

S.W.: Statistical analyses, interpretation of results

J.N.: Scientific coordinator of kidney variables (KORA)

B.J.: Study data management, Study Co-PI (DIACORE)

M.G.: Data preparation, quality control

B.T.: Study data management (KORA)

W.K.: Biomarker measurement (KORA)

T.Z.: Biomarker measurement (KORA)

M.E.Z.: Data management (AugUR)

R.B.: Laboratory analysis and biomarker measurements

B.B.: Study Pl (DIACORE)

H.K.: Statistical expertise, interpretation of results

K.J.S.: Study coordination (AugUR), data management (DIACORE)

A.P.: Study Pl (KORA)

C.A.B.: Study PI (DIACORE), project initiation, manuscript design

I.M.H.: Study PI, project initiation, supervision of statistical analyses, manuscript design and
writing

All authors contributed to the reviewing and editing of the manuscript and approved the final

version.

Ethics approval

The AugUR study was approved by the Ethics Committee of the University of Regensburg,
Germany (vote 12-101-0258). The study complies with the 1964 Helsinki declaration and its
later amendments. The KORA-S3 study was approved by the local authorities and conducted
in accordance with the data protection regulations as part of the WHO MONICA project. All
other KORA studies were approved by the Ethics Committee of the Bavarian Chamber of
Physicians (KORA-F3 EC No 03097, KORA-S4 EC No 99186, KORA-F4 / FF4 EC No 06068,

18



532
533
534
535
536
537

538
539

540

541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

KORA-Fit EC No 17040). The DIACORE study and its protocol have been approved by the
participating Universities’ Ethics Committees and is in accordance with the Declaration of
Helsinki. The study is registered at the German Registry of Clinical Trials (DRKS00010498)
and at the International Clinical Trials Registry Platform of the World Health Organization. The
study complies with the 1964 Helsinki declaration and its later amendments and all participants

provided written informed consent.

Supplementary Material

Supplementary Note S1. Study specific information

Supplementary Note S1.1. Study design

Supplementary Note S1.2. Processing of biomaterial and biomarker measurements
Supplementary Note S2. Statistical approaches

Supplementary Note S2.1. Cross-sectional and longitudinal analyses to derive the course of
eGFR over age

Supplementary Note S2.2. Risk factor association analyses in longitudinal data
Supplementary Note S2.3. Reference values for eGFR in cross-sectional data
Supplementary Note S2.4. Reference values for eGFR-decline for individuals without and with
risk factors in longitudinal data

Supplementary Table S1. Overview of biomarker measurement in each of the studies.
Shown are available details for serum creatinine and serum cystatin C timepoint of blood
sampling and sample processing, assay name and underlying method as well as details
available for sample storage and location information of measurement. Shown are respective
details for urine creatinine and urine albumin measurements for all studies.

Supplementary Table S2. Sex-specific characteristics of cross-sectionally analyzed
sample separated by study. The analyzed sample was restricted to individuals with available
eGFR values from baseline study assessment. Shown are demographic characteristics,
information on diseases and medication intake, laboratory measurements with focus on
established risk factors previously reported for kidney function decline.S* Estimated glomerular
filtration rate was deviated from serum creatinineS® or serum cystatin.S® Continuous variables
are given as mean values with standard deviation (SD). Categorical variables are shown in
percent and absolute number of affected individuals. Relative frequency is calculated based
on non-missing values of each categorical variable.

Supplementary Table S3. Mean values per age-group with respective number of
individuals in cross-sectional data. The analyzed sample consisted of individuals with
available eGFRceaand eGFRcys. Shown are age-group specific sample sizes, mean values and

standard errors for eGFRcea and eGFR¢ys for the general population individuals (KORA-3,
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KORA-4, AugUR), “healthy” individuals (excluding individuals with diabetes, CVD,
HbA1c26.5%, blood pressure = 140/90 mmHg, or UACR 230 mg/g; selected from KORA-3,
KORA-4, AugUR), and individuals with diabetes (DIACORE, extended with respective
individuals from KORA-3, KORA-4, AugUR).

Supplementary Table S4. Longitudinal analysis of annual decline of eGFR by study and
combined. The analyzed sample consisted of individuals with at least one available eGFR¢rea
value at any timepoint. For each study and outcome eGFRcea and eGFRys, we applied a linear
mixed model (LMM, RIl-only model; age centered at 50 years, sex, and their interaction as
covariables). Sensitivity analyses in a subset of elderly individuals (AugUR: n= 1,898,
m=2,784) and individuals with diabetes (DIACORE: n=2,586, m= 8,592) restricted to
individuals survived follow-up yielded the same annual decline estimates (-1.08 [-1.22, -0.90]
and -1.44 [-1.50, -1.32] ml/min/1.73mz2 for AugUR and DIACORE, respectively). Joint data
results are compared to an analysis adjusting for study membership (“joint-study”) and to a
meta-analysis of beta- estimates (“meta”; inverse-variance-fixed effect, g = 3; Biw;/ X w;,
with w; = 1/SE?. Beta-estimates with respective 95%-Cl are given.

Supplementary Table S5. Alternative model results for annual eGFR-decline by study in
longitudinal analyses using random slopes. The analyzed sample consisted of individuals
with at least one eGFR value available at any timepoint. For each study and outcome, a linear
mixed model was fitted (LMM, RI+RS model; age centered at 50 years, sex, and their
interaction as covariables). Shown is also the standard deviation of random slopes (SDrs).
Results are very similar to the results from LMM RI-only shown in Supplementary Table S4).
Supplementary Table S6. Stepwise analyses of albuminuria association with eGFR
levels and eGFR-decline in longitudinal data. The analyzed sample consisted of individuals
with at least one eGFR value available at any timepoint and with available information on
diabetes, body-mass index (BMI) and urinary-to-creatinine ratio (UACR). For each outcome,
eGFRcea Or eGFRys, three multivariable linear regression models were fitted (LMM, Rl-only,
model 1: age centered at 50 years, sex, and micro-, and macroalbuminuria, and their
interactions with age, and study membership as covariables, model 2: adding diabetes and its
interaction with age, model 3: adding overweight and obesity, and their interactions with age.
Beta estimates are shown in mL/min/1.73 m2 with 95%-CI.

Supplementary Table S7. Percentile values for eGFRcrea and eGFRcreacys based on CKD-
EPI 2021 equations®>S¢in cross-sectional data. The analyzed sample was restricted to
individuals with available eGFR values at baseline. Shown are modelled percentiles for the
midpoint of each age interval resulting from GAMLSS for “healthy” individuals (Necrrcrea=4,984,
NeGFRerea-cys=3,042) and individuals with diabetes (Necrrerea=3,172, NecFRrerea-cys=3,890).
Percentile values correspond to reference curves in Figure 3. Percentiles of measured GR

(mGFR) based on 1,983 living kidney donorsS’are provided for comparison.
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Supplementary Table S8. Longitudinal analyses for risk factor association with eGFR-
levels and eGFR-decline. Table is analogous to Table 4 except for the random slopes
included in the model (RI+RS; age centered at 50 years, sex, diabetes, overweight, obesity,
micro-, and macroalbuminuria, their interactions with age, and study membership as
covariables). Beta estimates are shown in mL/min/1.73m2 with 95%-CIl. Results are very
similar to results shown in Table 4 for the RI-only model.

Supplementary Table S9. Percentile values for eGFR¢rea based on EKFC 2021 equation®®
in cross-sectional data. The analyzed sample was restricted to individuals with available
eGFR¢rea value at baseline. Shown are modelled percentiles for the midpoint of each age
interval resulting from GAMLSS for “healthy” individuals (Necrrerea=4,984) and individuals with
diabetes (necrrerea=3,172). Percentile values correspond to reference curves in
Supplementary Figure S1. Comparability of mean eGFR in KORA. Shown are mean values
of (A) eGFRcea and (B) eGFRcys per age-group in the two KORA surveys S3 and S4 with the
respective follow-up data. Mean values of eGFR¢s in KORA-F4 are based on only 234
individuals with available eGFRys and thus, not interpretable. For KORA-S3, the CREA assay
(Boehringer Mannheim) was used, for which documentation regarding comparability with other
assays, e.g. with the next generation assay CREA PLUS, was lacking (personal
communication: Koenig Lab, UIm, Roche Diagnostics, Burkhard Lab, Regensburg).
Supplementary Figure S2. Overview of study data. Shown are the number of included
individuals (n) and number of measurements (m) in the analysis of eGFRcrea, €GFRcys, OF
eGFRcreacys for (a) cross-sectional and (b) longitudinal analyses. Exclusion criteria for
individuals and measurements of eGFR are described stating the numbers of individuals or
numbers of measurements that are excluded in each step.

Supplementary Figure S3. Age-group specific mean values of eGFR in cross-sectional
data. The analyzed sample consisted of individuals with available eGFR value at baseline.
Shown are study-specific mean values of (a) creatinine- or (b) cystatin-based eGFR by age-
groups. Color code was used to differentiate between the studies. Whiskers represent the
95%- Cls.

Supplementary Figure S4. Decline of eGFR over age per study in longitudinal data. The
analyzed sample consisted of individuals with at least one available eGFR¢ea value at any
timepoint. Shown are predicted values of eGFRea and eGFRys over the full age range (25-98
years). General additive models (GAM) were fitted on longitudinal data in each study
separately (Rl-only) with age modelled as function by splines, f(age), and sex and sex*f(age)
as covariables. Values on the y-axis are the (a) eGFRcrea Or (b) eGFRcys values predicted by
the model fitted for each study. Color code differentiates between the studies and bands
represent the 95%-CI.
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Supplementary Figure S5. Comparison of eGFR in the general population using
different equations. The analyzed sample consisted of general population individuals with
eGFR available at baseline (n=5,732). Shown are individuals” values of eGFR¢ea based on
CKD-EPI 2021 equationS® (y-axis) compared to (a) CKD-EPI 2009%° (x-axis) and (b) EKFC
2021519 (x-axis). Also shown are individuals” values for eGFRys based on CKD-EPI 201257 (y-
axis) compared to EKFC 202351 (x-axis).

Supplementary Figure S6. Sex- and age-group specific eGFR mean values and eGFR
decline over age using EKFC equations. The analyzed sample consisted of (a-c) individuals
with both eGFRcea and eGFR.ys values available at baseline (cross-sectional data) or (d-f)
individuals with at least one eGFR value at any timepoint (longitudinal data). Color code
differentiates between eGFRcea (blue) based on EKFC 20215 and eGFRys (orange) based
on EKFC 2023.5%! Shown are cross-sectional mean values per age-groups for (a) the general
population, (b) “healthy” individuals and (c) individuals with diabetes. Symbols indicate sex-
specific mean values. Whiskers represent the 95%-Cls. Also shown are predicted values of
eGFR¢ea and eGFR¢ys over the full age range (25-98 years) for (d) the general population
(Necrrerea= 9,082, Megrrerea= 16,835, Negrreys= 9,644, Mecrreys= 15,188), (e) “healthy” individuals
(NecFrerea= 4,545, Megrrerea= 5,848, Necrreys= 3,896, Mecrreys= 5,188) and (f) individuals with
diabetes from all studies (Necrrerea= 4,323, Mecrrerea= 11,179, Negrreys= 4,304, Mecrreys=
11,091). Prediction values were derived from a generalized additive model fitted for each
outcome eGFRcea Or eGFR¢s (GAM, RI-only; f(age), sex, their interaction, and study
membership as covariables). Line type between men (dashed) and women (solid). Bands
represent the 95%-Cls.

Supplementary Figure S7. Reference values for eGFR and eGFR decline based on EKFC
equationsin cross-sectional data. The analyzed sample consisted of individuals with (a&b)
available eGFR values at baseline (cross-sectional data) or (c&d) at least one eGFR value
available at any timepoint (longitudinal data) and with available information on diabetes, body-
mass index (BMI) and urinary-to creatinine ratio (UACR). Shown are percentiles curves of
eGFRcea based on cross-sectional data (GAMLSS) from (a) “healthy” individuals
(NeGFrerea=4,984, NegErerea-cys=3,042) and (b) individuals with diabetes (Necrrerea=3,172, NeGFRerea-
cys=3,890). Age-group-specific percentiles are shown in Supplementary Table S8. Also shown
are reference values for annual eGFR-decline for different subgroups of individuals for (c)
eGFRcea and (d) eGFRcys based on longitudinal data (LMM, RI+RS, nNecrrerea= 10,800,
MecFrerea= 19,173 and Negrreys= 9,725, Mecrreys= 18,165). Reference values for women (dark
grey) and men (light grey) are displayed as 95% prediction interval including the variability of
RS (SDegrrerea= 0.23, SDecrreys= 0.25). The dashed vertical line indicates the estimate of

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

679  respective 95% prediction intervals.
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Figure legend

Figure 1. Sex and age-group specific mean values of eGFR in cross-sectional data. The
analyzed sample consisted of individuals with both eGFR¢ea and eGFRcys values available at
baseline. Shown are mean values of creatinine- or cystatin-based eGFR (eGFRea (blue) and
eGFRys (orange)) per age-groups for (a) the general population, (b) “healthy” individuals and
(c) individuals with diabetes. Symbols indicate sex-specific mean values. Whiskers represent
the 95%-Cls. Numbers are shown in Supplementary Table S3.

Figure 2. Longitudinal analysis of decline of eGFR over age. The analyzed sample
consisted of individuals with at least one eGFR value available at any timepoint. Shown are
predicted values of eGFR¢ea and eGFR¢ys over the full age range (25-98 years) for (a) the
general population (Necrrerea= 9,082, MecFrerea= 16,835, Necrreys= 9,644, Mecrreys= 15,188), (b)
a subset of “healthy” individuals (Necrrerea= 4,545, Megrrerea= 5,848, Necrreys= 3,896, Megrreys=
5,188) and (c) individuals with diabetes from all studies (Necrrerea= 4,323, Megrrerea= 11,179,
Necrreys= 4,304, Mecrreys= 11,091). Data of all studies were analyzed jointly for the outcome
eGFRcea and eGFR¢s (Generalized additive model (GAM), Rl-only; f(age), sex, their
interaction, and study membership as covariables). Color code differentiates between eGFR¢rea
(blue) and eGFR.ys (orange) and line type between men (dashed) and women (solid). Bands
represent the 95%-Cls.

Figure 3. Reference values for eGFR¢rea and eGFRcreacys based on cross-sectional data.
The analyzed sample was restricted to individuals with eGFR values available at baseline.
Shown are percentiles curves of eGFRcrea and eGFRcrea-cys based on data from (a&c) “healthy”
individuals  (Necrrerea=4,984, NegFrereacys=3,042) and (b&d) individuals with diabetes
(NecFrerea=3,172, NeGFRcrea-cys=3,890). The color code was used to differentiate areas between
selected percentiles (grey: 2.5M-5" and 95M-97.5"; blue: 5M-10" and 90"-95" percentile;
purple: 10t-25™ and 75M-90™ percentile; green: 25"-50™ and 50"-75™ percentile). Age-group-
specific percentiles are shown in Supplementary Table S7.

Figure 4. Reference values for eGFR-decline in longitudinal data. The analyzed sample
consisted of individuals with at least one eGFR value available at any timepoint and with
available information on diabetes, body-mass index (BMI) and urinary-to creatinine ratio
(UACR). Shown are reference values for annual eGFR-decline for different subgroups of
individuals for (a) eGFRcea and (b) eGFRcys. For each outcome, a multivariable linear mixed
model (LMM) was applied (Necrrerea= 10,800, Megrrerea= 19,173 and Necrreys= 9,725, Mecrreys=
18,165): random intercept (Rl)+random slope (RS) model with age (centered at 50 years), sex,
diabetes, BMI category, albuminuria category, and their interactions with age as covariables.
Reference values for annual decline were derived from combining beta estimates for age and
the age interaction with the respective risk factor (Supplementary Table S8) with the

respective 95% prediction interval including the variability of RS (SDegrrerea= 0.36, SDegrreys=
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0.11). Reference values are color coded by sex (dark grey: women, light grey: men). The
dashed vertical line indicates the value for eGFR-decline for the reference group (women,
normal weight, no diabetes and no albuminuria). The stated values correspond next to the bars
indicate sex-specific estimates with the respective 95% prediction intervals.

Figure 5. Revisiting CKD prevalence in the general population and individuals with
diabetes in cross-sectional data. The analyzed sample consisted of individuals with both
eGFR¢ea and UACR assessments available at baseline. Shown are percentages of individuals
with CKD, defined by albuminuria (UACR =30mg/g) or eGFRcrea <60 mL/min/1.73m2, in (a&b)
the general population and (c&d) individuals with diabetes derived. a&c show the percentage
of CKD resulting from cutoff defined by KDIGO. The white and grey bars show percentage of
individuals with albuminuria (eGFR=60 or cut-off or eGFR<60 or cut-off, respectively); blue bar
shows the percentage of individuals without albuminuria but low eGFR¢ea vValues. b&d show
the percentage of CKD resulting from age-dependent cut-offs (30-40 years: 75; 40- 50 years:
70; 50-60 years: 60; 60-70 years: 50; 70-80 years: 40; >80: 35mL/min/1.73m?2), for eGFR¢rea iN
“healthy” individuals (rounded 2.5" percentile for midpoint age of respective age-group).
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Tables

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

sectional analyses, the analyzed sample was restricted to individuals with available eGFR¢rea

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

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

focus on established risk factors previously reported for kidney function decline.3® Estimated

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

equation,?* serum cystatin or both via CKD-EPI 2012 equation.?®

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/m? 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
HbAlc, 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 m? 90.6 (17.2) 96.6 (16.0) 72.6 (16.7) 82.5 (20.6)
eGFReys*, mean (SD), mL/min/1.73 m? 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, HbAlc: glycated hemoglobin Alc, UACR:

urinary-albumin-to-creatinine-ratio, eGFR in mL/min/1.73mz2.

Microalbuminuria: UACR =230 and

<300mg/g; macroalbuminuria: UACR =300mg/g. “Overweight”: BMI 225 and <30kg/m? “Obese”: BMI
=30kg/m2. Non-missing data used to calculate percentages (KORA3, KORA4, AugUR, DIACORE,
respectively: Smoking: 2,898, 3,728, 2,373, 2,979; BMI: 2,882, 3,705, 2,370, 2,976; diabetes: 2,899,
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
of glucose-/lipid lowering medication: 2,900, 3,724, 2,378, 2,970; intake blood pressure-lowering
medication: 2,900, 3,724, 2,378, 2,991; UACR: 2,701, 2,894, 2,310, 2,908. The “healthy”-defining

variables were non-missing in >99% individuals at baseline or any timepoint (except for UACR in KORA).
*Cystatin C and eGFRys are shown for KORA-S3. *UACR and albuminuria is shown for KORA-F4.

29



860 Table 2. Descriptive statistics for longitudinal data. For longitudinal data analyses, the
861 analyzed sample consisted of individuals with at least one eGFR value available at any
862 timepoint. Shown are age and follow-up time per study and overall. Numbers of individuals and

863  respective number of measurements are given for each biomarker.

864
KORA3 KORA4  AugUR DIACORE Overall

Age, min-max, years 34-85 25-88 70-98 27-93 25-98
FU-time, 75™ percentile (max), 11 (25) 9 (20) 3.3(10) 9(12) 5 (25)
years
Measurement intervals median 10 (11) 7(9) 3.2(5.5) 2.3(5.2) 2.8 (11)
(max) years
Individuals
neGFRcrea 2,933 3,752 2,397 2,994 12,076
NeGFReys 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
MeGFReys 3,866 8,116 3,206 9,319 24,507
meGFRcrea-cys 231 8,112 3,196 9,319 20,858

865  FU: follow-up
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Table 3. Annual decline of eGFR in longitudinal analyses for the general, the “healthy”,

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

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

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

interaction, and study membership as covariables) was fitted to the general population
individuals (KORA-3, KORA-4, AugUR), their subgroup of “healthy” individuals (excluding
individuals with diabetes, CVD, HbA1c=6.5%, UACR2= 30 mg/g, or blood pressure 2140/90
mmHg; from KORA-3, KORA-4, AugUR), and individuals with diabetes (DIACORE, diabetes
individuals from KORA-3, KORA-4, AugUR). Beta estimates with respective 95%-ClI are given.

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

for eGFRys in “healthy”).

General population

“Healthy” individuals

Individuals with diabetes

eGFRcrea

n 9 082 4 545 4 323
m 16 835 5848 11179
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 9127 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.
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Table 4. Longitudinal analyses for risk factor association with eGFR-levels and eGFR-
decline. The analyzed sample consisted of individuals with at least one eGFR value available
at any timepoint and with available information on diabetes, body-mass index (BMI) and
urinary-to-creatinine ratio (UACR). For each outcome, eGFRcea Or eGFRcys, @ multivariable
linear regression model (LMM) was fitted (RI-only; age centered at 50 years, sex, diabetes,
overweight, obesity, micro-, and macroalbuminuria, their interactions with age, and study
membership as covariables). Beta estimates are shown in mL/min/1.73m2 with 95%-CI. The
intercept can be interpreted as mean eGFR-level for the reference group and the age effect as
the mean annual decline of the reference group (50-year-old women with normal weight, no
diabetes nor albuminuria). The main effect of a risk factor can be interpreted as the change of
eGFR-level when this risk factor is present, e.g. for “obesity”, 50-year-old women with obesity
(no diabetes, no albuminuria) have on average -2.50 mL/min/1.73m2 lower eGFR¢ea than
without obesity. The interaction effect of risk factor with age is the additional annual decline for
individuals with this risk factor versus the reference group: e.g. 50-year-old women with obesity
(no diabetes, no albuminuria) have on average -0.12 mL/min/1.73m2 steeper annual eGFRcrea
decline (average decline of (-0.73) + (-0.12) = -0.85 mL/min/1.73m2 per year) than without

Microalbuminuria
Macroalbuminuria
Interaction effects
Age x Men

Age x Diabetes
Age x Overweight
Age x Obesity

Age x Microalbuminuria
Age x Macroalbuminuria

0.96 [-0.14,2.06]
-3.65 [-6.20,-1.10]

-0.03 [-0.07,0.01]
-0.45 [-0.49,-0.41]
-0.03 [-0.07,0.01]
-0.12 [-0.16,-0.08]
-0.09 [-0.13,-0.05]
-0.08 [-0.20,0.04]

obesity.
eGFRcrea eGFRcys

n 10,815 9,725
m 19,183 18,165
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]

0.16 [-0.96,1.28]
-3.92 [-6.55,-1.29]

-0.04 [-0.08,-0.00]
-0.43 [-0.49,-0.37]
-0.05 [-0.09,-0.01]
-0.11 [-0.17,-0.05]
-0.09 [-0.15,-0.03]
-0.10 [-0.22,0.02]

Microalbuminuria was defined as UACR 230 and <300mg/g and macroalbuminuria as UACR
2300mg/g. BMI 225 and <30kg/m? was defined as “overweight” and BMI 230kg/m? as “obese”.
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Subgroup

Normal welght noI diabetes, .

o albuminuria

Overweight -

Obesity -

Diabetes -

Diabetes and obesity -
Microalbuminuria-

Macroalbuminuria -

Diabetes and _
macroalbuminuria

Diabetes, obesity .
and macroalbuminuria

Annual eGFR __ decline Annual eGFRcys decline
[mI/min/1.73 m?] [ml/min/1.73 m?]
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a General population (n=7 934)
60
[ UACR<308eGFR<60
50 | [ UACR23086GFR<60
[J UACR2308eGFR260
40
g
S 30
J
S 20
10
=
30-40 40-50 50-60 60-70 70-80 >80
n 762 1278 1285 1314 2442 853
%UACR<30&eGFR<60 0.26  0.08 1.01 342 1089 18.99
%UACR230&eGFR<60  0.00 0.08 0.70 145 4.79 1313
%UACR>30 &GFR 260 4.07 4.38 5.53 868 1486 1559
%UACR230 or eGFR<60 4.33  4.54 7.04 1355 3054 47.71
Individuals with diabetes (n=3 900)
60 [0 UACR<30&8eGFR<60
[ UACR>=308eGFR<60
50 | [1 UACR>=308eGFR>60
40
=)
>4
O 30
xX
20
10
0
25-40 40-50 50-60 60-70 70-80 >80
n 40 176 651 1341 1394 298
%UACR<308eGFR<60 000 170 292 626  16.64 22.82
%UACR2308eGFR<60 000 170 123 433 1105 2081
%UACR230&eGFR260 20.00 21.02 19.97 18.79 19.01 18.46
%UACR=230 or eGFR<60 2000 2442 2412 29.38  46.70 62.09

General population (n=7 934)

Reforonce values for 6GF,,, in “healthy” individuals
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n 762 1278 1285 1314 2442 8583
%UACR<30&eGFR< cut-off 1.7 0.16 1.01 1.07 1.60 1.88
%UACR230&eGFR< cut-off 0.00 0.16 0.70 0.91 1.23 1.29
%UACR>308eGFR 2 cut-off 4.07 4.30 5.53 9.21 18.43 2743
%UACR>30 or eGFR< cut-off 578 4.62 7.24 11.19 21.26  30.60

d

Individuals with diabetes (n=3 900) &

i "oty indivicust
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320
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25-40 40-50 50-60 60-70 70-80 >80
n 40 176 651 1341 1394 298
%UACR<30&eGFR<cut-off 0.00 227 2.92 2.54 2.80 3.02
%UACR=>30&eGFR<cut-off 0.00 2.27 1.23 1.86 4.16 4.36
%UACR>308eGFR > cut-off 20.00 20.45 19.97 21.25 25.90 34.90
%UACR2300r eGFR<cut-off 2000 2412 2412 2565 3286 4228




