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Objective: To develop an estimated glomerular filtration rate (¢GFR) and urine albumin—creatinine ratio (ACR) risk stratification for
rapid kidney function decline across aging phenotypes in older adults.

Methods: We included 1539 older adults (486 healthy aging, 661 aging with comorbidities, 392 aging with CKD) from the Rugao
Longevity and Aging Study and Huashan Hospital. Rapid decline was defined as a >30% decrease in eGFR over 2 years. We estimated
adjusted incidence of rapid decline across baseline eGFR (290, 75—<90, 60-<75, <60 mL/min/1.73 m?) and ACR (<30 vs >30 mg/g)
categories within each aging phenotype. We defined adjusted incidence rate of <5%, 5-7.5%, 7.5-15%, and >15% as no risk, low risk,
moderate risk, and high risk, respectively. Random forests assessed the relative contribution of pre-specified eGFR and ACR categories.
Results: Mean ages were 77.7 £ 4.4, 78.0 £ 4.1, and 77.7 + 5.5 years in healthy, comorbidity, and CKD cohort, respectively. Among
healthy participants, the adjusted incidence remained in low risk when eGFR was between 60 and 75 mL/min/1.73 m?, but increased to
moderate risk when eGFR <60 mL/min/1.73 m?. In the comorbidity cohort, a low risk classification was observed with ACR <30 mg/g
and eGFR >75 mL/min/1.73 m?, or with ACR >30 mg/g and eGFR >90 mL/min/1.73 m?, other combinations were associated with
moderate risk. In the CKD cohort, moderate risk corresponded to ACR <30 mg/g with eGFR >60 mL/min/1.73 m? or ACR >30 mg/g
with eGFR >75 mL/min/1.73 m?, while all other scenarios were classified as high risk. Random forest results corroborated that eGFR
dominated discrimination in healthy aging, whereas ACR carried greater weight in comorbidity and CKD cohorts.

Conclusion: Phenotype-specific eGFR-ACR thresholds provide pragmatic risk stratification to guide targeted monitoring and earlier
intervention in older adults.

Keywords: kidney function decline, glomerular filtration rate, urine albumin—creatinine ratio, healthy aging, comorbidity, chronic
kidney disease

Introduction

Declines in renal functioning are associated with adverse outcomes, including end-stage renal disease (ESRD), cardiovascular
events, hospitalization, and all-cause mortality.' Early identification of individuals at risk for rapid kidney function decline
can facilitate targeted interventions. Older adults are particularly susceptible to this risk. Epidemiological data reveal a stark
age-related gradient: while chronic kidney disease (CKD) affects nearly 33% of adults aged 65 and over, its prevalence in
middle-aged populations remains substantially lower, often below 10%.*® This underscores the urgent need for the devel-

opment of a risk assessment tool to identify elderly populations at high-risk of rapid kidney function decline.”'° To this end,

Clinical Interventions in Aging 2025:20 2105-2118 2105
Received: 24 June 2025 © 2025 Chang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati org/licenses/by-nc/4.0/). By accessing the

Accepted: 14 November 2025
Published: 20 November 2025

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-8283-7925
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Chang et al

a decline in eGFR of >30% over two years has been widely validated as a clinically meaningful surrogate endpoint for ESRD
and all-cause mortality, and thus serves as the definition of rapid decline in the present study.'" '

Aging is accompanied by a reduction in renal functional reserve, meaning the kidneys have a decreased capacity to
augment the glomerular filtration rate (GFR) after physiological or pathological stimuli.'> This reserve acts as the
kidney’s “stress-test” capacity, and its depletion often precedes a decline in baseline eGFR, serving as an early indicator
of renal frailty and vulnerability. These changes are exacerbated by prevalent comorbidities and pre-existing renal
disease. Conditions such as hypertension, diabetes, and hyperuricemia accelerate the loss of renal reserve through well-
established mechanisms, including microvascular injury, endothelial dysfunction, and chronic inflammation, which
collectively promote glomerulosclerosis and tubulointerstitial fibrosis. Concurrently, established CKD can directly lead
to nephron destruction and fibrosis via immune-mediated or inflammatory pathways.'®2' Reduced renal functional
reserve thus reflects renal frailty and increased vulnerability to injury, making it a critical stratification for assessing risk
for functional decline in older populations.'>?%*3

Previous studies have used estimated GFR (eGFR) and/or urine albumin-creatinine ratios (ACRs) to stratify the risk
of renal failure or related adverse events. Existing prediction models were largely developed in middle-aged or mixed-
age populations and apply a “one-size-fits-all” approach, which fails to account for the profound heterogeneity in renal
reserve and vulnerability across different aging phenotypes.**2¢

The present study aims to evaluate the role of eGFR and ACR in predicting rapid renal functional decline in older
adults with differing aging trajectories—which reflect disparate renal functional reserve and vulnerabilities. The study
cohorts include healthy aging (older adults without CKD or concordant comorbidities), aging with comorbidities (with
diabetes, hypertension, stroke, gout, chronic heart failure, or atherosclerotic coronary artery disease, but without
a diagnosis of CKD), and aging with CKD (older adults with diagnoses of CKD according to KDIGO guideline).?’
The present study builds on previous work, including the use of the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula, which has been shown to be the most reliable method for estimating eGFR in the elderly.?**’

Consistent with the KDIGO risk heat map—which cross-classifies eGFR and albuminuria to stage CKD risk—we
position our phenotype-specific joint eGFR—ACR matrix, anchored to the >30% two-year eGFR decline endpoint.*° We
aimed to define cohort-level eGFR and ACR thresholds based on different aging profiles to predict rapid kidney function
decline in older adults. These tailored measures may enhance risk stratification and support timely, targeted interventions

to prevent progression to ESRD and improve quality of life in the elderly.

Materials and Methods

Study Populations

We examined data from three distinct cohorts. A total of 1950 elderly participants from the Rugao Longevity and Aging
Study (RLAS) composed the healthy and comorbidity cohorts (2017-12-31 to 2019-12-31), 3692 elderly patients with
CKD from Huashan Hospital at Fudan University composed the CKD cohort (2006—12-25 to 2023—11-14). The RLAS is
a longitudinal population-based study conducted in Rugao in the Jiangsu Province of China, and is designed to examine
aging trajectories. This study enrolled individuals over 70 years old living in 31 villages in the Jiang’an township and has
followed up with all participants every two years since 2014. Further details about the study design have been described
elsewhere.’' Huashan Hospital is a general tertiary care hospital located in Shanghai, China, but 67% of the patients
come from other areas in China. Electronic health records of patients over 70 years old who were treated at Huashan
Hospital were used as the data source for the CKD cohort.

Based on the following criteria, we excluded 803 of the 1950 elderly participants in the RLAS cohort. A total of 600
individuals were lost to follow-up, 114 were diagnosed with CKD (and thus could not be part of the healthy aging or
comorbidities cohorts), 25 were under 70 years of age, 35 had abnormal eGFR increases exceeding 20% over two years,
and 28 had baseline ACR levels above 300 mg/g. After these exclusions, our final study population included 486
individuals in the healthy cohort and 661 in the comorbidity cohort. Cohort classification was based on the presence of

documented comorbidities, which are detailed in the following sections.
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The Huashan Hospital database included 3692 elderly patients who met the inclusion criteria (had at least two
documented serum creatinine and cystatin C measurements, at least one documented ACR measurement, had an interval
of at least two years between serum creatinine measurements, had their initial ACR measurement prior to their most
recent serum creatinine measurement, and were aged > 65 years). From this cohort, we excluded 2836 patients without
serum creatinine, serum cystatin C, and ACR measurements taken within the same quarter, as well as those who did not
have two-year follow-ups of serum creatinine and cystatin C levels. We also excluded 260 patients who did not have
a diagnosis of CKD; 190 patients who were younger than 70 years old; and 14 patients with abnormally elevated eGFR
values, as assessed by senior nephrologists. Thus, the final CKD cohort included 392 individuals.

This study was approved by the following institutional review boards: the Fudan University School of Life Sciences
Human Ethics Committee (BE1815) and the Ethics Committee at Huashan Hospital, Fudan University (KY20241068).
Ethical approval for the UK Biobank Study was granted by the National Information Governance Board for Health and
Social Care and the NHS North West Multicenter Research Ethics Committee. All participants provided informed
consent via electronic signatures at baseline.

Figure S1 describes the patient selection processes from the RLAS and the Huashan Hospital electronic medical records.

Variable Measurement

Baseline serum creatinine, serum cystatin C, albumin, calcium, uric acid, triglycerides, low-density lipoprotein, choles-
terol and hemoglobin values, demographic data including age and sex, and physical examination measures (eg, weight
and systolic and diastolic blood pressures), were collected from each database. For the RLAS cohort and Huashan
Hospital cohorts, biochemical measurements were collected using automated biochemistry analyzers (either the Olympus
AUS5811 Clinical Chemistry Analyzer or the Hitachi 7600-020 analyzer) in conjunction with standard biochemical
laboratory tests conducted by experienced technicians at Jiangsu Rugao Hospital of Traditional Chinese Medicine or
Huashan Hospital, respectively.

Medical diagnoses in the RLAS dataset were gathered based on medical insurance data from Rugao City and verified
by at least two members of the research team. Medical diagnoses in the Huashan Hospital dataset were derived from
ICD-10—codes. Participants were then stratified into three cohorts. The healthy cohort consisted of individuals who had
neither concordant comorbidities nor clinical evidence of CKD. Comorbid populations were defined as individuals
without CKD but with conditions that have been directly associated with pathological renal changes (eg, chronic
inflammation and vascular injury) and can accelerate renal functional decline, including diabetes, hypertension, stroke,
gout, chronic heart failure, and coronary atherosclerotic heart disease, collectively termed “concordant comorbidities”.**
The CKD cohort included participants with CKD and encompassed cases on the spectrum from acute kidney injury
(AKI) to CKD. Causes of CKD in our cohort included primary nephritis, secondary nephropathy, hereditary nephropathy,
and kidney tumors. Borderline cases, such as mildly reduced eGFR (eg, 60-75 mL/min/1.73 m?) but without any other
abnormalities of kidney structure or function were assigned to the comorbidity cohort if any concordant comorbidity was
present; otherwise, to the healthy cohort. This hierarchical classification enabled a comprehensive analysis of the clinical
trajectories associated with renal function decline.

Each participant’s eGFR was computed using the CKD-EPI 2012 creatinine-cystatin C equation.® Percentage change
in eGFR was calculated as follows: (last estimated eGFR — first estimated eGFR)/(first estimated eGFR) % 100%. Rapid
kidney function decline was defined as a > 30% change in eGFR over a two-year period and served as a surrogate
endpoint for ESRD and all-cause mortality.'''* Additionally, we validated this surrogate endpoint for mortality in an
independent UK Biobank subcohort (see Supplementary Method S1, Figure S2, Supplementary Tables S1, S1b, and S2).
In multivariable Cox models, a >30% two-year eGFR decline was strongly associated with all-cause mortality (adjusted
HR 6.37, 95% CI 2.33-17.38), and sensitivity thresholds showed consistent directionality (=35%: HR 4.93, 95% CI
1.20-20.21; >50%: HR 8.26, 95% CI 1.14-59.71). A margin of 0.5 years was allowed before and after the baseline
period to determine the most recent available eGFR for calculation.
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Statistical Analysis
Continuous variables are expressed as means + standard deviations, and categorical variables are presented as counts
(percentages). Missing data were handled per protocol: complete-case analysis for the outcome and key stratifiers
(baseline eGFR/ACR and the follow-up eGFR); for adjustment covariates with low missingness (<5%), single imputation
using cohort-specific medians was applied. For exploratory pairwise comparisons, p-values were adjusted using the
Benjamini—Hochberg false discovery rate at 5%.

Adjusted incidence rate of rapid kidney function decline served as the primary metric for quantifying risk across
different eGFR and ACR categories. To obtain the adjusted incidence rate, we constructed a logistic regression
adjustment model—detailed in Supplementary Method S2—to control for age, hemoglobin, cholesterol, triglycerides

and aging classifications (Healthy, Comorbidity and CKD), variables have been strongly associated with dysfunction in
renal reserve, and alter the relationships between baseline eGFR, ACR, and incidence rate of rapid kidney function
decline.®® A summary table was also constructed to present adjusted incidence rate of rapid kidney function decline for
various baseline eGFR and ACR combinations. Risk levels were categorized into four tiers: no risk (incidence rate <5%,
green), low risk (incidence rate 5-7.5%, yellow), moderate risk (incidence rate 7.5-15%, orange), and high risk
(incidence rate >15%, red). This stratification framework provides a clinically interpretable assessment of risk, enabling
targeted interventions for populations at greatest risk.

Adjusted incidence rate trendlines for eGFR and ACR categories were calculated for the three study cohorts using
least squares linear regression. Model fit was evaluated using various statistical parameters, including P-values, R%, and
adjusted R?, to assess each models’ explanatory power and reliability.

To identify the most influential predictors of rapid kidney function decline, the relative importance of eGFR and ACR
categories was evaluated with a Random Forest (RF) model. The RF algorithm calculates the mean decrease in impurity
(MDI) to rank feature importance,”’ and quantifies each variable’s contribution to the model’s predictive performance.
This non-parametric method is particularly suited for clinical datasets with complex variable interactions and provides
robust insights into the relative predictive values of various eGFR and ACR categories.

In parallel, we computed odds ratios (ORs) for each eGFR and ACR category to quantify their direct association with
rapid kidney function decline. An OR > 1 indicates increased risk, while ORs < 1 indicate protective effects. The dual
analysis framework, combining both RF and logistic regression, allowed for a comprehensive analysis of the predictive
roles of eGFR and ACR categories across our three study cohorts.

Statistical significance was set at a two-tailed P < 0.01. For multivariable inference, model parsimony respected an
events-per-variable (EPV) >10. All analyses were conducted using Python 3.9 and the Scikit-learn toolkit, with the
exception of hypothesis testing (continuous variables: ANOVA, categorical variables: chi-square tests), which were
completed in R (version 4.1.2).

Results

Baseline Characteristics

Table 1 presents the baseline participant characteristics in the three cohorts—the healthy aging cohort, the aging with
comorbidities cohort, and aging with CKD cohort. The mean (SD) ages in these cohorts were 77.7 (4.4), 78.0 (4.1), 77.7
(5.5), respectively, and the percentages of male participants in each cohort were 54.7%, 42.7%, and 54.3%, respectively.
Thus, the average age was similar across all three cohorts, but participants in the comorbidity cohort were more likely to
be female than in the other cohorts. Diagnoses in the comorbidity cohort included diabetes (70 cases), hypertension (417
cases), stroke (66 cases), heart disease (55 cases), gout (113 cases), and heart failure (39 cases). In the CKD cohort,
patients had to have been diagnosed with CKD as their primary medical condition including CKD stages 2 through 5.
Sequentially higher baseline levels of serum creatinine (61.5 vs 64.9 vs 100.7 umol/L), serum cystatin C (1.1 vs 1.1 vs
1.4 mg/L), ACR (6.0 vs 10.9 vs 62.8 mg/g), and unadjusted two-year eGFR decline percentages (30% vs 35% vs 50%)
were observed across the healthy, comorbidities, and CKD cohorts, respectively, with statistically significant differences
found between all three cohorts (P < 0.01). The eGFR distributions for different cohorts are presented in Figure S3.

2108  hes Clinical Interventions in Aging 2025:20


https://www.dovepress.com/article/supplementary_file/549212/549212_Supplementary_Material_1.docx
https://www.dovepress.com/article/supplementary_file/549212/549212_Supplementary_Material_1.docx

Chang et al

Table | Baseline Demographic and Clinical Characteristics of Participants in the Three Elderly Populations

Rugao Longitudinal Aging Study (n = 1147) | Huashan Database (n = 392) P
Healthy cohort Comorbidities cohort CKD cohort
(n = 486) (n=661) (n=392)

Demographics
Age (years) 777 + 44 780 * 4.1 777 £ 55 0.3
Sex, n (%) < 0.0l

Male 220 (45.3) 379 (57.3) 179 (45.7)

Female 266 (54.7) 282 (42.7) 213 (54.3)
Biochemistry
Serum creatinine (umol/L) 61.5+ 14.6 649 + 164 100.7 £ 59.0 < 0.0l
Serum cystatin C (mg/L) .1 £0.2 I.1 £0.2 1.4 +0.6 < 0.0l
eGFR (mL/min/1.73 m?) 779 £ 12.0 73.6 £ 132 58.1 +226 < 0.0l
ACR (mg/g) 6.0 (3.3, 12.7) 10.9 (4.2, 28.8) 62.8 (29.9, 264.3) < 0.0l
Albumin (g/L) 455+ 2.6 46.0 + 2.4 43.1 £5.2 < 0.0l
Hemoglobin (g/L) 136.7 £ 16.4 1365 + 14.6 1304 £ 17.7 < 0.0l
Carbon dioxide binding 275+ 19 27.7 £20 247 £ 29 < 0.0l
Uric acid (mmol/L) 03 0.1 03 +0.1 04 +0.1 < 0.0l
Triglyceride (mmol/L) 1.3+0.8 1.5+ 1.0 1.6 + 1.4 < 0.0l
LDL-C (mmol/L) 28 0.6 28 0.6 26 +09 < 0.0l
Cholesterol (mmol/L) 54+ 10 5410 48 = 1.1 < 0.0l
Calcium (mmol/L) 24 + 0.1 24 + 0.1 23 0.1 < 0.0l
ALT (U/L) 18.1 7.4 20.0 + 15.7 203+ 11.6 < 0.0l
Outcomes (within two years)
eGFR declined by 30%, n (%) 23 (4.7) 54 (8.2) 57 (14.5) < 0.0l

Note: Values are expressed as means * SD or number (percentage), except for ACR, which are presented as median (interquartile range). P values
correspond to ANOVA and chi-square test results.

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate (estimated by CKD-EPI formula based on serum creatinine
and cystatin C); ACR, urine albumin-to-creatinine ratio; ALT, alanine aminotransferase; LDL-C, low-density lipoprotein cholesterol.

Risk Assessment of Rapid Kidney Function Decline in Three Elderly Aging Cohorts
We conducted an early-warning analysis of rapid kidney function decline (> 30% eGFR reduction over two years) across
three distinct elderly cohorts: Healthy, Comorbidity, and CKD. External validation in the UK Biobank further supported
the face validity of this surrogate endpoint: a >30% two-year eGFR decline was associated with higher all-cause
mortality (adjusted HR 6.37, 95% CI 2.33-17.38), with a similar pattern for >35% and >50% thresholds
(Supplementary Method S1 and Supplementary Table S2). Table 2 summarizes the adjusted incidence rate for each
baseline combination of eGFR (> 90, 75-90, 6075, < 60 mL/min/1.73 m?) and ACR (< 30 vs > 30 mg/g).

Across all cohorts, adjusted incidence rate rose as eGFR declined and as ACR increased. However, the slope of the

increase in incidence rate differed by cohort (Figure 1 and Table 3). In the Healthy aging cohort, the slope of the linear fit
was 0.64 percentage points per eGFR and ACR category (95% CI 0.23—-1.04; P = 0.054; R? = 0.895, adjusted R = 0.843),
indicating a relatively gradual increase in adjusted incidence rate as one moves through worsening eGFR/ACR levels. In the
Aging with comorbidities cohort, the slope was 0.65 (95% CI 0.43-0.86; P < 0.001; R? = 0.970, adjusted R? = 0.965),
reflecting a steeper rise in rate. The steepest increase occurred in the CKD cohort, with a slope of 1.27 (95% CI 0.50-2.04;
P =0.003; R? = 0.858, adjusted R? = 0.830). In every cohort, combinations with ACR > 30 mg/g carried higher adjusted
incidence rate than their counterpart categories with ACR < 30 mg/g, regardless of eGFR.

Evaluation metrics were used to describe the adjusted incidence rate and corresponding risk across diverse combina-
tions of eGFR and ACR for all three cohorts (Figure 2). In the healthy cohort (all ACR < 30 mg/g), risk remained in the
no-risk tier (< 5%) at eGFR > 75 mL/min/1.73 m?, rose to low risk (5-7.5%) at 60—75 mL/min/1.73 m?, and to moderate
risk (7.5-15%) at eGFR < 60 mL/min/1.73 m?. In the comorbidity cohort, only those with ACR < 30 mg/g and eGFR >
75 mL/min/1.73 m? or with ACR > 30 mg/g and eGFR > 90 mL/min/1.73 m® had low risk; all other combinations fell
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Table 2 Adjusted Incidence Rate Based on Baseline eGFR and ACR Categories for Three Elderly Populations

Rank eGFR ACR Healthy Cohort Comorbidity Cohort CKD Cohort

Age alR eGFR ACR Age alR eGFR ACR Age alR eGFR ACR
| =90 <30 75.3 (3.6) 3.8% 95.9 (4.7) 9.2 (7.8) 752 (3.2) 6.3% 96.1 (4.5) 10.1 (7.8) — —_ — —
2 =90 230 — — — — 76.4 (2.7) 7.2% 94.8 (4.3) 78.6 (59.9) 75.4 (3.8) 10.1% 96.7 (7.2) 148.4 (245.2)
3 75-90 <30 76.6 (3.7) 4.3% 81.8 (4.3) 8.7 (7.3) 76.8 (3.5) 7.0% 81.3 (4.3) 9.6 (7.5) 743 (4.2) 9.5% 822 (5.1) 14.3 (8.3)
4 75-90 =30 — — — — 773 (3.7) 8.0% 80.6 (3.8) 782 (54.1) 77.0 (3.9) 11.9% 82.0 (4.3) 146.4 (381.4)
5 60-75 <30 793 (4.1) 5.3% 69.3 (4.1) 8.8 (7.5) 78.6 (3.7) 8.5% 68.6 (4.3) 9.5 (7.3) 753 (5.4) 10.9% 67.2 (4.2) 12.3 (6.7)
6 60-75 =30 — — — — 79.6 (4.5) 9.4% 68.8 (3.8) 87.1 (61.5) 78.7 (5.8) 15.4% 67.7 (4.4) 537.8 (1482.5)
7 <60 <30 82.5 (5.8) 7.7% 50.7 (8.4) 10.9 (8.6) 80.1 (4.6) 10.0% 51.9 (6.9) 8.2 (6.6) 78.6 (6.2) 15.8% 42.5 (11.0) 12.8 (7.4)
8 <60 230 — — — — 80.5 (4.5) 11.0% 49.8 (9.1) 122.1 (87) 783 (5.7) 16.6% 37.9 (12.8) 1033.5 (1582.3)

Note: Values expressed as means (SDs).
Abbreviations: eGFR, estimated glomerular filtration rate (estimated by the CKD-EPI formula based on serum creatinine and cystatin C); ACR, urine albumin-to-creatinine ratio; alR, adjusted incidence rate probability, corrected

covariates (age, hemoglobin, cholesterol, triglycerides and aging classifications), logistic regression model.
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Figure | Adjusted incidence rate of rapid kidney function decline by eGFR-ACR category in older cohorts. Blue circles/solid line denote the healthy aging cohort (slope =
0.64 percentage points per category; 95% Cl 0.23—1.04). Orange squares/solid line denote the comorbidity cohort (slope = 0.65; 0.43—-0.86). Red triangles/solid line denote
the CKD cohort (slope = 1.27; 0.50-2.04). Rates are adjusted for age, hemoglobin, cholesterol, triglycerides, and cohort type. External validation of the 230% two-year
endpoint in UK Biobank is summarized in the Results and detailed in Supplementary Method S|, Figure S2, and Supplementary Tables S1, SIb, and S2.

into the moderate-risk tier. In the CKD cohort, ACR < 30 mg/g with eGFR > 60 mL/min/1.73 m? or ACR > 30 mg/g with
eGFR > 75 mL/min/1.73 m? had moderate risk, while every other combination fell into the high-risk tier (> 15%). These
findings demonstrate that the precise eGFR/ACR thresholds warranting intervention differ substantially by underlying

Table 3 Linear Fit Coefficients and Model Performance for Adjusted
Incidence Rate by eGFR/ACR Category in Elderly Cohorts

Slope () [95% CI] | P-value | R?> | Adjusted R?

Healthy cohort 0.64 (0.23-1.04) 0.054 | 0.895 0.843
Comorbidity cohort 0.65 (0.43-0.86) < 0.00l | 0.970 0.965
CKD cohort 1.27 (0.50-2.04) 0.003 0.858 0.830

Notes: Slope (B) represents the absolute-rate increase (in percentage points) for each one-level
worsening of the eGFR/ACR category (eg, moving from “eGFR 2 90 & ACR < 30” to “eGFR = 90 &
ACR = 30", etc.). 95% Cl denotes the Wald confidence interval for the slope. R* and Adjusted R?
quantify the proportion of variance in adjusted incidence rate explained by eGFR/ACR category alone.
Abbreviations: eGFR, estimated glomerular filtration rate (CKD-EPI creatinine—cystatin
C equation); ACR, urine albumin-to-creatinine ratio; R?, coefficient of determination (proportion
of variance explained); Adjusted R? R? corrected for number of predictors and sample size.
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Figure 2 Adjusted incidence rate of rapid kidney function decline by eGFR and ACR categories in older cohorts. Color scale: green <5% (no risk); yellow 5-7.5% (low);
Orange 7.5-15% (moderate); red >15% (high). Rates are derived from logistic models adjusted for age, hemoglobin, cholesterol, triglycerides, and phenotype. eGFR was
estimated using the CKD-EPI creatinine—cystatin C equation; ACR denotes urine albumin—creatinine ratio. Blank cells indicate n < 10 in the corresponding eGFR-by-ACR
stratum.

health status. Complementary univariate analyses demonstrated monotonic, phenotype-dependent risk gradients when
stratifying by eGFR alone (Figure S4) or ACR alone (Figure S5), reinforcing the joint e GFR-ACR matrix.

Understanding the Relative Importance of eGFR and ACR Categories for Predicting
Rapid Kidney Function Decline

Previous analyses have demonstrated the utility of the combination of eGFR and ACR for risk stratification. However,
further investigation is needed to determine the specific contributions of these markers within healthy aging, comorbidities,
and CKD populations. Here, we sought to understand population-specific priorities for risk prediction by quantifying the
relative predictive strength of eGFR and ACR and evaluating the associated odds ratios for rapid kidney function decline.

A notable shift in the relative contribution of eGFR and ACR to risk prediction was observed across the cohorts
(Figure 3, Supplementary Tables S3 and S4). In healthy older adults, eGFR < 60 mL/min/1.73 m? emerged as the
strongest predictor of rapid kidney function decline (OR 6.15; P < 0.01). Among individuals with comorbidities, ACR
demonstrated greater predictive value than partial eGFR categories—albuminuria (ACR >30 mg/g) conferred higher risk,
while ACR <30 mg/g was protective (OR 0.40; P<0.01). In the CKD cohort, the predictive value of ACR was even more
prominent, with both ACR > 30 mg/g and ACR < 30 mg/g ranking as the second and third most influential predictors,

respectively. Despite these variations, eGFR < 60 mL/min/1.73 m® remained the most significant predictor of rapid
decline across all three cohorts. It should be noted that the marginal ORs for the same eGFR/ACR classification vary
across different phenotypes, as they are influenced by phenotype-specific baseline risks and differences in the distribution
and co-occurrence of eGFR and proteinuria.
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Figure 3 Random Forest feature importance for eGFR and ACR categories predicting rapid kidney function decline. Random forest feature importance (mean decrease in
Gini) for predicting 230% eGFR decline within 2 years across the three cohorts. Very low importance for certain eGFR/ACR categories reflects cohort-specific distributions
(eg, near-constant or low-variance categories), overlap with related features, and weaker separability. Feature importance reflects predictive contribution, not causal effect.

Discussion

Here, we used a categorical analysis of several different cohorts of aging individuals (all 70+, and including a healthy
cohort, a comorbidity cohort, and a CKD cohort) to establish cohort-leveled eGFR and ACR thresholds for early warning
of rapid kidney function decline. In healthy older adults, risk remains <5% when eGFR >75 mL/min/1.73 m?; values of
60—75 indicate a low-risk early-warning state that merits routine surveillance, whereas eGFR <60 denotes moderate risk
and closer follow-up. In older adults with concordant comorbidities, low risk is confined to ACR <30 with eGFR >75 or
ACR >30 with eGFR >90; all other combinations are moderate risk, supporting tighter risk-factor management and
earlier review. In CKD, ACR <30 with eGFR >60 or ACR >30 with eGFR >75 corresponds to moderate risk, while all
remaining cells are high risk (>15%), justifying intensified follow-up and timely nephrology referral. Applied upstream
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of KDIGO, our phenotype-aware eGFR—ACR matrix operationalizes heterogeneity in renal functional reserve and—
consistent with the KDIGO risk heat map*°—demonstrates higher ACR confers greater risk at any eGFR, yielding
actionable, phenotype-specific thresholds for geriatric care.

Relative to established frameworks, our approach complements the CKD Prognosis Consortium (CKD-PC) and the
Kidney Failure Risk Equation (KFRE).***! CKD-PC established the continuous prognostic value of eGFR and
albuminuria for kidney failure, cardiovascular events, and mortality, while KFRE (4-/8-variable) quantifies 2—5-year
kidney-failure risk in patients with established CKD. In contrast, our phenotype-aware matrix targets adults >70 years
and a short-term early-warning endpoint (=30% eGFR decline over 2 years) across healthy, comorbidity, and CKD
phenotypes, yielding actionable thresholds that can be layered upstream of KDIGO, CKD-PC, and KFRE to prioritize
monitoring and referral.

Our findings are directionally consistent with prior work in predominantly non-elderly cohorts validating a >30%
two-year eGFR decline as a clinically meaningful endpoint,'>'? but they recalibrate risk gradients and decision thresh-
olds for geriatric care. Compared with mixed-age or trial populations, older adults—especially those with concordant
comorbidities or CKD—exhibited steeper absolute rate increases per eGFR/ACR category and a greater marginal
prognostic yield of albuminuria, whereas healthy older adults showed flatter gradients. These differences likely reflect
age-related depletion of renal functional reserve and a higher burden of microvascular/proteinuric injury. Our phenotype-
tailored joint eGFR—ACR matrix recalibrates early-warning risk gradients in older adults. Given the higher prevalence

and adverse consequences of rapid kidney function decline in the elderly,?**

and in light of the increasing economic and
public health burden of population aging, our preliminary findings—if validated—may inform earlier screening and more
proactive interventions. These efforts could meaningfully improve outcomes in older individuals. The risk chart derived
from our cohort (Figure 2) offers a practical tool for identifying elderly patients most likely to benefit from targeted
therapeutic strategies.

The risk of rapid kidney function decline remained very low (< 5%) for healthy older adults with baseline eGFR >75 mL/
min/1.73 m?. Within this group, risk rose to low (5-7.5%) at eGFR 60—75 mL/min/1.73 m* and to moderate (7.5-15%) at
eGFR <60 mL/min/1.73 m?. Among older adults with comorbidities, risk was low only when ACR <30 mg/g with eGFR
>75 mL/min/1.73 m? or when ACR >30 mg/g with eGFR >90 mL/min/1.73 m?; all other eGFR-ACR combinations were
moderate. In the CKD cohort, ACR <30 mg/g with eGFR >60 mL/min/1.73 m* or ACR >30 mg/g with eGFR >75 mL/min/
1.73 m* corresponded to moderate risk, whereas all remaining cells were high (>15%). When ACR >30 mg/g, maintaining
eGFR >75 mL/min/1.73 m? appears important to mitigate risk. These between-cohort differences of risk stratification are
expected and likely reflect differences in baseline functional reserve, phenotype-specific pathobiology (greater microvascular

injury/inflammation in comorbidity/ CKD),**

and differences in exposure distributions like that people with kidney disecase
or comorbid conditions are typically exposed to multiple medications and undergo more frequent clinical monitoring, factors
that may influence renal-function trajectories (steeper absolute rate increase per category in CKD/comorbidity vs healthy;
Table 3). Accordingly, a pre-specified joint eGFR—ACR risk matrix provides more granular risk characterization than either
dimension alone, while the relative weights of eGFR and ACR appropriately differ by aging phenotype.

We found that the overall risk of rapid kidney function decline was higher in older adults with comorbidities
compared to healthy older adults. Conditions such as hypertension and diabetes may contribute to kidney injury,
which manifests as vascular sclerosis, glomerular ischemia, and impaired podocyte function.****® Thus, our study
suggests that, in older adults with comorbidities known to impact kidney function, clinicians should aim to maintain
eGFR >90 mL/min/1.73 m?, or ACR <30 mg/g with eGFR >75 mL/min/1.73 m?, to help slow disease progression.

In our study, findings suggested that tailored eGFR targets should be established based on individual health status, the
presence of comorbidities or CKD, and ACR levels. Random forest analysis (Supplementary Method S3) showed that,

although eGFR remained a key predictor of kidney function decline among healthy older adults, its relative significance
diminished in individuals with comorbidities or CKD, whereas ACR became increasingly important. In healthy older
adults, vascular changes such as arterial sclerosis—which reduces kidney filtration efficacy—are the main underlying
drivers of changes in eGFR.*” However, conditions such as diabetic nephropathy, hypertensive nephropathy, hyperur-
icemic nephropathy, and heart failure tend to affect the glomerulus, damaging podocytes and endothelial cells and leading
to protein leakage (albuminuria).**>' As these conditions progress, they can also induce structural and functional kidney
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damage, making ACR a more sensitive marker of early kidney injury than eGFR in these populations.”” Similarly, in
elderly patients with CKD, conditions such as glomerulonephritis can lead to significant glomerular damage, which
manifests as proteinuria.>® It therefore makes sense that ACR offered additional prognostic value in the CKD cohort.

This study provides a comprehensive assessment of eGFR, albuminuria, and the risk of rapid kidney function decline
in elderly Chinese populations, but several limitations merit consideration. Our cohorts were geographically concen-
trated, and diagnoses largely relied on medical insurance records and ICD-10 coding, which may have missed subclinical
CKD and introduced selection bias. Primary analyses used a complete-case approach; for a small proportion of covariates
with missing values, we applied single median imputation. This approach may slightly attenuate variance and between-
group differences but is unlikely to change overall patterns or interpretations of the phenotype-specific risk profiles. We
adjusted for key confounders,*? yet residual or unmeasured confounding remains possible (eg, exposure to ACE
inhibitors, ARBs, or SGLT2 inhibitors). Event counts for harder renal endpoints (>40% or >50% eGFR decline, or
renal replacement therapy) were low over two years, limiting precision, and cardiovascular outcomes (3-/4-point MACE)
were incompletely ascertained in this time frame.** > Spot ACR can vary with timing, hydration, and assay differences;
such random variation tends to dilute true associations rather than create false risk gradients. Finally, our primary cohorts
comprised 100% Han Chinese, whereas UK Biobank participants are predominantly White British; while use of the
CKD-EPI creatinine—cystatin C equation mitigates some race-related estimation differences, population heterogeneity
may still influence surrogate endpoint for ESRD and intervention thresholds. Future studies should externally validate
these phenotype-specific thresholds in independent, multi-center cohorts—including non-Chinese populations—and,
where needed, recalibrate them for local practice. Future studies should also extend follow-up to assess hard outcomes
(ESRD, 3-/4-point MACE and mortality) to test transportability and clinical utility.

Our pre-specified joint eGFR-ACR risk matrix is designed to complement—not replace—KDIGO. After routine
eGFR and ACR testing, clinicians can apply the matrix to provide an early-warning estimate of >30% decline over two
years, tailored by aging phenotype. This supports tailored monitoring and timely nephrology referral within existing
KDIGO pathways without redefining CKD.

Conclusions
In summary, our findings indicate that a pre-specified joint eGFR—ACR risk matrix tailored by aging phenotype provides
earlier risk characterization, complementing KDIGO-based staging to prioritize monitoring and timely referral in older adults.
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