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Abstract 
 

Background: Discrepancies between creatinine-based and cystatin C-based estimated 

glomerular filtration rate (eGFR) are common in clinical practice. New eGFR equations without 

race have been developed. Little is known of the discrepancies between creatinine-based and 

cystatin C-based eGFR without race in the general population. 

Design, Setting, and Participants: We conducted both cross-sectional and prospective analyses 

of adults with serum creatinine and serum cystatin C available in the United States participating 

in the National Health and Nutrition Examination Survey (NHANES) from 1999 to 2004. Analyses 

were stratified by age categories.  

Exposures: eGFRdiff (eGFRcys – eGFRcr), was calculated based on the 2021 CKD-EPI cystatin C 

and creatinine equations both as a continuous variable and categorized into 3 groups: negative, 

<-15 mL/min/1.73m2 (eGFRcys lower than eGFRcr); reference, -15 to <15 mL/min/1.73m2 

(eGFRcys similar to eGFRcr); and positive, ≥15 mL/min/1.73m2 (eGFRcys higher than eGFRcr).  

Outcomes and Measures: All-cause and cardiovascular deaths were linked to National Death 

Index through 31 December 2015. 

Results: Among 10,457 participants, mean eGFRcys was 106.8 (SE 0.5) mL/min/1.73m2, and mean 

eGFRcr was 95.8 (SE 0.4) mL/min/1.73m2, corresponding to an eGFRdiff of 11.0 (SE 0.4) 

mL/min/1.73m2. In adjusted linear regression models, older age (≥ 60 yrs), female, smoking, 

obesity, elevated C-reactive protein, elevated ACR, diabetes, hypertension, history of 

cardiovascular disease, and history of liver disease were associated with a lower eGFRcys 
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compared to eGFRcr (eGFRdiff <0); non-Hispanic Blacks, drinking, and higher socioeconomic 

status were associated with a higher eGFRcys compared to eGFRcr (eGFRdiff >0). During a median 

follow-up of 13 years, 2135 participants died including 375 of cardiovascular causes. In adjusted 

Cox proportional hazards models, the negative eGFRdiff group was significantly associated with 

higher all-cause mortality (HR: 1.50; 95% CI: 1.23-1.84); positive eGFRdiff group was significantly 

associated with lower all-cause mortality (HR: 0.69; 95% CI: 0.60-0.80) and cardiovascular 

mortality (HR: 0.58; 95% CI: 0.41-0.81) compared to the reference group. 

Conclusion: Discrepancies between eGFR estimated from serum cystatin C and creatinine are 

common, with differences in magnitude across population subgroups. The discrepancies are 

associated with mortality, suggesting prognostic significance of these differences. 

Advisor: Elizabeth Selvin 

Reader: Casey Rebholz 
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Introduction 
 

Accurate assessment of kidney function is essential for the practice of medicine, research, and 

public health. Glomerular filtration rate (GFR) is a widely accepted index of kidney function, but 

direct measures of GFR are too burdensome to be used in routine practice. Instead, GFR is usually 

estimated from equations based on serum endogenous filtration markers, and with inclusion of 

age, sex, and race as surrogates for non-GFR determinants of these markers.1-4 However, 

including race as a surrogate for non-GFR determinants of serum creatinine in eGFR equations 

has recently come under scrutiny,5-9 and new equations without race have been developed.10  

Serum creatinine is the most commonly used endogenous filtration marker to estimate GFR. 

However, serum creatinine is affected by muscle mass and diet,4,11 and may lead to an 

overestimation of GFR among participants with reduced muscle mass or malnutrition. Compared 

to serum creatinine, serum cystatin C is less affected by muscle mass and diet.12,13 The cystatin 

C-based eGFR equation did not include race, and is recommended as a confirmatory test for 

chronic kidney disease (CKD).1,14,15  

Discrepancies between cystatin-C based eGFR and creatinine-based eGFR are not uncommon in 

clinical practice. Some studies have shown that the differences between these two measures in 

older adults and patients with CKD are associated with adverse outcomes.16-18 Little is known of 

the discrepancies between creatinine-based eGFR (eGFRcr)  and cystatin C-based eGFR (eGFRcys) 

without race in the general U.S. adult population.  
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In this study, we aimed to assess the prevalence of differences between eGFRcys and eGFRcr, the 

risk factors associated with the differences, and if these differences had prognostic information 

in a representative sample of U.S. adults from the National Health and Nutrition Examination 

Survey (NHANES).  
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Methods 
 

Study population 

The NHANES is an ongoing cross-sectional survey, which uses a complex sampling design to 

produce nationally representative estimates of the health of the U.S. civilian non-institutionalized 

population. Detailed in-home interviews, physical examinations, and blood samples are obtained 

from each participant.19  

Our study included all participants in the NHANES from 1999 to 2004 who were nonpregnant and 

20 years of age or older, and had available data on both serum creatinine and serum cystatin C 

(N = 12,918). Cystatin C was measured as part of a stored serum ancillary study. We excluded 

participants who had eGFRcr ≥200 mL/min/1.73m2 or eGFRcys ≥200 mL/min/1.73m2 since they 

were physiologically implausibly values (N = 18). We also excluded participants with eGFRcr <15 

mL/min/1.73m2 or eGFRcys <15 mL/min/1.73m2 because there were limited participants in this 

group, and estimate of kidney disease at this stage might not be representative of people with 

eGFR in this range (N = 42). Those with missing information on other covariates of interest were 

further excluded (N = 2,401). The final analytic sample size included 10,457 participants. The 

National Center for Health Statistics (NCHS) institutional review board approved the study 

protocols, and all the participants provided written informed consent. 
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Measurements 

Serum creatinine was measured by the kinetic rate Jaffe method using a Roche Hitachi 917 

analyzer. Serum creatinine in NHANES 1999-2000 was recalibrated to standardized creatinine 

measurements obtained at the Cleveland Clinic Research Laboratory (Cleveland, Ohio) as 

[standard creatinine = (1.013 × serum creatinine) + 0.147].20 Serum cystatin C was measured 

using a Cystatin C immunoassay (Siemens Healthcare Diagnostics) on an automated multi-

channel analyzer, Siemens Dimension Vista 1500 (Siemens Healthcare Diagnostics). The 

laboratory testing of cystatin C was conducted between 2018-2020 at the University of Maryland 

School of Medicine (Baltimore, Maryland, USA). The use of stored serum for this study was 

approved by the ethics review board of the NCHS. 

 

eGFR equations 

GFR was estimated using equations developed by the CKD Epidemiology Collaboration (CKD-EPI). 

eGFRcr was calculated using the 2021 CKD-EPI creatinine equation;10 eGFRcys was calculated 

using the 2012 CKD-EPI cystatin C equation.1 eGFRdiff was calculated as eGFRcys minus eGFRcr. 

GFR was classified using guideline-recommended GFR stages (15 to 29, 30 to 44, 45 to 59, 60 to 

89, and ≥90 mL/min/1.73m2).14 Reduced GFR was defined as eGFR <60 mL/min/1.73m2. 

 

Other variables 

Participants reported age, sex (male or female), race and ethnic group (non-Hispanic White, non-

Hispanic Black, Hispanic, or other), education (high school or less, high school or equivalent, some 

college or above), and family income (<130%, 130 to 349%, or ≥350% of the federal poverty level 
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(FPL)). Smoking status was categorized as never (never smoked 100 cigarettes in life), former 

(smoked at least 100 cigarettes in life and not current smoker), and current smoker (smoked at 

least 100 cigarettes in life and smoked every day or some days in life). Drinking status was 

categorized as never (had <12 drinks in lifetime), former (had ≥12 drinks in 1 year and did not 

drink last year, or did not drink last year but drank ≥12 drinks in lifetime), and current drinker 

(had ≥12 drinks in 1 year and drank at least once last year).  

We calculated body mass index (BMI) as the weight in kilograms divided by the square of the 

height in meters, and classified participants into 4 weight-status groups: <18.5 (underweight), 

18.5 to <25 (normal), 25 to <30 (overweight), and ≥30 kg/m2 (obese).  

Total cholesterol was measured enzymatically, high-density lipoprotein (HDL) cholesterol was 

measured using Heparin-Mn precipitation method or direct immunoassay method. 

Hypercholesterolemia was defined as a total cholesterol level of at least 5.2 mmol/L (≥200 mg/dL) 

or receiving cholesterol-lowering medication. Urinary creatinine was analyzed using a Jaffe rate 

reaction, and urinary albumin was measured using a fluorescent immunoassay. Albuminuria was 

estimated by urinary albumin-to-creatinine ratio (ACR) and categorized as 3 groups according to 

current guidelines (<30, 30 to 300, or >300 mg/g).14,21 C-reactive protein (CRP) was quantified by 

latex-enhanced nephelometry and categorized as 3 groups (<1, 1 to 3, >3 mg/dL). CKD was 

defined as eGFR<60 mL/min/1.73m2 or albuminuria (ACR >30 mg/g).14 

Blood pressure was measured using a standard protocol22 and reported as the average of all 

systolic and diastolic readings. Hypertension was defined as the participants had systolic blood 

pressure of at least 140 mm Hg, or diastolic blood pressure of at least 90 mm Hg, or receiving 
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antihypertensive medication. Hemoglobin A1c (HbA1c) was measured using high-performance 

liquid chromatography methods, and calibrated with a previously documented equipercentile 

equating approach.23 Diabetes was defined as self-reported physician-diagnosed diabetes, 

currently taking insulin, or oral glucose-lowering medication. Cardiovascular disease was defined 

as the participant report of ever having been told by a doctor of prior heart disease, heart attack, 

angina pectoris, congestive heart failure, or stroke. Liver disease was defined as the participant 

report of ever having been told by a doctor they had a liver condition. Cancer was defined as self-

reported physician-diagnosed cancer of any type of a malignant cancer other than melanoma 

skin cancer. 

 

All-cause mortality and cardiovascular mortality 

NHANES is linked to death certificate records from the National Death Index. Causes of death 

including follow-up time were obtained from public-use linked mortality file for NHANES 1999 to 

2004 through December 31, 2015. A detailed description of the linkage method and analytic 

guidelines are available on the data linkage webpage of NCHS.24 Cardiovascular mortality was 

defined as any death related to heart disease or cerebrovascular disease. 

 

Statistical analysis  

We analyzed eGFRdiff both as a continuous variable and categorized into 3 groups: negative, <-

15 mL/min/1.73m2, with eGFRcys lower than eGFRcr; reference, -15 to <15 mL/min/1.73m2, with 

eGFRcys similar to eGFRcr; and positive, ≥15 mL/min/1.73m2, with eGFRcys higher than eGFRcr. 
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We used kernel density plots to assess the distribution of eGFRdiff. We also plotted eGFRcr and 

eGFRcys using kernel density, Bland-Altman and scatter plots.  

We examined risk factors associated with eGFRdiff and their magnitude using multivariable linear 

regression models. Model 1 adjusted for demographical and socioeconomic factors including age 

categories (20 to <40, 40 to <60, ≥60 years), sex, race/ethnicity, education level, family income, 

drinking status, smoking status, BMI categories, diabetes, hypertension, hypercholesterolemia, 

history of cardiovascular disease, liver disease, and cancer. Model 2 also included ACR and CRP 

categories to evaluate if inflammation and albuminuria were associated with eGFRdiff. Model 3 

further adjusted for HbA1c, total cholesterol, and HDL cholesterol to evaluate if the associations 

were robust. 

We used multivariable Cox proportional hazards models to assess the association of categories 

of eGFRdiff with all-cause and cardiovascular mortality. Model 1 adjusted for age, sex, and 

race/ethnicity. Model 2 also included education, family income, drinking status, smoking status, 

diabetes, hypercholesterolemia, history of cardiovascular disease, liver disease, and cancer. 

Model 3 further adjusted for BMI, HbA1c, total cholesterol, HDL cholesterol, ACR (log 

transformed), and CRP (log transformed). We also modeled eGFRdiff as restricted cubic splines 

with knots at values corresponding to the 5th, 27.5th, 50th, 72.5th and 95th percentiles, with 

adjustment for all variables in Model 3. In sensitivity analyses, we conducted analyses stratified 

by age groups (20 to <40, 40 to <60, and ≥60 years). 
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We calculated the prevalence of reduced eGFR based on eGFRcr and eGFRcys in overall and 

across subgroups of ACR. We also calculated the prevalence of reduced eGFR and CKD in 

subgroups of age, sex, and race/ethnicity. 

All standard errors were estimated using the Taylor series (linearization) method. Analyses were 

conducted using Stata version 17.0 (StataCorp, College Station, Texas) with survey commands 

and sample weights25 to generate nationally representative estimates of the U.S. civilian 

noninstitutionalized population.  
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Results 
 

Study population 

The characteristics of U.S. adults in the overall sample and according to eGFRdiff categories are 

shown in Table 1. The prevalence of participants in the negative, reference, and positive eGFRdiff 

groups was 4.8%, 56.1%, and 39.1%, respectively.  

eGFRcr and eGFRcys were strongly correlated (r=0.717). The mean value of eGFRcys was 106.8 

(SE 0.5) mL/min/1.73m2, and mean value of eGFRcr was 95.8 (SE 0.4) mL/min/1.73m2. There was 

a higher average value of eGFRcys compared to eGFRcr, with a mean eGFRdiff of 11.0 (SE 0.4) 

mL/min/1.73m2 (Fig. S1), consistent with the shift to the right at higher levels of GFR evaluated 

by eGFRcys shown on kernel density plot (Fig. S2). The distribution of eGFRdiff was similar in both 

males and females, and was slightly more positive among males than females (Fig. 1A). 

Distribution of eGFRdiff was similar in all race/ethnicity groups, and was more positive in Black 

than non-Black participants (Fig. 1B).  

Compared to the reference group, participants in the negative eGFRdiff group (eGFRdiff <-15 

mL/min/1.73m2) were more likely to be older, female, non-Hispanic White, current smokers, 

never or former drinkers, to have lower education levels (less than high school, high school 

education or equivalent), lower family income levels (<130% or 130-349% of the federal poverty 

level), to have a higher BMI, higher CRP, and higher ACR, as well as to have a higher percentage 
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of hypertension, diabetes, and more likely to have a history of cardiovascular disease, liver 

disease, or cancer. 

 

Table 1. Characteristics of U.S. adults aged 20 or older overall and according to eGFRdiff (eGFRcys 
- eGFRcr, mL/min/1.73m2) in categories, NHANES 1999-2004 

 

 Overall 
(-85.9 to 72.9 

mL/min/1.73m2, 
N = 10,457) 

Negative  
(<-15 

mL/min/1.73m2, 
N = 630) 

Reference 
(-15 to <15 

mL/min/1.73m2, 
N = 6,195) 

Positive 

(≥15 
mL/min/1.73m2, 

N = 3,632) 

Weighted % (SE)  4.8(0.3) 56.1(0.9) 39.1(1.1) 

eGFRdiff, mean (SE), 
mL/min/1.73m2 

11.0(0.4) -24.3(0.5) 3.3(0.2) 26.2(0.2) 

eGFRcys , mean (SE), 
mL/min/1.73m2 

106.8(0.5) 77.1(1.2) 103.2(0.6) 115.6(0.3) 

eGFRcr , mean (SE), 
mL/min/1.73m2 

95.8(0.4) 101.4(1.1) 99.8(0.5) 89.5(0.4) 

Age, mean (SE), yr 45.9(0.3) 50.9(1.1) 47.4(0.3) 43.1(0.3) 

Age category, yr, % (SE)     

20-39 39.5(0.9) 29.9(2.7) 37.8(1.0) 43.1(1.1) 

40-59 39.0(0.7) 36.3(2.4) 36.2(0.8) 43.4(1.3) 

≥60 21.5(0.6) 33.8(2.9) 26.0(0.8) 13.5(0.6) 

Female, % (SE) 51.0(0.5) 54.4(2.9) 55.8(0.8) 43.7(1.1) 

Race/ethnicity, % (SE)     

Non-Hispanic White 73.8(1.6) 77.9(3.4) 74.6(1.8) 72.1(1.7) 

Non-Hispanic Black 9.5(0.9) 3.2(0.6) 6.3(0.7) 14.9(1.4) 

Hispanic 12.5(1.5) 15.0(3.2) 14.4(1.8) 9.4(1.2) 

Other 4.2(0.4) 3.8(1.3) 4.6(0.5) 3.6(0.4) 

Education level, % (SE)     

Less than high school 18.7(0.7) 28.7(2.9) 21.9(0.8) 12.8(0.8) 

High school or 
equivalent 

25.9(0.8) 32.8(2.7) 27.4(0.9) 23.0(1.0) 

Some college or above 55.4(1.2) 38.5(2.8) 50.6(1.2) 64.2(1.4) 

Family income, $, % (SE)     

<130% FPL 20.2(1.2) 28.7(3.2) 23.1(1.3) 14.9(1.2) 

130-349% FPL 36.1(0.9) 42.3(3.2) 37.9(1.0) 32.9(1.2) 

≥350 FPL 43.7(1.5) 29.0(3.4) 39.0(1.6) 52.2(1.6) 

Smoking status, % (SE)     

Never 49.9(1.0) 32.5(2.8) 46.6(1.1) 56.9(1.2) 

Former 25.6(0.7) 25.4(2.5) 25.9(0.8) 25.2(1.2) 

Current 24.5(0.8) 42.1(3.5) 27.6(0.9) 17.9(0.9) 

Drinking status, % (SE)     

Never 12.0(1.2) 15.5(2.1) 13.3(1.3) 9.7(1.2) 
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Former 17.2(0.8) 29.3(2.8) 18.9(1.0) 13.3(0.9) 

Current 70.8(1.7) 55.2(2.9) 67.8(1.9) 77.0(1.5) 

Hypertension, % (SE) 29.4(0.8) 40.0(3.2) 32.9(1.1) 23.1(0.7) 

BMI, mean (SE), kg/m2 28.1(0.1) 30.3(0.6) 28.5(0.1) 27.1(0.1) 

BMI category, kg/m2, % 
(SE) 

    

<18.5 1.7(0.1) 1.8(0.8) 2.0(0.2) 1.4(0.3) 

18.5-24.9 32.4(0.7) 24.3(2.4) 29.9(0.9) 36.9(1.0) 

25-29.9 35.0(0.7) 28.1(2.5) 33.7(1.0) 37.7(0.9) 

≥30 30.9(0.8) 45.9(3.1) 34.5(0.9) 24.0(0.9) 

CRP, median (IQR), 
mg/dL 

0.2 (0.1-0.5) 0.4 (0.2-0.8) 0.2 (0.1-0.5) 0.1 (0.1-0.3) 

CRP category, mg/dL, % 
(SE) 

    

<1.0 90.3(0.4) 79.3(2.0) 88.7(0.5) 94.1(0.4) 

1.0-3.0 8.4(0.4) 17.9(1.9) 9.8(0.5) 5.1(0.4) 

>3.0 1.3(0.1) 2.8(0.9) 1.5(0.1) 0.8(0.2) 

ACR, median (IQR), mg/g 6.1 (4.0-11.0) 8.6 (5.2-18.6) 6.8 (4.4-12.5) 5.1 (3.6-8.5) 

ACR category, mg/g, % 
(SE) 

    

<30 91.0(0.4) 81.9(2.0) 89.5(0.7) 94.4(0.4) 

30-300 7.8(0.4) 14.3(1.7) 9.2(0.6) 5.1(0.4) 

>300 1.1(0.1) 3.8(0.9) 1.3(0.2) 0.5(0.1) 

Total cholesterol, mean 
(SE), mg/dL 

202.8(0.7) 208.4(2.8) 203.4(0.8) 201.2(0.9) 

HDL cholesterol, mean 
(SE), mg/dL 

52.2(0.3) 48.3(0.8) 51.4(0.4) 53.9(0.4) 

HbA1c, mean (SE), % 5.5(0.01) 5.7(0.1) 5.6(0.02) 5.5(0.02) 

Diabetes, % (SE) 6.4(0.3) 13.3(1.9) 7.4(0.4) 4.3(0.4) 

Hypercholesterolemia, % 
(SE) 

54.9(0.8) 58.9(2.4) 56.3(1.0) 52.4(1.0) 

History of cardiovascular 
disease, % (SE) 

8.4(0.5) 16.6(1.8) 10.5(0.6) 4.4(0.4) 

History of liver 
disease, % (SE) 

3.2(0.3) 7.0(1.6) 3.1(0.3) 2.8(0.3) 

History of cancer, % (SE) 7.5(0.3) 12.2(1.6) 8.6(0.5) 5.4(0.4) 

Abbreviations: NHANES, National Health and Nutrition Examination Survey; eGFRcys, estimated 
glomerular filtration rate using 2012 CKD-EPI cystatin C equation; eGFRcr, estimated glomerular filtration 
rate using 2021 CKD-EPI creatinine equation; FPL, federal poverty level; BMI, body mass index; CRP, C-
reactive protein; ACR, albumin-to-creatinine ratio; HDL, high-density lipoprotein; HbA1c, hemoglobin A1c. 
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Figure 1. Distribution of the differences in estimated filtration rate eGFRdiff (eGFRcys - eGFRcr, 

mL/min/1.73m2) in NHANES (National Health and Nutrition Examination Survey) 1999-2004 by 

sex (Panel A) and race/ethnicity (Panel B). eGFRcys was calculated based on 2012 CKD-EPI cystatin C 

equation, eGFRcr was calculated based on the 2021 CKD-EPI creatinine equation, respectively.  

 

Risk factors for eGFRdiff  

In model 1, participants who were older than 60 years, female, former or current smokers, had a 

BMI 25-29.9 or ≥30 kg/m2, diabetes, hypertension, and had a history of cardiovascular or liver 

disease were associated with a relatively lower eGFRcys compared to eGFRcr (Table 2). Among 

them, age older than 60 years (-4.5; 95% CI, -5.7 to -3.3 mL/min/1.73m2), female (-4.1; 95% CI, -

4.9 to -3.3 mL/min/1.73m2), current smoker (-7.9; 95% CI, -8.9 to -6.9 mL/min/1.73m2), and BMI 

≥30 kg/m2 (-5.1; 95% CI, -6.1 to -4.2 mL/min/1.73m2) were risk factors associated with a notably 

negative eGFRdiff.  

Participants who were non-Hispanic Black, current drinkers, had some college or above education 

level, and had family income ≥350% of the federal poverty level were associated with a relatively 

higher eGFRcys than eGFRcr (Table 2). Non-Hispanic Blacks were strongly associated with 

eGFRdiff (11.5; 95% CI, 10.3 to 12.8 mL/min/1.73m2). 



 13 

After additionally including ACR and CRP in model 2, elevated ACR 30-300 mg/g and >300 mg/g, 

elevated CRP 1-3 mg/dL and ≥3 mg/dL were associated with a relatively lower eGFRcys than 

eGFRcr, while the association of diabetes with eGFRdiff was attenuated (-0.9; 95% CI, -2.0 to -0.2 

mL/min/1.73m2). When further adjusting for HbA1c, total cholesterol, and HDL cholesterol in 

model 3, diabetes was significant (-1.7; 95% CI, -3.1 to -0.2 mL/min/1.73m2), and coefficients for 

ACR and CRP categories were consistent in model 2. Other results comparing model 1 to models 

2 and 3 were similar. 

In sensitivity analyses among adults aged 20 to 40 years, older age was positively associated with 

eGFRdiff in all 3 models (Table S1). While among adults aged 40 to 60 years and older than 60 

years, older age was inversely associated with eGFRdiff in all 3 models (Tables S2 and S3).  

 
Table 2. Adjusted linear regression models of risk factors for eGFRdiff (eGFRcys - eGFRcr, per 1 
mL/min/1.73m2) 

 Model 1 Model 2 Model 3 

 Beta 
(95% CI) 

Beta 
(95% CI) 

Beta 
(95% CI) 

Age categories, yr    

20-39 0 (Reference) 0 (Reference) 0 (Reference) 

40-59 0.2 (-0.8 to 1.3) 0.3 (-0.8 to 1.3) 0.03 (-1.0 to 1.1) 

≥60 -4.5 (-5.7 to -3.3) -4.4 (-5.6 to -3.2) -4.8 (-6.0 to -3.5) 

Female -4.1 (-4.9 to -3.3) -3.8 (-4.7 to -3.0) -4.8 (-5.6 to -3.9) 

Race/ethnicity    

Non-Hispanic White 0 (Reference) 0 (Reference) 0 (Reference) 

Non-Hispanic Black 11.5 (10.3 to 12.8) 11.8 (10.5 to 13.0) 11.1 (9.9 to 12.4) 

Hispanic -1.2 (-2.5 to 0.01) -1.1 (-2.3 to 0.1) -1.1 (-2.3 to 0.04) 

Other -0.4 (-2.4 to 1.6) -0.3 (-2.2 to 1.7) -0.3 (-2.2 to 1.7) 

Education level    

Less than high school 0 (Reference) 0 (Reference) 0 (Reference) 

High school or equivalent 0.9 (-0.2 to 2.1) 0.8 (-0.4 to 2.0) 0.8 (-0.3 to 2.0) 

Some college or above 2.7 (1.5 to 3.8) 2.5 (1.3 to 3.7) 2.5 (1.3 to 3.6) 

Family income    

<130% FPL 0 (Reference) 0 (Reference) 0 (Reference) 

130-349% FPL 1.3 (0.05 to 2.5) 1.1 (-0.1 to 2.3) 1.0 (-0.2 to 2.1) 
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≥350% FPL 3.4 (1.9 to 4.8) 3.2 (1.8 to 4.7) 3.0 (1.6 to 4.5) 

Drinking status    

Never 0 (Reference) 0 (Reference) 0 (Reference) 

Former 0.8 (-0.7 to 2.3) 0.9 (-0.5 to 2.4) 1.0 (-0.5 to 2.4) 

Current 3.5 (2.6 to 4.4) 3.5 (2.6 to 4.3) 3.1 (2.3 to 4.0) 

Smoking status    

Never 0 (Reference) 0 (Reference) 0 (Reference) 

Former -1.4 (-2.4 to -0.5) -1.4 (-2.4 to -0.5) -1.5 (-2.4 to -0.6) 

Current -7.9 (-8.9 to -6.9) -7.7 (-8.7 to -6.7) -7.4 (-8.4 to -6.5) 

BMI categories, kg/m2    

<18.5 -3.4 (-6.8 to 0.1) -3.4 (-6.9 to 0.1) -3.8 (-7.2 to -0.3) 

18.5-24.9 0 (Reference) 0 (Reference) 0 (Reference) 

25-29.9 -1.0 (-1.8 to -0.1) -0.9 (-1.8 to -0.02) -0.2 (-1.1 to 0.7) 

≥30 -5.1 (-6.1 to -4.2) -4.7 (-5.6 to -3.7) -3.6 (-4.6 to -2.6) 

Diabetes -1.5 (-2.7 to -0.3) -0.9 (-2.0 to 0.2) -1.7 (-3.1 to -0.2) 

Hypertension -1.4 (-2.1 to -0.6) -1.0 (-1.8 to -0.3) -1.2 (-1.9 to -0.4) 

Hypercholesterolemia 0.1 (-0.5 to 0.8) 0.1 (-0.6 to 0.7) 0.4 (-0.6 to 1.4) 

History of cardiovascular 
disease 

-2.9 (-4.1 to -1.6) -2.5 (-3.7 to -1.3) -2.5 (-3.7 to -1.2) 

History of liver disease -2.0 (-4.0 to -0.02) -2.1 (-4.2 to -0.1) -2.2 (-4.2 to -0.2) 

History of cancer -1.0 (-2.2 to 0.2) -0.9 (-2.1 to 0.3) -1.0 (-2.2 to -0.2) 

ACR categories, mg/g    

<30  0 (Reference) 0 (Reference) 

30-300  -2.5 (-3.6 to -1.4) -2.5 (-3.6 to -1.4) 

>300  -5.7 (-8.6 to -2.8) -5.8 (-8.7 to -2.9) 

CRP categories, mg/dL    

<1.0  0 (Reference) 0 (Reference) 

1.0-3.0  -3.6 (-4.7 to -2.6) -3.7 (-4.7 to -2.6) 

>3.0  -4.1 (-7.1 to -1.1) -4.2 (-7.1 to -1.3) 

HbA1c, per %   0.5 (0.1 to 1.0) 

Total cholesterol, per 
mmol/L 

  -0.5 (-1.0 to 0.02) 

HDL cholesterol, per 
mmol/L 

  3.6 (2.6 to 4.7) 

Model 1 adjusted for age categories, sex, race/ethnicity, education, family income, drinking status, 
smoking status, BMI categories, diabetes, hypertension, hypercholesterolemia, history of cardiovascular 
disease, liver disease and cancer. Model 2 additionally included ACR and CRP categories. Model 3 further 
adjusted for HbA1c, total cholesterol, and HDL cholesterol. To convert the values for total cholesterol and 
HDL cholesterol to mmol/L, multiply by 0.02586. Abbreviations: FPL, federal poverty level; BMI, body mass 
index; ACR, albumin-to-creatinine ratio; CRP, C-reactive protein; HbA1c, hemoglobin A1c; HDL, high-
density lipoprotein. 
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eGFRdiff and risk of death 

During a median follow-up of 13 years, 2135 participants died including 375 deaths due to 

cardiovascular causes. After adjustment for age, sex, and race/ethnicity, participants in the 

positive eGFRdiff  group had significantly lower risks of all-cause death and cardiovascular death 

compared to the reference group (Table 3). Significant associations remained after further 

adjustment (Models 2 and 3, Table 3). Participants in the negative eGFRdiff group had a 

significantly higher risk of all-cause death, while the association with cardiovascular death was 

not significant in all 3 models due to limited events in this group (Table 3).   

In sensitivity analyses among adults aged 20 to 40 years, the associations between negative and 

positive eGFRdiff groups with all-cause mortality were attenuated (Table S4). Among adults aged 

40 to 60 and ≥60 years, the associations between negative eGFRdiff group with higher risk of all-

cause mortality, and positive eGFRdiff group with lower risks of all-cause and cardiovascular 

mortality were consistent in all 3 models (Tables S5 and S6). 

 

Table 3. Event numbers and adjusted hazard ratios of categorical eGFRdiff (eGFRcys-eGFRcr) with 
all-cause and cardiovascular mortality 

  Hazard Ratio (95% CI) 

 Events, n/N Model 1 Model 2 Model 3 

All-cause mortality     

Negative  
(<-15 mL/min/1.73m2) 

232/630 1.86 (1.57 - 2.20) 1.51 (1.26 - 1.83) 1.50 (1.23 - 1.84) 

Reference 
(-15 to <15 mL/min/1.73m2) 

1,517/6,195 1 (Reference) 1 (Reference) 1 (Reference) 

Positive  

(≥15 mL/min/1.73m2) 
386/3,632 0.53 (0.47 - 0.61) 0.66 (0.58 - 0.75) 0.69 (0.60 - 0.80) 

Cardiovascular mortality     

Negative  36/630 1.27 (0.85 - 1.89) 1.05 (0.69 - 1.59) 1.04 (0.70 - 1.53) 
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(<-15 mL/min/1.73m2) 

Reference 
(-15 to <15 mL/min/1.73m2) 

279/6,195 1 (Reference) 1 (Reference) 1 (Reference) 

Positive  

(≥15 mL/min/1.73m2) 
60/3,632 0.42 (0.30 - 0.58) 0.55 (0.39 - 0.78) 0.58 (0.41 - 0.81) 

Model 1 adjusted for age, sex, race/ethnicity. Model 2 additionally adjusted for family income, education 
level, drinking status, smoking status, diabetes, hypertension, hypercholesterolemia, history of 
cardiovascular disease, liver disease and cancer. Model 3 further adjusted for body mass index, 
hemoglobin A1c, total cholesterol, high-density lipoprotein cholesterol, log-transformed C-reactive 
protein, and log-transformed albumin-to-creatinine ratio.  

 

When eGFRdiff was modeled as a restricted cubic spline, greater eGFRdiff was associated with 

lower risk of all-cause mortality in a roughly linear fashion (Fig. 2A). A similar association was 

observed for cardiovascular mortality, but the slope was flat at lower levels of eGFRdiff (Fig. 2B).  

 

A B 

  

Figure 2. Histograms and adjusted hazard ratios of risk of all-cause (Panel A) and cardiovascular 

mortality (Panel B) for eGFRdiff (eGFRcys - eGFRcr, mL/min/1.73m2). Hazard ratios were adjusted 

for age, sex, race, education, family income, smoking status, drinking status, body mass index, 

hemoglobin A1c, total cholesterol, high-density lipoprotein cholesterol, log-transformed C-

reactive protein, log-transformed albumin-to-creatinine ratio, diabetes, hypertension, 

hypercholesterolemia, history of cardiovascular disease, liver disease, and cancer. eGFRcr was 

calculated based on the 2021 CKD-EPI creatinine equation; eGFRcys was calculated based on 

2012 CKD-EPI cystatin C equation. 
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Comparisons of estimated GFR and prevalence of chronic kidney disease 

Among the NHANES 1999 to 2004 participants aged 20 or older, 22.3% were reclassified to higher 

eGFR values and 5.7% to lower eGFR values by eGFRcys as compared to eGFRcr. For eGFRcr <60 

mL/min/1.73m2 (5.0% of the total population), 39.2% were reclassified upward and 7.8% 

downward using eGFRcys. Of the 3.6% of the population classified as eGFRcr of 45-59 

mL/min/1.73m2 (G3a), 52.8% were classified upward and 8.3% downward by eGFRcys. Of the 

30.6% of the population classified as 60 to 89 mL/min/1.73m2 (G2), 65.4% were reclassified 

upward and 4.2% downward using eGFRcys (Table S7). We observed similar reclassification of 

estimated GFR distribution among participants in different ACR categories (Table S8). 

The eGFRcr yielded a significantly higher estimated prevalence of reduced estimated glomerular 

filtration rate (5.0 (95% CI: 4.5, 5.5)% vs. 4.5 (95% CI: 4.0, 5.0)%; P <0.001) and chronic kidney 

disease than that estimated by eGFRcys (12.4 (95% CI: 11.5, 13.3)% vs. 11.8 (95% CI: 11.1, 12.6)%; 

P <0.001). The prevalence of reduced eGFR and CKD was higher at older ages with both equations. 

Using eGFRcr, there was a higher prevalence of reduced eGFR and CKD among participants who 

were older than 60 years, female, and non-Hispanic Black compared to that estimated by 

eGFRcys (Table S9, Figs. 3A and 3B).  
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A 

 

B 

 

Figure 3. Prevalence of reduced estimated glomerular filtration rate (Panel A) and chronic kidney disease 

(Panel B) by eGFRcr and eGFRcys overall and among subgroups of age, sex, and race/ethnicity. eGFRcr 

was calculated based on the 2021 CKD-EPI creatinine equation; eGFRcys was calculated based on 2012 

CKD-EPI cystatin C equation, respectively. 
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Discussion 
In this study, we found that participants who were older than 60 years, female, former or current 

smokers, overweight or obese, had elevated CRP or ACR, had diabetes, hypertension, as well as 

a history of cardiovascular or liver disease were associated with a relatively lower eGFRcys 

compared to eGFRcr. Participants who were non-Hispanic Black, current drinkers, had higher 

education levels, and had higher family income were associated with a relatively higher eGFRcys 

than eGFRcr. We also found among younger adults aged 20 to 40 years, older age was associated 

with a relatively higher eGFRcys compared to eGFRcr, while among adults older than 40 years, 

older age was associated with a relatively lower eGFRcys compared to eGFRcr. These factors 

constitute important non-GFR determinants of serum creatinine or cystatin C. 

Our findings are consistent with previous studies that older age, smoking, higher body mass index, 

and higher C-reactive protein are correlated with a relatively lower eGFRcr and higher eGFRcys, 

although they used the 2009 CKD-EPI creatinine equation, and were conducted among older 

adults or patients with chronic kidney disease.17,26,27 Our findings are consistent with known 

associations with serum creatinine and cystatin C. Common non-GFR determinants of serum 

creatinine are body size, protein intake, and muscle-wasting diseases.4,11,28 Older adults have 

lower muscle mass than younger adults, and women have less muscle mass than men. For 

younger adults, they have less muscle mass loss than older adults, and their eGFRcr is therefore 

less impacted than older adults. Age increase was positively associated with eGFRdiff among 

younger adults while inversely associated with eGFRdiff among older adults, this implicated 
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possible different mechanisms of non-GFR determinants reflected by age among different 

subgroups. 

People with chronic illness and severe comorbid conditions can have reduced muscle mass. Since 

we cannot measure reduced muscle mass directly, a history of cardiovascular disease or liver 

disease can be a proxy to chronic illness and nutritional status in the general population. People 

with less muscle mass have a lower serum creatinine level, corresponding to a higher eGFRcr 

than eGFRcys, since serum cystatin C is less affected by muscle mass.  

Non-GFR determinants affecting serum cystatin C are less well known. Epidemiological studies 

have documented that smoking, inflammation, diabetes, and obesity are associated with a higher 

level of serum cystatin C and a lower level of serum creatinine.13,29-34 Some studies also show that 

older age and hypertension are associated with higher serum cystatin C levels and lower 

eGFRcys.13,35 These are consistent with our results that older adults, former or current smokers, 

overweight or obese status, elevated CRP, hypertension, and diabetes are associated with a 

relatively lower eGFRcys compared to eGFRcr. In our model including CRP and ACR categories, 

diabetes was not significantly associated with eGFRdiff, while after further adjusting for HbA1c, 

total cholesterol, and HDL cholesterol, diabetes was significantly associated with eGFRdiff. This 

may be due to relying on self-reported diagnosis to classify diabetes. Persons with undiagnosed 

diabetes may be included in our comparison group. Thus, including HbA1c in the model may help 

to fully adjust for hyperglycemia. 

We found elevated ACR levels were associated with a lower eGFRcys than eGFRcr. Cystatin C is a 

small protein filtered by the glomeruli, reabsorbed and catabolized by proximal tubule cells with 
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only small amounts excreted in the urine. Previous studies suggest serum cystatin C levels are 

influenced by urine protein excretion, and proteinuria decreases tubular uptake of low molecular 

weight proteins like cystatin C,36 leading to higher concentrations of cystatin C. This finding 

regarding the association between ACR and eGFRdiff may be attributable to these factors. 

Our results suggest people with higher education levels, higher family income, and current 

alcohol consumption were associated with a relatively higher eGFRcys than eGFRcr. These as risk 

factors associated with eGFRdiff or non-GFR determinant of creatinine or cystatin C have not 

been reported previously. We observed non-Hispanic Blacks had a higher eGFRcys than eGFRcr, 

which may be partly due to the newly developed eGFRcr equation conferring a lower eGFRcr in 

Blacks and a higher eGFRcr in non-Blacks.10  

Our findings show that positive eGFRdiff was associated with lower risks of all-cause and 

cardiovascular death. Positive eGFRdiff group was associated with lower risks of all-cause and 

cardiovascular death, and negative eGFRdiff group was associated with higher risk of all-cause 

death. Results remained consistent in further adjusted models. Similar with our findings, studies 

have shown the negative difference between cystatin C-based and creatinine-based eGFR is 

associated with frailty, falls, hospitalization, cardiovascular events, and all-cause mortality among 

older adults, using 2012 CKD-EPI cystatin C equation and 2009 CKD-EPI creatinine equation.16,17 

A study also suggests the difference between cystatin C-based and creatinine-based eGFR, 

calculated using the 2012 CKD-EPI cystatin C equation and newly developed 2021 CKD-EPI 

creatinine equation, is associated with end-stage kidney disease and all-cause mortality among 

individuals with CKD.18 Since eGFRdiff does not only reflect the difference of two measures, but 
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also, the non-GFR determinants of both serum creatinine and cystatin C, there can be some 

unknown biological factors underlying eGFRdiff that are associated with prognosis.  

We found eGFRcr yielded a higher prevalence of reduced eGFR and CKD than that by eGFRcys. 

The trend in higher prevalence of reduced eGFR and CKD with age is consistent with previous 

reports using the 2009 CKD-EPI creatinine and 2012 CKD-EPI cystatin C equations.2,37 Our results 

confirm prior studies that have suggested it may be useful to measure cystatin C to confirm 

reduced GFR in people with eGFRcr of 45-59 mL/min/1.73 m2,2,37,38 and who are older adults or 

non-Hispanic Blacks.2 

A strength of  this study is the comparison of eGFRcr and eGFRcys in a nationally representative 

sample of U.S. adults. Our findings suggest implications for use of eGFRcr and eGFRcys in routine 

practice, the subgroups of people where we might expect more disagreement between eGFRcr 

and eGFRcys, and that important clinical information is embedded within eGFRdiff. 

Our study also has several limitations. First, different assays for measuring serum creatinine and 

cystatin C may cause systematic difference. Previous studies have shown that even using the 

same assay from the same manufacturer, the drift of the cystatin C assay is substantial.39,40 In our 

study, the serum cystatin C was measured using Siemens cystatin C immunoassay, while previous 

calibration of serum cystatin C in NHANES 1999-2002 used PENIA assay. Little is known of 

calibration of serum cystatin C using Siemens cystatin C immunoassay in NHANES 1999-2004, 

which may impact our results. Second, we relied on single measurements of serum creatinine 

and serum cystatin C to estimate GFR and eGFR difference, and a single measure of urinary 

albumin to estimate prevalence of CKD, while a reduction in GFR to less than 60 or albuminuria 



 23 

for 3 months or longer are diagnostic criteria for CKD. We also excluded people with eGFR <15 

mL/min/1.73m2 due to small numbers. Finally, some risk factors were self-reported, which may 

result in misclassification.  

In conclusion, our findings suggest that older age, female, smoking, obesity, elevated C-reactive 

protein, elevated ACR, diabetes, hypertension, history of cardiovascular disease, and history of 

liver disease are risk factors associated with a relatively lower eGFRcys compared to eGFRcr; non-

Hispanic Blacks, current alcohol drinking, and higher socioeconomic status are risk factors 

associated with a relatively higher eGFRcys compared to eGFRcr. Older age, female, current 

smoking, and obesity may impact eGFR estimated using serum creatinine or cystatin C to a larger 

extent than other factors. The association between eGFRdiff with all-cause mortality and 

cardiovascular mortality suggests that these discrepancies have clinical relevance, although the 

pathways by which these differences contribute to mortality are not clear. 
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