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Abstract

Chronic kidney disease risk factors may associate with the estimated glomerular filtration rate 

(eGFR) differently than with the measured GFR. To examine this, we evaluated 1150 patients 

(mean age 65) in two community cohorts for risk factors, measured GFR by iothalamate 

clearance, and eGFR based on creatinine (Cr), cystatin C (CysC), or both. The interaction between 

each risk factor and eGFR (relative to measured GFR) identified risk factor associations with 

eGFR along non-GFR pathways. In a subset of 40 patients with two visits, the mean coefficient of 

variation was 8.2% for measured GFR, 6.4% for eGFRCr, 8.2% for eGFRCr-CysC, and 10.7% for 

eGFRCysC. The measured GFR was better correlated with eGFRCr-CysC (r, 0.74) than eGFRCr 

(r, 0.70) or eGFRCysC (r, 0.68). Lower measured GFR associated with lower 24-hour urine 

creatinine, albuminuria, hypertension, diabetes, higher triglycerides, and higher uric acid. Lower 

eGFRCr had these same associations except for an association with higher 24-hour urine 

creatinine along a non-GFR pathway. Lower eGFRCysC and eGFRCr-CysC also had these same 

associations but also associated with obesity, albuminuria, hypertension, diabetes, higher 

triglycerides, higher C-reactive protein, and higher uric acid along non-GFR pathways. Thus, 

cystatin C improves estimation of GFR over creatinine alone; however, the association between 

most of the risk factors and GFR was more accurate by eGFR based on creatinine alone. This is 

explained by the association of these risk factors with the non-GFR determinants of cystatin C.
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Introduction

Estimated glomerular filtration rate (eGFR) based on endogenous filtration markers (mainly 

creatinine) is widely used in clinical practice instead of a gold-standard measured GFR 

(mGFR) based on exogenous markers (e.g., iothalamate). Cystatin C based eGFR with 

creatinine (eGFRCr-CysC ) or without creatinine (eGFRCysC ) has also been advocated as it 

improves risk prediction for CKD complications over serum creatinine based eGFR 

(eGFRCr) alone.1–3 Recent studies have found chronic kidney disease (CKD) risk factors 

and outcomes have an association with eGFRCr even after adjustment for mGFR.4–8 These 

same studies have found stronger residual associations with cystatin C or eGFRCysC than 

eGFRCr. Whether these residual associations are due to the non-GFR determinants of 

cystatin C or better estimation of GFR with cystatin C has been widely debated. Several 

investigators have suggested that collinearity, residual confounding, and measurement error 

of mGFR largely accounts for residual associations with eGFR. In particular, eGFR may 

have stronger associations with CKD risk factors and outcomes than mGFR if eGFR is more 

reliable (precise) than mGFR.

A limitation of prior studies is that they have been performed in populations selected on the 

presence 5–8 or absence 4 of CKD, determined to some extent by GFR. Applying restrictions 

on GFR when sampling the study population can bias comparisons between eGFR and 

mGFR. There is also a paucity of data on the test-retest reliablity of eGFR compared to 

mGFR. To address these limitations, we studied eGFR and mGFR in two community based 

cohorts not selected on GFR. We obtained duplicates of eGFR and mGFR in a subset of the 

same subjects to compare reliability between GFR methods. Finally, we used statistical 

methods that minimize the impact of mGFR imprecision on residual association with eGFR. 

The objective of this study was to determine if the association of established CKD risk 

factors with eGFR based on creatinine and/or cystatin C differed from the same association 

of these risk factors with mGFR.

Results

There were 1289 participants in the study; 823 persons from the Genetic Epidemiology 

Network of Arteriopathy (GENOA) cohort and 466 persons from the Epidemiology of 

Coronary Artery Calcification (ECAC) cohort. Of these, there were 1150 persons (725 

GENOA and 425 ECAC) with a valid mGFR. The data was further restricted to 1093 

persons (687 GENOA and 406 ECAC) who had all eGFR and CKD risk factor data 

available. Table 1 shows the CKD risk factor and GFR characteristics of the study sample. 

In general, the GENOA cohort had more CKD risk factors but a similar mean mGFR 

compared to the ECAC cohort.

The performance of each eGFR equation in estimating mGFR was compared. Figure 1 plots 

mGFR against eGFR by each equation. mGFR was more correlated with eGFRCr-CysC 

(r=0.74, 95% CI: 0.71 to 0.77) than it was correlated with eGFRCr (r=0.70, 95% CI: 0.67 to 

0.73) or with eGFRCysC (r=0.68, 95% CI: 0.65 to 0.72). The percentage of eGFR values 
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within 30% of mGFR was higher for eGFRCr-CysC at 87% compared to 85% for eGFRCr and 

83% for eGFRCysC (p<0.001 for both comparisons).

We assessed the test-retest reliability of eGFR compared to mGFR in the subset that 

underwent duplicate visits. Figure 2 shows the within-subject correlation by each GFR 

method and Table 2 shows the within-subject coefficient of variation (CV) by each GFR 

method. The mean CV of mGFR (8.2%) was higher than the CV of eGFRCr (6.4%), similar 

to the CV of eGFRCr-CysC (8.2%), and lower than the CV of eGFRCysC (10.7%) and 

creatinine clearance (11.3%).

We then compared the association of each CKD risk factor with eGFR to the same 

association with mGFR (Table 3). Lower measured GFR was associated with older age, 

lower 24-h urine creatinine, higher urine albumin to creatinine ratio (UACR), hypertension, 

diabetes, non-smoker, lower high-density lipoprotein (HDL) cholesterol, higher 

triglycerides, and higher uric acid. The association of smoking with higher mGFR was not 

evident after adjusting for age and sex (p=0.56). In general, these risk factors associations 

were similar with eGFRCr, but progressively stronger with eGFRCr-CysC and eGFRCysC. An 

exception was the association of 24-h urine creatinine with mGFR was more similar to the 

same association with eGFRCysC than with eGFRCr. Figure 3 highlights the relative 

difference in risk factor associations with eGFR compared to mGFR.

We then assessed whether associations with eGFR were statistically significantly different 

from the same associations with mGFR. Table 4 shows the association between CKD risk 

factors and eGFRCr or eGFRCysC after accounting for mGFR. Two different models were 

used for this analysis. Model 1 was an unbiased approach; the difference in regression 

coefficients for eGFR versus mGFR were tested by fitting risk factor × GFR method 

interactions using generalized estimating equations. This identified residual associations 

with eGFR along non-GFR pathways. The association of lower eGFRCr with CKD risk 

factors was not statistically significantly different from mGFR except for an association with 

higher 24-h urine creatinine along a non-GFR pathway. Alternatively, lower eGFRCysC and 

lower eGFRCr-CysC had associations with multiple CKD risk factors along non-GFR 

pathways: higher body mass index (BMI), higher UACR, hypertension, diabetes, lower 

HDL cholesterol, higher triglycerides, and higher C-reactive protein. Lower eGFRCysC also 

associated with hyperuricemia along a non-GFR pathway. Model 2 was a biased approach, 

but an approach commonly seen in the eGFR literature. eGFR was regressed on each risk 

factor with adjustment for mGFR as a covariate. There were substantially stronger residual 

associations of all CKD risk factors with eGFR after adjustment for mGFR as a covariate. 

Consistent with residual confounding, risk factor association in model 2 were biased toward 

the direction of association with mGFR (Table 3) compared to model 1.

Higher 24-h urine creatinine was the only risk factor independently associated with lower 

eGFRCr along a non-GFR pathway. Alternatively, higher body mass index, hypertension, 

and higher C-reactive protein were independent risk factors for a lower eGFRCysC along a 

non-GFR pathway (Table 5). Findings in Table 4 were not substantively different when the 

MDRD study equation was used instead of the CKD-EPI equation for eGFRCr, when an 

alternative equation was used for eGFRCysC,9 when urinary creatinine clearance was added 
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as an additional GFR method in the generalized estimating equations (model 1) or when 

analysis was performed separately in the GENOA cohort and the ECAC cohort (data not 

shown).

Discussion

This study found eGFRCysC and eGFRCr-CysC had a stronger association with CKD risk 

factors than did mGFR. Alternatively, eGFRCr had associations with CKD risk factors that 

were similar to those with mGFR. This was evident despite eGFRCr-CysC having the 

strongest correlation with mGFR. Prior studies have reported similar findings,. 4–8 but prior 

statistical analyses have raised concerns that residual confounding may explain associations 

with eGFR after adjusting for mGFR. Indeed, we also found evidence of this residual 

confounding (Model 2). However, using a statistical analysis that is not biased by mGFR 

error (Model 1), residual associations of eGFRCysC and eGFRCr-CysC with CKD risk factors 

were still evident. Further, in a subset with duplicate study visits, eGFRCysC and 

eGFRCr-CysC did not have better test-retest reliability than mGFR or eGFRCr. Thus, there 

was no evidence of greater precision with eGFRCysC and eGFRCr-CysC to explain their 

stronger association with CKD risk factors. Since mGFR is not practical in most settings, 

these data suggest eGFRCr is a better option for characterizing the association of CKD risk 

factors with true GFR than is either eGFRCysC or eGFRCr-CysC.

It has been argued that mGFR has substantially more measurement error than eGFR, but we 

did not find evidence of this. The reliability (mean CV) of eGFRCr (6.4%) was slightly 

better than mGFR (8.2%) and the reliablity of eGFRCysC (10.7%) was slightly worse. If the 

reliability of eGFRCysC is similar or worse to that of mGFR, then only the non-GFR 

determinants of eGFRCysC can explain differences in risk factor associations compared to 

mGFR. However, our GFR reliability findings are consistent with past studies. The African 

American Study of Kidney Disease study found the reliability of eGFRCr was only slightly 

better than that of mGFR based on multiple study visits.10 Another study found that the 

reliability of cystatin C (CV 13%) was much worse than the reliability of serum creatinine 

(CV 5%) over multiple study visits. 11

GFR is often viewed as the single most important measurement of kidney function. To the 

extent estimation of GFR by endogenous filtration markers is biased by non-GFR 

determinants, our understanding of risk factors and outcomes associated with kidney 

function will be distorted. This study characterizes CKD risk factors that associate with the 

non-GFR determinants of eGFR. It is well known that the dominant non-GFR determinant 

of eGFRCr is creatinine generation (24-h urine creatinine) from muscle mass.12 eGFRCr has 

the problem of having to be optimized either for healthy populations (higher than average 

muscle mass) or for CKD populations (lower than average muscle mass).13–15 Using model 

1, the residual associations with lower eGFRCr were reflective of the expected association 

with increased muscle mass (increased 24-h urine creatinine). Unlike model 1, model 2 

would implausibly suggest that greater muscle mass (residual of lower eGFRCr.) associates 

with obesity, albuminuria, hypertension, diabetes, lower HDL cholesterol, higher 

triglycerides, and higher uric acid. Bias from residual confounding with mGFR explains this 

discrepancy.
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The non-GFR determinants of eGFRCysC cannot currently be directly measured (cystatin C 

is catabolized by proximal tubules).16 Prior studies have suggested the non-GFR 

determinants of cystatin C correlate with inflammation and obesity.4, 17 Cystatin C appears 

to be the most abundant endogenous inhibitor of cathepsins, a family of proteases involved 

in atherogenesis and immunomodulations.18, 19 Using model 1, the residual non-GFR 

determinants of eGFRCysC were correlated with CKD risk factors that reflect inflammation, 

obesity, and atherosclerosis. In particular, the non-GFR determinant of lower eGFRCysC 

(possibly higher cystatin C generation) associated with obesity, albuminuria, hypertension, 

diabetes, lower HDL cholesterol, higher triglycerides, higher C-reactive protein, and higher 

uric acid. In multivariable analysis, three of these risk factors (obesity, hypertension, and 

higher C-reactive protein) were independently correlated with the non-GFR determinants of 

cystatin C. The comparative results with model 2 does support the notion that these residual 

associations can be inflated in an analysis that does not account for imprecision of mGFR. 

The risk factor associations with the non-GFR determinants of eGFRCr-CysC were 

intermediate to those with eGFRCr and with eGFRCysC. This is expected as eGFRCr-CysC is 

simply an average between eGFRCr and eGFRCysC.15

Other studies have found evidence that cystatin C and eGFRCysC are substantially biased in 

representing associations with GFR. In a non-diabetic, non-CKD general community 

sample, Framingham risk scores did not increase with lower mGFR or lower eGFRCr, but 

did increase with lower eGFRCysC.4 Many investigations have also shown that 

hyperfiltration determined by mGFR20–22 or eGFRCr 23–25 is a high risk state, where as 

hyperfiltration determined by cystatin C is a low risk state.24–26

There are several strengths to this study. Two different community based populations not 

selected on GFR were used for the analyses. Compared to prior studies in the literature, our 

statistical analysis determined differences in associations with eGFR and mGFR without 

bias from residual confounding. Duplicate study visits allowed us to determine and compare 

the test-retest reliability between mGFR and eGFR. There are also several weaknesses to 

this study. GFR was not measured over multiple study visits to optimally relate CKD risk 

factors to subsequent changes in GFR. However, for a study objective of characterizing the 

non-GFR determinant of eGFR, a cross-sectional design may be preferable. Further work is 

still needed to understand how the non-GFR determinants of eGFR relate to outcomes in the 

general community. We did not detect statistically significant differences in the reliability of 

eGFR compared to mGFR and this may have been due to the small sample size. Even if 

there are true differences, Model 1 (generalized estimating equations) minimized the impact 

of error for both eGFR and mGFR in their association with risk factors. Not all known risk 

factors for CKD were assessed. Finally, the study population was white and findings may 

differ in other ethnic groups.

In conclusion, recent studies have focused primarily on associations with eGFRCysC, arguing 

that eGFRCr is an inferior method to determine GFR.27–29 However, we found several 

reasons to argue that association studies with eGFRCr better reflect associations with true 

GFR than association studies with eGFRCysC. First, the non-GFR determinants of eGFRCr 

were less correlated with commonly recognized CKD risk factors than eGFRCysC. Thus, 

associations with eGFRCr would be expected to be less biased than associations with 

Rule et al. Page 5

Kidney Int. Author manuscript; available in PMC 2013 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eGFRCysC. Second, the generation rate of creatinine (24-h urine creatinine) is a non-GFR 

determinant of eGFRCr that could potentially confound associations with eGFRCr. But 

unlike the generation rate of cystatin C, the generation rate of creatinine can be measured 

and adjusted for in analyses. Third, the test-retest reliability of eGFRCr is better than the 

test-retest reliability of eGFRCysC. Nonetheless, studies have shown that eGFRCysC clearly 

improves risk stratification for mortality and kidney failure beyond eGFRCr alone.1, 2 The 

problem with eGFRCysC is the interpretation of cystatin C as GFR. Instead, cystatin C could 

be interpreted as a better marker for risk stratification and management of CKD than GFR.

Materials and Methods

Study Sample

Subjects were recruited from two white community-based cohorts. The GENOA cohort 

enrolled 1583 members of sibships containing at least two subjects with primary 

hypertension seen in Olmsted County and diagnosed before age 60 years for a baseline visit 

in 1996 to 2000.30 The ECAC cohort enrolled 1241 parents and grandparents of children 

identified from the computerized enrollment records of the Rochester, MN public and 

parochial schools in 1984.31 For the baseline visit, the GENOA cohort excluded persons 

with secondary hypertension and the ECAC cohort excluded persons with evident 

cardiovascular disease (myocardial infarction or revascularization). These exclusions were 

not used in subsequent visits. The GENOA and ECAC cohort participants underwent a 

second study visit between 2001 and 2005 and a third study visit between 2006 and 2011. 

This present analysis used exam and survey-based CKD risk factors ascertained during the 

second study visit and laboratory-based CKD risk factors and GFR measurements 

ascertained during the 3rd study visit. Half-way through the third study visit, 22 consecutive 

participants in the GENOA cohort returned for a duplicate visit to repeat the same GFR 

measurements. Since the GENOA and ECAC cohorts were both sampled from the same 

community (Olmsted County), 18 subjects who were in both cohorts and participated twice, 

once for the GENOA cohort study visit and once for the ECAC cohort study visit. Identical 

protocols at the same location over the same time period were used for both cohorts.

Measured GFR by Iothalamate clearance

As previously described,32 GFR was measured from the clearance of non-radiolabeled 

iothalamate assayed with capillary electrophoresis from timed plasma and urine samples. 

Participants were fasted overnight for at least 6 hours prior to the study visit except for being 

encouraged to drink water prior to and throughout the iothalamate clearance test. Since a 

bladder post-void residual (PVR) is common in older populations33 and may bias GFR 

measurement, PVR was monitored throughout the test. If the PVR was greater than 100 ml 

and the participant consented to the procedure, an indwelling bladder catheter was placed. 

Subjects received a subcutaneous injection of 300 mg of non-radiolabeled iothalamate 

followed by a 45 minute equilibrium phase to allow systemic absorption. At the end of the 

equilibrium phase, the patient voided, a sonographic PVR1 was measured, and the first 

plasma sample to assay iothalamate was drawn (P1). After a timed 45 minute equilibrium 

phase (T), the patient voided again to assay iothalamate (U2), the voided volume (V) was 

recorded, sonographic PVR2 was measured, and a second plasma sample to assay 
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iothalamate was drawn (P2). Subjects who could not void after a 45 minute clearance phase 

were allowed up to an additional 30 minutes to void. An invalid iothalamate clearance was 

defined a priori as meeting any of the following criteria: 1) Deviation from the clearance 

protocol, 2) PVR1 or PVR2 greater than the voided volume (V), 3) A voided volume less 

than 100 ml, or 4) iothalamate levels not detectable on either the urine or plasma samples. 

For valid studies, GFR was calculated:

Estimation of GFR by different methods

The day prior to the iothalamate clearance, study participants collected their urine for 24 

hours. Serum samples were obtained at the start of the iothalamate clearance. Creatinine was 

assayed using a standardized enzymatic assay (Creatinine plus, Roche diagnostics, 

Indianapolis, IN) in both serum and urine samples. Urinary creatinine clearance was 

calculated from the urine and serum creatinine levels, the collected urine volume, and 

subject-reported timing of the collection. eGFR was calculated using the three CKD-EPI 

equations: eGFRCr, eGFRCysC, and eGFRCr-CysC.3 Cystatin C was assayed using the N 

Latex cystatin C kit (Dade Behring, now Siemens) on the Dade-Behring Nephelometer. 

Regression of cystatin C levels on time showed no assay drift during the study period. 

Cystatin C levels were adjusted by multiplying levels by 1.14 as reported by other 

investigators to obtain standardized levels with this assay.34, 35 The association between 

CKD risk factors and eGFRCysC did not change substantively with or without this 

adjustment to cystatin C.

CKD Risk factors

Urine albumin excretion was assessed using the urine albumin to creatinine ratio (UACR) 

from 24-h urine samples. For this study, UACR was considered a CKD risk factor. We also 

evaluated 24-h urine albumin (mg) and 24-h urine creatinine (mg) as CKD risk factors. 

Serum was assayed for HDL cholesterol, triglycerides, and uric acid levels after an 

overnight fast. BMI was calculated from measured height and weight at the study visit. 

Hypertension was defined as a systolic blood pressure >140 mmHg or a diastolic blood 

pressure >90 mmHg or use of anti-hypertensive medications. Diabetes was defined as use of 

diabetic medications or a fasting glucose ≥126 mg/dl. Active cigarette smoker was self-

reported on the survey.

Statistical analysis

mGFR and urinary creatinine clearance were converted from ml/min to ml/min/1.73 m2 by 

multiplying by 1.73 and dividing by body surface area (Dubois formula).36 The correlation 

of eGFR by each method with mGFR was assessed and graphically plotted. The CV for each 

GFR method was assessed using the 40 subjects with duplicate study visits. Both eGFR and 

mGFR were log-transformed (eGFR equations were derived to relate linearly to mGFR on a 

log-log scale), and CKD risk factors were, therefore, studied in relation to percentage 

changes in GFR. Two different statistical models were used to assess the associations 
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between CKD risk factors and eGFR after accounting for mGFR (See Online Statistical 

Appendix for details):

Model 1—A multivariate approach with generalized estimating equations was used to 

regress both mGFR and eGFR simultaneously on each risk factor, by “stacking” the GFR 

methods (mGFR, eGFRCr, and eGFRCysC) or (mGFR and eGFRCr-CysC) as multiple 

observations for each patient with method type as a stratum variable. The test for interaction 

between eGFR (mGFR as reference method) and each risk factor and was used to detect a 

statistically significant deviation of the risk factor association with eGFR compared to 

mGFR. This interaction reflects the difference in the regression coefficients for eGFR with 

the risk factor versus mGFR with the risk factor.

Model 2—Using standard linear regression, eGFR by each method was regressed on each 

risk factor with adjustment for mGFR as a covariate.

Multivariable analysis based on Model 1 (multiple risk factor interactions with eGFR versus 

mGFR) was used to identify independent risk factors for the non-GFR determinants of 

eGFR. Only risk factors that alone had statistically significant interactions with eGFR 

(compared to mGFR) were included in these multivariable models.

Sensitivity Analysis

Association analyses with eGFRCr and eGFRCysC were repeated using the MDRD study 

equation and an alternative cystatin C equation (eGFRCysC = 67×CysC−1.3).9, 37 Additional 

analyses added urinary creatinine clearance as an additional method type in the generalized 

estimating equations used for Model 1. Finally, analyses were repeated in the GENOA 

cohort and ECAC cohort separately.
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Figure 1. 
The correlation between measured GFR (mGFR, Y-axis) with A) serum creatinine based 

estimated GFR with the CKD-EPI equation (eGFRCr, X-axis, R=0.70), B) cystatin C based 

estimated GFR (eGFRCysC, X-axis, R=0.68), C) serum creatinine and cystatin C based 

estimated GFR(eGFRCCr-CysC, X-axis, R=0.74).
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Figure 2. 
Reliability between duplicate visits of A) measured GFR (mGFR, r =0.76), B) estimated 

GFR by serum creatinine (eGFRCr, r =0.84), C) estimated GFR by cystatin C (eGFRCysC, r 

=0.76), and D) estimated GFR by serum creatinine and cystatin C (eGFRCr-CysC, r =0.82). 

The solid circle represents the GENOA subjects who were specifically recruited for 2 

duplicate study visits (mean 62 days apart). The open circles represent the subjects who had 

2 duplicate study visits because they were participants in both the GENOA and ECAC 

cohorts (mean 296 days apart).
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Figure 3. 
The association of CKD risk factors with percentage decrease in GFR (↓ GFR) by each 

method (mGFR, eGFRCr, eGFRCr-CysC, and eGFRCysC). The * identifies p<0.05 for eGFR 

compared to mGFR using model 1 (generalized estimating equations). Risk factor 

associations with mGFR were more similar to those with eGFRCr than with eGFRCr-CysC or 

eGFRCysC. The one exception was 24-h urine creatinine where eGFRCysC was more similar 

to the same association with mGFR.
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