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Abstract

Background—The MDRD Study equation underestimates measured GFR at levels greater than
60 ml/min per 1.73 m2, with variable accuracy among subgroups; consequently estimated GFR
(eGFR) > 60 ml/min/1.73 m? is not reported by clinical laboratories. Here, the performance of a
more accurate GFR estimating equation, the CKD-EPI equation, is reported by level of GFR and
clinical characteristics.

Study Design—Test of diagnostic accuracy

Setting and Participants—Pooled dataset of 3896 people from 16 studies with measured GFR
(not used for development of either equation). Subgroups were defined by eGFR, age, sex, race,
diabetes, prior solid organ transplant, and body mass index.

Index Tests—eGFR from the CKD-EPI and MDRD Study equations and standardized serum
creatinine
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Reference Test—Measured GFR using urinary or plasma clearance of exogenous filtration
markers

Results—Mean (SD) measured GFR was 68 (36) ml/min/1.73 m2. For eGFR less than 30 ml/
min/1.73 m2, both equations have similar bias (median difference compared to measured GFR).
For eGFR between 30-59 ml/min/1.73 m?2, bias was reduced from 4.9 to 2.1 ml/min/1.73 m2 (57%
improvement). For eGFR between 60-89 ml/min/1.73 m2, bias was reduced from 11.9 to 4.2 ml/
min/1.73 m2 (61 % improvement). For eGFR between 90-119 ml/min/1.73 m2, bias was reduced
from 10.0 to 1.9 ml/min/1.73 m2 (75% improvement). Similar or improved performance was noted
for most subgroups with eGFR < 90 ml/min/1.73 m2, other than BMI less than 20 kg/m?, with
greater variation noted for some subgroups with eGFR > 90 mI/min/1.73 mZ.

Limitations—Limited number of elderly people and racial and ethnic minorities with measured
GFR.

Conclusions—The CKD-EPI equation is more accurate than the MDRD Study equation overall
and across most subgroups. In contrast to the MDRD Study equation, eGFR > 60 ml/min/1.73 m?
can be reported using the CKD-EPI equation.

Index words
Estimating equations; glomerular filtration rate; performance

Accurate estimation of GFR is important for the detection of chronic kidney disease (CKD),
evaluation of its severity and rate of progression, as well as the initiation of appropriate
management. Currently, serum creatinine is ordered more than 281 million times annually in
the United States 1' 2, and recent reports show that greater than 70% of laboratories now
report estimated GFR (eGFR) using the IDMS-traceable 4-variable MDRD Study equation3.
It has been previously demonstrated that the MDRD Study equation underestimates
measured GFR (mGFR) at levels of eGFR greater than 60 ml/min per 1.73 m2, with variable
accuracy among subgroups 4. Therefore, current recommendations are to censor numeric
estimates greater than 60 ml/min per 1.73 m2, which limits the use of GFR estimates in
clinical practice. For example, eGFR in patients at risk for CKD, such as Blacks or patients
with type 1 diabetes, is not reported until it is substantially reduced.

A new equation, the CKD-EPI equation, uses the same four variables as the MDRD Study
equation, and is more accurate for estimating GFR, especially at higher levels of GFR 5: 6.
The improvement in accuracy is primarily due to a substantial reduction in systematic
differences between measured and estimated GFR (bias) with a relatively smaller
improvement in precision. Appropriate interpretation of eGFR using the CKD-EPI equation
requires understanding of its performance. The purpose of this report is to describe bias
according to clinical characteristics and level of eGFR and to discuss clinical implications of
reporting eGFR greater than 60 ml/min per 1.73 m2.

Methods

Sources of Data and Measurements

The CKD Epidemiology Collaboration (CKD-EPI) is a research group funded by the
National Institute of Diabetes, Digestive and Kidney Disease (NIDDK) to address
challenges in the study and care of CKD, including development and validation of improved
GFR estimating equations by pooling data from research studies and clinical populations
(hereafter referred to as “studies”).’"26
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The methods for selection of studies and pooling of studies have been previously described®,
and are briefly reviewed here. Studies were first identified from the Medline database and
through investigators’ and collaborators’ contacts. Inclusion criteria were GFR measured
using exogenous filtration markers and serum samples available for calibration of the serum
creatinine assay. New equations were developed and internally validated in a dataset
developed from pooling of 10 studies (6 research studies and 4 clinical populations) with a
total of 8254 participants, divided randomly into separate datasets for development (n=5504)
and internal validation (n=2750). The equations were then externally validated in a separate
pooled dataset of 16 studies with a total of 3896 participants, the dataset used for the current
analysis. Methods for measurement of GFR and serum creatinine have been previously
described > 27.

Development and validation

Methods for equation development and validation have been previously described in detail
5: 6. In brief, least squares linear regression was used to relate measured GFR to serum
creatinine and clinical characteristics available in the development dataset. Predictor
variables tested included serum creatinine, age, sex, and race (black vs. white and other),
diabetes, transplant and weight, and the interactions among all variables. GFR was adjusted
for body surface area (BSA) as ml/min/1.73 m2. 28 GFR and serum creatinine were
transformed to natural logarithms to reflect their multiplicative (inverse) relationship and to
stabilize variance across the range of GFR. Optimal transformation of log serum creatinine
was shown to be a piecewise linear spline with a knot at 0.7 mg/dl in men and 0.9 mg/dl in
women.

Developed models were evaluated in the internal database. The development and internal
validation datasets were then combined and validated equations were refit to yield more
precise final coefficients to be used in subsequent analyses.

Models were then evaluated in the external validation dataset and a final model was selected
using a pre-specified series of steps. The final model included serum creatinine, age, sex and
race and is listed in Table S1 (provided as online supplementary material available with this
article at www.ajkd.org) > 6: 29,

Statistical analyses

Bias was measured as the median difference (NGFR — eGFR) and median percent
difference (100*[ mGFR — eGFR] / mGFR) between measured and estimated GFR, with
positive values indicating lower eGFR than measured GFR (under-estimation). Subgroups
for analyses were defined by eGFR and clinical characteristics. Level of eGFR was
categorized as greater than 120, 90-119, 60-89, 30-59, 15-29, or less than 15 ml/min per
1.73m?2, as used for staging the severity of CKD30, and by < 60, 60-89 and > 90 ml/min per
1.73 m2. eGFR > 90 ml/min/1.73 m? was subdivided at 120 ml/min/1.73 m? because of
extreme overestimation of measured GFR by the MDRD Study equation at this range.
eGFR, rather than measured GFR, was used to categorize kidney function subgroups
because GFR is measured with error and use of eGFR provides information that will be
available to the clinician. Subgroups of clinical characteristics were described as age (< 40,
40-64, > 65 years); sex; race (Black, White or other); diabetes (yes, no), prior organ
transplant (yes, no); body mass index (BMI, < 20, 20 to 25, 26 to 30 and > 30 kg/m?).

Confidence intervals were calculated by bootstrap methods (2000 bootstraps) for difference
and percent difference. Elementary nonparametric bootstrap analyses were used for simple
random samples assuming a normal sampling distribution. Analyses used R (Version 2.7,
Free Software Foundation, Inc., http://www.r-project.org/) and SAS software (version, 9.1,
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http://www.sas.com/). Smooth estimates of the mean in the figures were created using the
lowess function in R.

The institutional review boards of all participating institutions approved the study.

Table 1 shows clinical characteristics of subjects in the external validation dataset (not used
for development of either equation) according to eGFR computed using the CKD-EPI
equation3C. Briefly, approximately 49% of people had an eGFR less than 60, 25 % had
eGFR between 60 and 89, and 26% had eGFR greater than 90 ml/min per 1.73 m2,
Approximately 15% of subjects were older than 65 years of age. The median age of the
subjects older than 65 (25-75™ percentile and 99t percentile) was 71 (68 to 75 and 85)
years. Subjects with higher levels of eGFR were younger, more likely to be White, have a
lower weight, not be a transplant recipient.

Table 2 compares bias of the CKD-EPI and MDRD Study equations according to level of
eGFR. At levels of eGFR less than 30 ml/min per 1.73 m2, both equations have similar bias;
above this level the CKD-EPI equation has improved bias. For levels of eGFR between
30-59 ml/min per 1.73 m2, bias was reduced from 4.9 (95% confidence intervals, (4.4, 5.5)
to 2.1 (1.6, 2.7) ml/min per 1.73 m2, a 57% improvement. For levels of eGFR between
60-89 ml/min per 1.73 m2, bias was reduced from 11.9 (95% confidence intervals, 11.0,
13.0) to 4.2 (3.2, 5.5) ml/min per 1.73 m?, a 65% improvement. For levels of eGFR between
90-119 ml/min per 1.73 m2, bias was reduced from 10.0 (6.9, 11.3) to 1.9 (0.2, 4.0) ml/min
per 1.73 m2, a 81% improvement. Performance was also improved for eGFR of 120 ml/min
per 1.73 m? and higher, with a substantial decrease in the over-estimation of measured GFR,
although the number of subjects was small.

Table 3 and Figure 1 compare the CKD-EPI and MDRD Study equations in subgroups
defined by clinical characteristics overall and by level of eGFR. In Table 3, data were
combined for less than 30 and 30-60 ml/min per 1.73 m2, as the primary focus is
performance at eGFR greater than 60 ml/min/1.73 m2. Overall, with the CKD-EPI equation
compared to the MDRD Study equation, bias was improved substantially in people less than
65 years of age, both men and women, Whites, people with or without diabetes, organ
transplants, and BMI greater than 20 kg/ m? across the range of eGFR. There was no
substantial change in performance for people older than 65 years of age [1.4 (0.5, 2.0) vs.
1.3 (0.6, 2.0) ml/min per 1.73 m?] and Blacks [-1.1 (-2.3, 0.5) vs. 0.3 (-1.1, 1.6) ml/min per
1.73 m?], while bias was larger for people with BMI less than 20 kg/m? [-3.5 (-4.7, -1.6) vs.
0.6 (-1.5, 2.1) ml/min per 1.73 m?].

At levels of eGFR less than 60 ml/min per 1.73 m2 and particularly for eGFR between 60 to
89 ml/min per 1.73 m2, there was an improvement or no change in bias for every subgroup
with the CKD-EPI equation compared to the MDRD Study equation, except for people with
BMI less than 20 ml/min per 1.73 m? [-1.7 (-4.1, 0.0) vs. 0.1 (-1.7, 1.3) ml/min per 1.73 m?].
At eGFR greater than 90 ml/min per 1.73 m2, the CKD-EPI equation demonstrated less bias
than the MDRD Study equation for subgroups defined by age, sex and diabetes, but greater
bias in Blacks [-13.2 (-20.2, -7.6) vs. -8.3 (-15.5, -1.9) ml/min per 1.73 m?], patients without
diabetes [-3.3 (- 5.1, -2.1) vs.0.4 (-2.2, 2.6) ml/min per 1.73 m?], transplant recipients [-10.0
(-13.5, -3.7) vs. -5.6 (-14.3, 3.4) ml/min per 1.73 m?], and people with BMI less than 20 kg/
m?2 [-16.6 (-22.9, -8.4) vs. -13.7 (-21.8, -8.4) ml/min per 1.73 m2]. For many of the
subgroups where the CKD-EPI equation resulted in worse bias, the groups are of small size
(n less than 100 for each).
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Discussion

There are numerous studies attempting to identify a replacement for serum creatinine as a
filtration marker, but no one marker has thus been definitely established 18: 3134 Thus, in
spite of acknowledged weaknesses, 3% 36 GFR estimates based on serum creatinine will
remain the mainstay of clinical assessment of kidney function for the foreseeable future, and
use of equations that improve the accuracy of GFR estimated from serum creatinine is an
important goal. A new creatinine-based estimating equation, the CKD-EPI equation, which
is more accurate than the MDRD Study equation, was recently reported. Using the CKD-EPI
equation, bias is substantially decreased bias compared to measured GFR, especially among
people with eGFR greater than 60 ml/min/1.73m2, and classification according to the
presence or absence of CKD and the stage of CKD is more often correct®. In a separate
publication, it was demonstrated that the addition of diabetes, transplant and weight as
predictor variables did not improve performance of the CKD-EPI equation®. In this report,
the bias across the range of eGFR for subgroups defined by demographic and clinical
characteristics was described. This has important clinical implications for reporting of eGFR
by clinical laboratories and interpretation in practice.

The current analyses demonstrate that compared to the MDRD Study equation, the CKD-
EPI equation reduced bias in almost all subgroups. In particular, there was improvement in
bias in subgroups at low risk for CKD where underestimation of measured GFR may have
led to overestimation of CKD prevalence, including age less than 65 years, women, and
whites. For eGFR up to 90 ml/min/1.73 m2, bias is small and consistent across subgroups.
Importantly, at this range of eGFR, there is unbiased GFR estimation in groups at increased
risk of CKD, including the elderly, blacks, patients with diabetes and organ transplant
recipients and the overweight and obese. For eGFR greater than 90 ml/min per 1.73 m?, the
overall bias is low, but heterogeneity is observed among subgroups. Despite this
heterogeneity, median bias using the CKD-EPI equation is lower than the median bias for
eGFR less than 60 ml/min/1.73 m2 using the MDRD Study equation.

The improvement in the performance of the CKD-EPI equation is due in part to the
inclusion of a diverse population in the development of the equation. However, the dataset
did not include all people in whom GFR will be estimated and therefore the ability to
comment on some groups is limited by the available data. Key populations not adequately
represented are people with eGFR greater than 60 ml/min/1.73 m2, particularly those older
than 65 years of age and racial and ethnic minorities. The study population is also limited by
possible selection bias for recruitment in the studies included in the pooled database. Studies
in representative populations will be required to overcome this limitation.

The large overestimate observed in transplant recipients at eGFR greater than 90 ml/min/
1.73 m? may be an artifact as few transplant recipients have measured GFR this high.
Possibly, the large overestimate that was observed reflects reduced creatinine production
and low serum creatinine due to muscle wasting associated with comorbid conditions in
transplant recipients selected for GFR measurement. Similarly, the large overestimate in
subjects with low BMI and eGFR greater than 90 ml/min/1.73 m2 may also reflect muscle
wasting. Endogenous filtration markers other than serum creatinine are likely to be
necessary to improve GFR estimation in patients with muscle wasting. Furthermore, it was
previously shown that inclusion of terms in the estimating equation for transplant status and
body weight did not improve overall performance of the equations in the validation dataset,
suggesting this large bias is not related to transplant status or weight per se.®

More accurate estimates has important implications in public health and clinical care. The
CKD-EPI equation leads to lower estimated prevalence of CKD in NHANES (the National

Am J Kidney Dis. Author manuscript; available in PMC 2011 September 1.
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Health and Nutrition Examination Survey), with reclassification to higher CKD Stages
particularly in groups at low risk for CKD. ® Recent studies in the ARIC (Atherosclerosis
Research in Communities) and Aus-Diab (Australian Diabetes, Obesity and Lifestyle)
studies have confirmed these findings37- 38. These studies also showed that participants
reclassified to higher GFR stages had lower risk for subsequent adverse events. In addition
to improved prognosis, reclassification to a higher GFR stage would lead to benefit across
the range of GFR for better detection, evaluation and management of CKD. For example,
reclassification would improve clinicians’ ability to adjust drug dosages and identify
individuals who may be at increased risk for side effects of medications or diagnostic
procedures such as contrast media for imaging or oral phosphate-based solutions in
preparation for colonoscopy, and as such would improve patient safety39: 40. In addition,
reporting of eGFR using the CKD-EPI equation would allow reporting of numeric results for
eGFR values greater than 60 ml/min/1.73 m2. The clinical impact of availability of accurate
eGFR values above 60 ml/min per 1.73 m2 has not been evaluated because until now there
has been no simple clinical tool for accurate estimation. Potential applications include
monitoring eGFR decline from normal to mild to moderate reduction, particularly in patients
with an increased risk for development and progression of CKD, such as Blacks or patients
with diabetes. 41-43 Implementation of reporting of eGFR > 60 ml/min per 1.73 m2 should
be performed with adequate education tools such that clinicians do not falsely diagnosis
CKD at eGFR > 60 ml/min/1.73 m? in the absence of persistent markers of kidney damage.

Despite the substantial reduction in bias with the CKD-EPI equation, GFR estimates remain
imprecise > 8. Both the MDRD Study and CKD-EPI equations are based on serum
creatinine; like all other creatinine-based estimation equations, they suffer the same
irremediable limitations of creatinine as a filtration marker 3% 44-46_ The terms for age, sex
and race in both equations only capture some of the non-GFR determinants of creatinine,
and the coefficients represent average effects observed in the development sample. For
patients at the extremes of muscle mass, those with unusual diets, and those with conditions
associated with reduced secretion or extra-renal elimination of creatinine, all estimates of
GFR based on serum creatinine may be inaccurate. This is particularly relevant for
populations who are most likely to require medications, such as the frail elderly, critically
ill, or cancer patients #’. Clinicians should be mindful of muscle mass in interpretation of
estimated GFR. Confirmatory tests with exogenous measured GFR or measured creatinine
clearance should be performed for people in whom the estimates are thought to be
inaccurate or when a highly accurate level is needed such as for toxic medications with a
narrow therapeutic index or for some clinical trials looking at change in GFR over time*8,
although studies need to be performed to establish reference ranges for creatinine clearance
using IDMS traceable creatinine methods.

The strengths of the study include the large diverse study population of people with and
without kidney diseases; calibration of the creatinine assays in each study to standardized
values; and rigorous statistical techniques for equation development and validation.
Comparison of equations in a separate validation dataset overcomes some of the limitations
of differences among studies in patient characteristics and methods for measurement of GFR
and serum creatinine.

There are limitations to this study. As discussed above, studies were pooled from different
populations to develop and validate the CKD-EPI equation. The selection of these study
populations according to presence or absence of kidney disease may bias equation
performance. This may affect the assessment of performance of either equation, but it would
not affect their comparison. Complete data on ethnicity, diabetes type, immunosuppressive
agents for transplantation, measures of muscle mass, and other clinical conditions and
medications that might affect serum creatinine independently from GFR were not available.

Am J Kidney Dis. Author manuscript; available in PMC 2011 September 1.
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These variables may identify particular groups of people who are likely to have large errors
in the estimates. However, the variables that were evaluated are the most readily available
and easy to ascertain for widespread clinical application. Finally, in the validation dataset,
GFR was measured in some individuals using a different exogenous marker than was used
in the development of the equations. However, this would affect the performance of both
equations, and therefore would not affect the relative performance of the equations.

In summary, the CKD-EPI equation is less biased than the MDRD Study equation in most
subgroups defined by demographic and clinical characteristics and level of GFR.
Implementation of eGFR reporting using the CKD-EPI equation across the entire range of
eGFR will allow a better clinical assessment of kidney function than is now available. The
CKD-EPI equation should replace the MDRD Study equation for general clinical use and
can be reported throughout the GFR range.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Performance of the CKD-EPI and MDRD Study equations by Clinical Characteristics

Subgroups

CKD-EPI = Chronic Kidney Disease Epidemiology Collaboration; MDRD = Modification
of Diet in Renal Disease
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