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Abstract
Background—Change in glomerular filtration rate (GFR) is important for clinical decision
making. GFR estimates from serum creatinine provide an unbiased but imprecise estimate of GFR
at single time points. However, the accuracy of estimated GFR over time is not well known.

Study Design—Longitudinal study of diagnostic test accuracy

Settings and participants—Four clinical trials with longitudinal measures of GFR and serum
creatinine on the same day, including subjects with and without kidney disease, with a wide range
of kidney function, diverse racial backgrounds and varied clinical characteristics.

Index test—GFR estimated using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation.

Reference test—GFR measured using urinary clearance of 125I-iothalamate

Results—Data included 19,735 GFR measurements in 3531 subjects over mean follow up of 2.6
years. Mean at baseline for measured and estimated GFR and error (measured GFR – estimated
GFR) were 73.1 (95% CI, 71.6 to 74.5), 72.7 (95% CI, 71.5 to 74.0) and 0.14 (95% CI, −0.35 to
0.63) ml/min/1.73 m2, respectively. The mean rate of change in measured and estimated GFR and
error was −2.3 (95% CI, −2.4 to −2.1), −2.2 (95% CI, −2.4 to −2.1) and −0.09 (95% CI, −0.24 to
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0.05) ml/min/1.73 m2 per year (p <.001, p <.001, and p = 0.2 respectively). The variability (ie,
SD) among subjects in rate of change in measured GFR, estimated GFR and error was 4.3, 3.4 and
3.3 ml/min/1.73 m2 per year, respectively. Only 15% of subjects had a rate of change in error of
more than 3 ml/min/1.73 m2 per year, and only 2% had a rate of change in error larger than 5%
per year.

Limitations—Subject characteristics were not available over time.

Conclusion—Accuracy of GFR estimates did not change over time. Clinicians should interpret
changes in estimated GFR over time as reflecting changes in measured GFR rather than changes in
errors in the GFR estimates in most individuals.

Evaluation and management of chronic kidney disease (CKD) requires monitoring of kidney
function over time. The best overall measure of kidney function is the glomerular filtration
rate (GFR). The gold standard for the measurement of GFR is the urinary clearance of an
exogenous filtration marker, which is expensive, inconvenient, and may vary during the day.
In clinical practice, levels of endogenous filtration markers in the serum, such as creatinine,
are used to estimate the GFR, but they are also affected by physiological processes other
than GFR. For creatinine, the non-GFR determinants include generation from dietary intake
or muscle catabolism, tubular secretion, and extra-renal elimination1. Estimating equations
use readily measured clinical variables as surrogates for these unmeasured non-GFR
determinants, and render more accurate estimates than the serum level alone 2–3. These
equations are widely used in clinical practice. Indeed serum creatinine is measured more
than 280 million times per year in the US and estimated GFR (eGFR) based on serum
creatinine is reported by more than 80% of clinical laboratories when serum creatinine is
ordered 4–5.

While GFR estimating equations improve assessment of kidney function, the non-GFR
determinants of serum creatinine may vary among individuals and over time, leading to
errors in the estimated GFR. GFR estimating equations have been developed and extensively
validated at single time points, but their performance over time is not well known6–8. In this
study, we evaluate the accuracy of eGFR over time in diverse study populations with and
without chronic kidney disease and diabetes over a wide range of measured GFR. We
estimate GFR using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation 7.

METHODS
Study population

We included all four studies from the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) that included repeated GFR, measured using urinary clearance of 125I-
iothalamate, and serum creatinine that was measured on the same day as the measured GFR.
The details of studies included in the CKD-EPI collaboration have been previously
described7. Studies included in the pooled data set were Modification of Diet in Renal
Disease (MDRD) Study, African American Study of Kidney Disease and Hypertension
(AASK), the Captopril Trial by the Collaborative Study Group (CSG) (herein referred to as
CSG), and Diabetes Complications and Control Trial (DCCT). All studies have been
previously described in detail 9–14. The MDRD Study tested protein intake and blood
pressure control in patients with moderate non-diabetic kidney disease with GFR between
13 and 55 ml/min/1.73 m2. AASK tested the effectiveness of three antihypertensive
regimens and two levels of BP control in African American individuals with hypertensive
kidney disease and GFR between 20–65 ml/min per 1.73m2. CSG compared captopril with
placebo in type 1 diabetics with proteinuria. DCCT studied the effects of intensive insulin
therapy on the development and progression of microvascular complications in type 1
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diabetics with negligible to minimal proteinuria. Thus, pooled, the dataset included people
with and without kidney disease, who have a wide range of GFR, diverse racial backgrounds
and varied clinical characteristics.

Kidney Function Measures
In all studies, GFR was measured using urinary clearance of 125I-iothalamate and expressed
adjusted for body surface area. For all studies, the first GFR measurement was considered as
the baseline value and generally corresponded to the trial baseline period. For the DCCT,
GFR measurements began to be performed midway through the trial, so baseline values do
not correspond with the trial baseline. Serum creatinine was assayed in the individual study
laboratories. Samples from the baseline visit were calibrated to standardized serum
creatinine values ascertained by the Roche enzymatic method (Roche–Hitachi P-Module
instrument with Roche Creatininase Plus assay, www.roche.com) at the Cleveland Clinic
Research Laboratory as described previously 15. The same calibration was used for all
subsequent visits.

GFR was estimated using the Chronic Kidney Disease Epidemiology (CKD-EPI) equation
as eGFR= 141 × min (Scr/κ, 1)α × max (Scr/κ, 1) −1.209 × 0.993Age × 1.018 [if female] ×
1.159 [if black], where κ is 0.7 for females and 0.9 for males, α is −0.329 for females and
−0.411 for males, min indicates the minimum of Scr/κ or 1; max indicates the maximum of
Scr/ κ or 17. As sex and race do not change over time, changes over time in estimated GFR
reflect changes in age and serum creatinine.

Analytic plan
The primary outcome was the difference between measured and estimated GFR at multiple
time points, referred to herein as error. The secondary outcome was the difference between
the slopes of measured and estimated GFR. We summarized the descriptive data for
measured GFR, estimated GFR and error using means and standard deviations for
continuous data or median and interquartile range as appropriate. In addition to mean error
(bias), we also described the median error, the mean of the absolute values of the error,
interquartile range (IQR) of error and probability that the estimate was within 30% (P30) of
measured GFR 16.

We explored the change over time of measured GFR, estimated GFR and error using mixed
models that modeled each of these variables as a linear function of time for each study
individually and for all studies pooled together (see detailed methods in Item S1, available
as online supplementary material). The mixed models allowed different random intercepts
and slopes for each individual. These random intercepts and slopes were assumed to be
normally distributed about a common mean intercept and slope with a common variance-
covariance matrix, We analyzed GFR and serum creatinine on both the natural and
logarithmic scales. We used the logarithmic scale in addition to the natural scale as it is
consistent with previous work developing the CKD-EPI equation and when modelling
decline in measured and estimated GFR, use of the logarithmic scale reduced heterogeneity,
strengthened linearity, and improved correlation. Results from analyses conducted using the
log transformed scale are presented as percentages. We also explored nonlinear patterns for
change in error by testing quadratic terms in the pooled and individual studies. We tested for
heterogeneity among studies by incorporating an interaction between study and time and
comparing models with and without the interaction using the likelihood ratio test.

There is no widely accepted threshold for “acceptable errors” in GFR estimation over time,
especially over a wide range of GFR. Based on discussion with clinicians about what they
would consider clinically significant, we considered rates of change in error exceeding an
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absolute value of 3 ml/min/1.73 m2 per year or 5% per year as representative of potentially
large errors. We considered differences in slope between estimated and measured GFR of
similar magnitude as potentially large. These measures are equivalent for people with
measured GFR of 60 ml/min/1.73 m2, but differ over a wide range of GFR, hence use of
separate cutoff values on the natural and percent scale is informative. Statistical analyses
were performed in SAS version 9.2 and R software.

RESULTS
Clinical Characteristics

The pooled data from the four studies included a total of 3531 subjects with measured GFR
at baseline. Table 1 compares the clinical characteristics across the studies. The mean age
was lower and the mean measured GFR was higher in CSG and DCCT compared to MDRD
Study and AASK. The mean follow up time was 2.7 years in MDRD Study, 3.8 years in
AASK, 1.9 years in CSG and 1.7 years in DCCT. Altogether there were 19,735 GFR
measurements across all subjects during a mean follow up period of 2.6 years, including
8049 for MDRD Study, 8649 for AASK, 998 for CSG and 2039 for DCCT.

Changes in Measured and Estimated GFR and Error over Time
Descriptive data for measured GFR, estimated GFR and CKD-EPI equation performance
over time in each study show that both measured and estimated GFR decreased over time in
MDRD, AASK and CSG (Table S1). Measured GFR was stable over time in DCCT,
whereas estimated GFR decreased. In each study, the performance of the CKD-EPI equation
was consistent over time.

Table 2 shows results from the mixed model in the pooled dataset and by study. The mean
measured and estimated GFR at baseline were both 73 ml/min/1.73 m2, with mean slope in
measured and estimated GFR of −2.3 (95% CI, −2.4 to −2.1) and −2.2 (95% CI, −2.4 to
−2.1) ml/min/1.73 m2 per year, respectively, [percentage reduction of −7.1% (95% CI,
−7.6% to −6.6%) for both)] Mean error at baseline was very small [0.14 (95% CI, −0.35 to
0.63) ml/min/1.73 m2] and did not change significantly over time [mean rate of change in
error of −0.09 (95% CI, −0.24 to 0.05) ml/min/1.73 m2 per year [percentage reduction of
−0.1% (95% CI, −0.4% to 0.1%) per year]. The variability (ie, SD) among subjects in
changes in measured GFR, estimated GFR and error was 4.3, 3.4 and 3.3 ml/min/1.73 m2

per year, respectively (percentage change of 15.2%, 15.6%, and 3.2% per year,
respectively).

Only 14.8% of subjects had a change in error greater than ± 3 ml/min/1.73 m2 per year
irrespective of baseline GFR (Figure 1, top left panel) and 2.1% of subjects had a change in
error larger than 5% (Figure 1, bottom left). Similarly, 15.3% of subjects had a difference
between the slopes of measured and estimated GFR that was greater than ± 3 ml/min/1.73
m2 per year (Figure 2, top left panel), whereas 21.6% of subjects had a difference between
the slopes of measured and estimated GFR of larger than 5% (Figure 2, Figure 2, bottom left
panel).

There was substantial heterogeneity among studies in changes in error (p = 0.002). At
baseline, mean error ranged from 6.6 ml/min/1.73 m2 for DCCT to −4.0 ml/min/1.73 m2 for
AASK. For each study, the mean rate of change in error was small [range of −0.71 (95% CI,
−1.49 to 0.08) to 0.28 (95% CI, 0.15 to 0.42) ml/min/1.73 m2 per year [percentage change of
−1.6% (95% CI, −2.6% to −0.5%) to 0.2% (95% CI, −0.1% to 0.5%) per year] (Table 2).
Most changes in the error were small (SD of the between-subjects slopes for MDRD,
AASK, CSG and DCCT were 1.13, 1.29, 2.97, and 2.49 ml/min/1.73 m2 per year
respectively). There was also heterogeneity among the studies in the proportions of
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individuals with large changes in error: 1.9%, 7.6%, 23.6% and 27.2% of subjects in the four
studies, respectively, had rates of change in error greater than ±3 ml/min/1.73 m2 per year
(Figure 1, top right panel). On the percent scale, the studies with higher mean levels of GFR
had lower proportions of large changes in error: 1.8%, 4.5%, 1.1% and 0.5% of subjects in
the four studies, respectively, had rates of change in error greater than 5% (Figure 1, bottom
right panel). Similar findings were observed for differences between slopes of measured and
estimated GFR. Correlations between slopes for estimated and measured GFR for the four
studies were 0.74. 0.58, 0.36 and 0.01, respectively, on the natural scale, and 0.87, 0.83, 0.70
and 0.07, respectively, on the percent scale. The right hand panel of Figure 2 shows the
variability among studies in the proportion of individuals with large differences between the
slopes of measured vs estimated GFR, with CSG and DCCT again having higher
proportions of large difference between slopes on the natural than the percent scale.

Findings in the overall dataset were consistent among subgroups of race and BMI (Table 3).
Within one or two studies, there was a small but statistically significant differences in rate of
change in error over time among subgroups defined by age and sex (Table 3).

DISCUSSION
In this longitudinal evaluation of 19,735 GFR measurements in 3531 subjects from 4 studies
over a mean follow-up of 2.6 years, we found the mean error in GFR estimates was small
and did not change substantially over time. Only 15% had a change that was greater than ± 3
ml/min/1.73 m2 irrespective of the baseline GFR, and only 2% of subjects had a change in
error that was larger than 5%, values that clinicians might consider as potentially large and
of clinical significance. Significant differences among studies, in part related to range of
GFR and rates of GFR decline. Overall, the CKD-EPI equation provided unbiased but
imprecise estimates of measured GFR over time, with reasonable correlation between
percent changes in measured and estimated GFR in studies in which GFR was declining.
These findings are consistent with the previous literature on the accuracy of the CKD-EPI
equation at a single time point 7, and have important implications for interpretation of GFR
estimates in clinical practice.

In principle, error in GFR estimates reflects the effect of non-GFR determinants of
creatinine unaccounted for by variables in the GFR estimating equation, biological variation
and measurement errors in measured GFR and serum creatinine. To avoid systematic errors
in measured GFR or serum creatinine, we used a single exogenous filtration marker across
all studies and at all time points and calibrated creatinine assays in each study to reference
materials at baseline and applied that calibration to all future time points. It is therefore most
likely that the imprecision we observed in estimates of measured GFR over time reflect
random changes in non-GFR determinants or GFR measurement error.

There are limited data on variation in non-GFR determinants of serum creatinine over time.
Studies of variability over time in urinary creatinine excretion in normal subjects have
shown intra-individual coefficients of variation (standard deviation divided by the mean)
range from 10.5%–14.4%, suggesting random variation in creatinine generation 17–20. There
are fewer data on variation in creatinine secretion. Systematic variation in dietary intake can
affect both creatinine generation and secretion 21. Thus, it is to be expected that patient
characteristics associated with changes in non-GFR determinants of serum creatinine would
be associated with changes in error over time. However, our analysis is limited, because we
did not explore changes in subject characteristics and their association to error over time
because we did not have uniform follow up data on these variables.
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Previous studies suggest that there is a reasonable amount of variability in measured GFR,
due either to biological variability or measurement error. In a classic study using urinary
clearance of inulin, Homer Smith documented a coefficient of variation for repeated GFR
measurements in a single individual over time to be approximately 7.5%22. Other reports
also show substantial variability in measured GFR over time. One analysis of the MDRD
Study found that between-day coefficient of variations of 125I-iothalamate clearance ranged
from 11.6 to 16.6% 23. Another report of the MDRD Study found a coefficient of variation
between 2 GFR measures 3 months apart of 6.3% 21. A more recent study using data from
MDRD Study and AASK combined showed a coefficient of variation of 11.9% of measures
2 months apart 24. Although it is difficult to compare the magnitude of variation in different
variables across different studies, it is likely that changes in non-GFR determinants of serum
creatinine, biological variation in measured GFR, and GFR measurement error all contribute
to the variation in change in error in GFR estimation over time that we observed

Previous studies have evaluated the performance of GFR estimating equations over time
using other statistical methods. In a previous report from the MDRD Study, rates of decline
in measured vs. estimated GFR were compared using marginal models 25. The authors
showed a mean (SD) change in measured and estimated GFR of 3.9 (7.2) and 2.8 (7.1) ml/
min/1.73 m2 per year, respectively, which is a larger difference than we report here.
Consistent with our results, the authors also found that differences in slope estimates
between measured and estimated GFR was not related to demographic factors. In another
study in AASK, time-to-event outcomes were compared using rates of changes in measured
and estimated GFR 26. The association of baseline factors were similar with events defined
by estimated GFR and measured GFR. In a study of 65 patients with CKD from Groningen,
the Netherlands, the CKD-EPI equation accurately estimated the change in measured GFR
over the 11 year follow-up, but underestimated the slope in measured GFR in the subset of
patients who had a substantial progression 27. Overall, these reports are consistent with our
findings, but the mixed model that we used is more robust for assessing changes over time in
subjects with varying numbers of measurement and duration of follow-up, as observed in
our study population.

Changes in estimated GFR are central to clinical decision making in daily practice. For
example, they are used to make decisions regarding detection of CKD or acute kidney
injury, use of iodinated or gadolinium contrast agents; and dosing of medications. Less
frequently but importantly, they are also used in conjunction with signs and symptoms of
kidney failure to determine optimal timing of initiation of dialysis, listing for a deceased
donor kidney transplant, or pre-emptive transplant. Our data demonstrate that the error in
GFR estimates is generally stable over time, with only 2–15% of changes in error large
enough to be clinically significant. For clinical decision making, it is important to consider
the clinical context when interpreting changes in estimated GFR. As such, for routine
clinical decision making, we would suggest that it would be reasonable for clinicians to
interpret a change in estimated GFR as a reflection of a change in measured GFR and act
accordingly. However, if clinical circumstances suggest a change in non-GFR determinants
of serum creatinine (for example, recent hospitalizations, decreased oral intake or refeeding
after an illness, loss of muscle mass as with illness or amputation, or use of medications
which inhibit creatinine secretion, such as trimethoprim), then the change in estimated GFR
could reflect the change in non-GFR determinants of serum creatinine rather than a change
in measured GFR 28. In all patients, clinicians should consider measuring GFR as a
confirmatory test if more accurate information would improve clinical decision making.

The strengths of our study include a large pooled data set which allowed analysis of a very
large number of GFR measurements in Black and White participants with a wide range in
kidney function, a wide range of kidney disease diagnoses, including diabetes (which

Padala et al. Page 6

Am J Kidney Dis. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contributes a major share to the CKD burden), and sequential data from longitudinal follow
up. These studies had a similar protocol for measuring GFR and calibration of serum
creatinine which allowed for uniformity of analysis and interpretation. Differences among
the studies allow us to demonstrate the variability in the error among populations. The use of
CKD-EPI equation in the same study cohorts in which it was developed is a strength of our
study, as it allows for a good fit at baseline, facilitating identification of deviations in fit
over time. Finally, the use of a mixed model is a robust technique to evaluate both within
and between individual variations in the change in error, and to handle missing follow-up
data at random and irregularly spaced repeated observations

We acknowledge the several limitations in our study. First, we could not assess changes in
subject characteristics over time that might affect the non GFR determinants of serum
creatinine. Changes in estimated GFR in patients with rapidly changing non GFR
determinants of serum creatinine are likely to be inaccurate. Second, although we had a
diverse individual representation in terms of racial backgrounds and underlying disease, we
had limited information on Hispanics, Asians and transplant recipients. Third, we did not
have repeated measurements over short intervals to evaluate biologic variability in measured
GFR and random error in GFR measurement. Fourth, use of the mixed model with missing
data in some studies, does assume that the data are missing at random.

In summary, the CKD-EPI equation performs well over time. The finding of unbiased GFR
estimates over time on average suggests that changes in estimated GFR reflect changes in
measured GFR rather than changes in non-GFR determinants of serum creatinine.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proportion of study subjects with large rate of change in error. Top row shows proportion
with large changes defined by ± 3 ml/min per 1.73 m2. Bottom row shows proportion with
large changes defined by 5% (±0.05 change on the log scale). Left hand column shows
proportion with large changes in the pooled studies. Right hand column shows proportion
with large changes within each study. Vertical lines indicate the definition of large change
within each panel, and the shaded portion of the curve indicates the proportion of study
subjects with a large change.
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Figure 2.
Proportion of study subjects with large differences between slopes in measured and
estimated GFR. Top row shows proportion with large differences defined by ± 3 ml/min per
1.73 m2. Bottom row shows proportion with large differences defined by 5% (±0.05 change
on the log scale). Left hand column shows proportion with large differences in the pooled
studies. Right hand column shows proportion with differences within each study. Vertical
lines indicate the definition of large difference within each panel, and the shaded portion of
the curve indicates the proportion of study subjects with a large difference.
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