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Background: Glomerular filtration rate (GFR) estimates facilitate
detection of chronic kidney disease but require calibration of the
serum creatinine assay to the laboratory that developed the equa-
tion. The 4-variable equation from the Modification of Diet in Renal
Disease (MDRD) Study has been reexpressed for use with a stan-
dardized assay.

Objective: To describe the performance of the revised 4-variable
MDRD Study equation and compare it with the performance of the
6-variable MDRD Study and Cockcroft-Gault equations.

Design: Comparison of estimated and measured GFR.

Setting: 15 clinical centers participating in a randomized, controlled
trial.

Patients: 1628 patients with chronic kidney disease participating in
the MDRD Study.

Measurements: Serum creatinine levels were calibrated to an assay
traceable to isotope-dilution mass spectrometry. Glomerular filtra-
tion rate was measured as urinary clearance of '?°l-iothalamate.

Results: Mean measured GFR was 39.8 mL/min per 1.73 m? (SD,
21.2). Accuracy and precision of the revised 4-variable equation

were similar to those of the original 6-variable equation and better
than in the Cockcroft-Gault equation, even when the latter was
corrected for bias, with 90%, 91%, 60%, and 83% of estimates
within 30% of measured GFR, respectively. Differences between
measured and estimated GFR were greater for all equations when
the estimated GFR was 60 mL/min per 1.73 m? or greater.

Limitations: The MDRD Study included few patients with a GFR
greater than 90 mL/min per 1.73 m?. Equations were not com-
pared in a separate study sample.

Conclusions: The 4-variable MDRD Study equation provides rea-
sonably accurate GFR estimates in patients with chronic kidney
disease and a measured GFR of less than 90 mL/min per 1.73 m?.
By using the reexpressed MDRD Study equation with the standard-
ized serum creatinine assay, clinical laboratories can report more
accurate GFR estimates.
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hronic kidney disease is a recently recognized public

health problem. Current guidelines define chronic
kidney disease as kidney damage or a glomerular filtration
rate (GFR) less than 60 mL/min per 1.73 m” for 3 months
or more, regardless of cause (1-3). Kidney damage is usu-
ally ascertained from markers, such as albuminuria. The
GFR can be estimated from serum creatinine concentra-
tion and demographic and clinical variables, such as age,
sex, ethnicity, and body size. The normal mean value for
GFR in healthy young men and women is approximately
130 mL/min per 1.73 m” and 120 mL/min per 1.73 m”,
respectively, and declines by approximately 1 mL/min per
1.73 m” per year after 40 years of age (4). To facilitate
detection of chronic kidney disease, guidelines recommend
that clinical laboratories compute and report estimated
GEFR by using estimating equations, such as equations de-
rived from the Modification of Diet in Renal Disease
(MDRD) Study (1-3, 5-10).

The original MDRD Study equation was developed
by using 1628 patients with predominantly nondiabetic
kidney disease. It was based on 6 variables: age; sex; eth-
nicity; and serum levels of creatinine, urea, and albumin
(11). Subsequently, a 4-variable equation consisting of age,
sex, ethnicity, and serum creatinine levels was proposed to
simplify clinical use (3, 12). This equation is now widely

accepted, and many clinical laboratories are using it to
report GFR estimates.

Extensive evaluation of the MDRD Study equation
shows good performance in populations with lower levels
of GFR but variable performance in those with higher lev-
els (13-32). Variability among clinical laboratories in cali-
bration of serum creatinine assays (33, 34) introduces error
in GFR estimates, especially at high levels of GFR (35),
and may account in part for the poorer performance in this
range (13, 14, 16, 18-21, 27, 30). The National Kidney
Disease Education Program (NKDEP) has initiated a cre-
atinine standardization program to improve and normalize
serum creatinine results used in estimating equations (36).
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Context

Guidelines recommend that laboratories estimate glomeru-
lar filtration rate (GFR) with equations that use serum cre-
atinine level, age, sex, and ethnicity. Standardizing creati-
nine measurements across clinical laboratories should
reduce variability in estimated GFR.

Contribution

Using standardized creatinine assays, the authors cali-
brated serum creatinine levels in 1628 patients whose GFR
had been measured by urinary clearance of "#°l-iothal-
amate. They used these data to derive new equations for
estimating GFR and to measure their accuracy. The equa-
tions were inaccurate only when kidney function was
near-normal.

Cautions

There was no independent sample of patients for measur-
ing accuracy.

Implications

By using this equation and a standardized creatinine assay,
different laboratories can report estimated GFR more uni-
formly and accurately.

—The Editors

The MDRD Study equation has now been reexpressed for
use with a standardized serum creatinine assay (37), allow-
ing GFR estimates to be reported in clinical practice by
using standardized serum creatinine and overcoming this
limitation to the current use of GFR estimating equations.

The purpose of this report is to describe the perfor-
mance of the reexpressed 4-variable MDRD Study equa-
tion and compare it with the performance of the reex-
pressed G-variable MDRD equation and the Cockcroft—
Gault equation (38), with particular attention to the level
of GFR. This information should facilitate implementation
of reporting and interpreting estimated GFR in clinical
practice.

METHODS
Laboratory Methods

Urinary clearances of 125]_jothalamate after subcutane-
ous infusion were determined at clinical centers participat-
ing in the MDRD Study. Serum and urine '*’I-
iothalamate were assayed in a central laboratory.

All serum creatinine values reported in this study are
traceable to primary reference material at the National In-
stitute of Standards and Technology (NIST), with assigned
values based on isotope-dilution mass spectrometry. The
serum creatinine samples from the MDRD Study were
originally assayed from 1988 to 1994 in a central labora-
tory with the Beckman Synchron CX3 (Global Medical
Instrumentation, Inc., Ramsey, Minnesota) by using a ki-
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netic alkaline picrate method. Samples were reassayed in
2004 with the same instrument. The Beckman assay was
calibrated to the Roche/Hitachi P module Creatinase Plus
enzymatic assay (Roche Diagnostics, Basel, Switzerland),
traceable to an isotope-dilution mass spectrometry assay at
NIST (37, 39). On the basis of these results, the 4-variable
and G-variable MDRD Study equations were reexpressed
for use with standardized serum creatinine assay. The
Cockeroft—Gault equation was not reexpressed because the
original serum creatinine samples were not available for
calibration to standardized serum creatinine assay.

Derivation and Validation of the MDRD Study Equation

The MDRD Study was a multicenter, randomized
clinical trial of the effects of reduced dietary protein intake
and strict blood pressure control on the progression of
chronic kidney disease (40). The derivation of the MDRD
Study equation has been described previously (11). Briefly,
the equation was developed from data from 1628 patients
enrolled during the baseline period. The GFR was com-
puted as urinary clearance of '*’I-iothalamate. Creatinine
clearance was computed from creatinine excretion in a 24-
hour urine collection and a single measurement of serum
creatinine. Glomerular filtration rate and creatinine clear-
ance were expressed per 1.73 m” of body surface area.
Ethnicity was assigned by study personnel, without explicit
criteria, probably by examination of skin color.

The MDRD Study equation was developed by using
multiple linear regression to determine a set of variables
that jointly estimated GFR in a random sample of 1070
patients (development data set). The regressions were per-
formed on log-transformed data to reduce variability in
differences between estimated and measured GFR at higher
levels. Several equations were developed, and the perfor-
mance of these equations was compared in the remaining
sample of 558 patients (validation data set). To improve
the accuracy of the final equations, the regression coeffi-
cients derived from the development data set were updated
on the basis of data from all 1628 patients (11).

Estimation of GFR

Glomerular filtration rate was estimated by using the
following 4 equations: the reexpressed 4-variable MDRD
Study equation (GFR = 175 X standardized S_ ''>*
X agefo'm‘3 X 1.212 [if black] X 0.742 [if female]), the
reexpressed 6-variable MDRD Study equation (GFR =
161.5 X standardized S, ~ ** X age "¢ X SUN™" X al-
bumin®?'® X 1.18 [if black] X 0.762 [if female]), the Cock-
croft-Gault equation adjusted for body surface area (C,=
[140 — age] X weight X 0.85 [if female] X 1.73/72 standard-
ized S_, X BSA), and the Cockcroft-Gault equation adjusted for
body surface area and corrected for the bias in the MDRD
Study sample (C_, = 0.8 X [140 — age] X weight X 0.85
[if female] X 1.73/72 standardized S_, X BSA).

In these equations, GFR and creatinine clearance (C_,)
are expressed as mL/min per 1.73 m”, serum creatinine and
urea nitrogen (SUN) are expressed as mg/dL, albumin is
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expressed as g/dL, weight is expressed as kg, age is ex-
pressed as years, and body surface area (BSA) is expressed
as m”. Correction for bias improves performance of the
Cockcroft—Gault equation because it adjusts for systematic
differences between studies, such as differences in the mea-
sures of kidney function (GFR in the MDRD Study and
creatinine clearance in the study by Cockcroft and Gault),
the serum creatinine assays, and the study samples. Hence,
the bias correction for the Cockcroft—Gault equation pro-
vided here reexpresses that equation for the estimation of
GEFR for use with standardized creatinine in study samples
similar to that in the MDRD Study.

Measures of Performance

Measures of performance include bias (median differ-
ence of measured minus estimated GFR and measured
GFR) and percentage bias (percentage of bias divided by
measured GFR), precision (interquartile range of the dif-
ference between estimated and measured GFR, and per-
centage of variance in log-measured GFR explained by the
regression model [R? values]), and accuracy (percentage of
estimates within 30% of the measured values). In the over-
all data set, bias is expected to be close to 0 for equations
derived in the MDRD Study database, including the
4-variable and G6-variable equations and the Cockcrofi—
Gault equation adjusted for bias. The bootstrap method
(based on percentiles, with 2000 bootstrap samples) was
used to estimate 95% Cls for interquartile ranges and R
values. Confidence intervals for the percentage of estimates
within 30% of measured values were computed by using
the normal approximation to the binomial or exact bino-
mial probabilities, as appropriate. We also computed sen-
sitivity, specificity, positive and negative predictive value of
estimated GFR less than 60 mL/min per 1.73 m?, and
receiver-operating characteristic (ROC) curves by using
measured GFR less than 60 mL/min per 1.73 m® as the
criterion standard. Areas under the ROC curves were com-
pared by using the method of DeLong and colleagues (41).
R, version 2 (Free Software Foundation, Inc., Boston,
Massachusetts), and SAS, version 9.1 (SAS Institute, Inc.,
Cary, North Carolina), were used for statistical analysis.
We used the “lowess” function in R to plot smoothed
functions in the figures.

Role of the Funding Source

The study was funded by grants from the National
Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) as part of a cooperative agreement that gives the
NIDDK substantial involvement in the design of the study
and in the collection, analysis, and interpretation of the
data. The NIDDK was not required to approve publica-
tion of the finished manuscript. The institutional review
boards of all participating institutions approved the study.

REsuLTS

Clinical characteristics of the 1628 MDRD Study par-
ticipants from whom the MDRD Study equation was de-
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Table 1. Baseline Characteristics of 1628 Participants from
the Modification of Diet in Renal Disease Study*

Characteristic Value
Men, n (%) 983 (60)
African American, n (%) 197 (12)
Diabetes, n (%) 99 (6)
Cause of kidney disease, n (%)
Glomerular disease 525 (32)
Polycystic kidney disease 364 (22)

Tubulointerstitial disease 121 (7)

Other or unknown 618 (40)
Mean age (SD), y 50.6 (12.7)
Mean weight (SD), kg 79.6 (16.8)
Mean body surface area (SD), m? 1.91 (0.23)
Mean arterial pressure (SD), mm Hg 99.4 (12.7)
Mean dietary protein intake (SD), g/kg per d 0.99 (0.24)
Mean GFR (SD), mL/min per 1.73 m? 39.8 (21.2)
Mean creatinine clearance (SD), mL/min per 1.73 m? 48.6 (24.5)
Mean standardized serum creatinine concentration

umol/L 189.2 (98.1)

mg/dL 2.14 (1.11)
GFR range, n (%)

>90 mL/min per 1.73 m? 34 (2.0)

60-89 mL/min per 1.73 m? 226 (13.9)

30-59 mL/min per 1.73 m? 747 (45.9)

15-29 mL/min per 1.73 m? 465 (28.6)

<15 mL/min per 1.73 m? 156 (9.6)

* GFR = glomerular filtration rate.

rived are shown in Table 1 (11). Mean measured GFR was
39.8 mL/min per 1.73 m” (SD, 21.2). Figure 1 shows the
difference in measured GFR minus estimated GFR versus
the level of estimated GFR using the 4-variable MDRD
Study equation and other equations. Table 2 compares the
performance of these equations in the MDRD Study par-
ticipants according to the level of estimated GFR. For the
overall study sample, precision and accuracy for the 4-vari-
able equation are almost as good as for the 6-variable equa-
tion. As expected, within the MDRD Study sample, the
4-variable MDRD Study equation has less bias than the
Cockcroft—Gault equation, even when the latter is adjusted
for body surface area. This equation also has greater preci-
sion and accuracy than the Cockcroft—Gault equation, even
when the latter is corrected for systematic bias. Percentages of
estimates within 30% of measured GFR were 90% and 91%
for the 4-variable and 6-variable MDRD Study equations,
respectively, and 60% and 83% for the Cockeroft-Gault
equation without and with correction for bias, respectively.

For all equations, differences between measured and
estimated GFR (Figure 1) and interquartile range (Table
2) increase at higher levels of estimated GFR when ex-
pressed on the absolute scale. On a percentage basis, these
differences are relatively constant. Data are limited for
higher levels of GFR, particularly for an estimated GFR
greater than 90 mL/min per 1.73 m”.

Performance of equations was also compared by using
a cutoff value for a measured GFR less than 60 mL/min
per 1.73 m?, the threshold value for the definition of
chronic kidney disease. Figure 2 shows ROC curves and
sensitivity, specificity, predictive values, and area under the
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Figure 1. Differences between measured and estimated glomerular filtration rate (GFR) for 4 estimating equations, according to the

level of estimated GFR.

90
60 —

30

-304

—60 —

R2 = 0.882 (0.870 to 0.893)

Measured GFR - Estimated GFR, mL/min per 1.73 m?> >

90—

T T T T T
30 60 90 120 150

Estimated GFR Using the MDRD Study
4-Variable Equation, mL/min per 1.73 m?

90
60 —

30

0 —--- St i TS _ . M auiell sty ~ > S ——
30

60 —

R2 = 0.831 (0.816 to 0.849)

Measured GFR - Estimated GFR, mL/min per 1.73 m?> ()

90—

T T T T T
30 60 90 120 150

Estimated GFR Using the Cockcroft-Gault
Equation, mL/min per 1.73 m?

'E 90 —
R
-
5 60—
Q
£
E
N
E 30
x‘ .........
T
O | La
° Y : B
A
- S R
E | 0 =T
g 30
1
o
'S
o
- -60 —
[
2
S R2 = 0.890 (0.879 to 0.901)
S -90+
T T T T T
30 60 920 120 150
Estimated GFR Using the MDRD Study
6-Variable Equation, mL/min per 1.73 m?
"é 90 —
N
-
5 60—
Q
£
g |
S ] e e
T ooy
£ |, sy
| gt
o
- R ————— T S T T S e
o | o
s | TVETeRs
E | TEEES
& 30 )
1
o
.
o
- -60 —
[
Z
S R? = 0.831 (0.816 to 0.849)
S 90

T T T T T
30 60 90 120 150

Estimated GFR Using the Cockcroft-Gault
Equation Adjusted for Bias, mL/min per 1.73 m?

A. Four-variable Modification of Diet in Renal Disease (MDRD) Study equation. B. 6-variable MDRD Study equation. C. Cockeroft—Gault equation
adjusted for body surface area. D. Cockeroft—Gault equation adjusted for body surface area and corrected for bias. Points indicate individual patients.
Patients with differences between measured and estimated GFR greater than 60 mL/min per 1.73 m” are not shown. The dashed horizontal line is the
reference line. The solid black line is the smooth estimate of the mean difference, and the 2 dotted lines represent the 95% of the population of
differences across the range of estimated GFR. Curves are drawn through the 2.5% to 97.5% of the range of GFR estimates. Values for R* (95% Cls)

are for the regression of measured GFR versus estimated GFR.

curve for each equation for detection of a GFR less than 60
mL/min per 1.73 m>. The 4-variable and 6-variable equa-
tions were comparable and were better than the Cock-
croft-Gault equation, even after adjustment for body
surface area and correction for bias.

25015 August 2006 | Annals of Internal Medicine | Volume 145 ¢ Number 4

Discussion

Accurate GFR estimation requires standardized serum
creatinine assays and estimating equations expressed for use

with standardized assays. The NKDEP has begun a pro-
gram for national creatinine standardization (36), analo-
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gous to cholesterol standardization as the first step of the
National Cholesterol Education Program in the 1980s.
Once standardization is complete (expected in 2008), clin-
ical laboratories can use standardized serum creatinine val-
ues to report estimated GFR. The MDRD Study labora-
tory has now been calibrated to a standardized serum
creatinine assay, and the 4-variable MDRD Study equation
has now been reexpressed for use with standardized serum
creatinine assays.

In the MDRD Study sample, with a GFR range of
approximately 5 mL/min per 1.73 m” to 90 mL/min per
1.73 m?, we found that the 4-variable MDRD Study equa-
tion was nearly as accurate as the 6-variable equation. For
both equations, differences between measured and esti-
mated GFR were greater in subgroups with estimated GFR
of 60 mL/min per 1.73 m” or greater when expressed on

the raw scale but were similar across the range of estimated
GFR when expressed as a percentage.

Sensitivity and specificity of the 4-variable and 6-vari-
able MDRD Study equations for detection of a GFR less
than 60 mL/min per 1.73 m?, the threshold GFR level for
the definition of chronic kidney disease, were nearly iden-
tical (96% to 97% and 67% to 70%, respectively), as were
areas under the ROC curves (0.96098 and 0.96091, re-
spectively). However, interpretation of sensitivity and spec-
ificity of GFR measurements is difficult for 3 reasons. First,
measured and estimated GFR are continuous variables.
Sensitivity and specificity can be affected by the distribu-
tion of values near the cutoff value, and ROC analysis
treats small and large errors as equal. Second, we suspect
that measurement error in the GFR assay may be greater
than other criterion standards used to evaluate test perfor-

Table 2. Performance of the Equations Using Standardized Creatinine Values in Subgroups of the Modification of Diet in Renal
Disease Study Cohort Defined by Level of Estimated Glomerular Filtration Rate*

Subgroups Defined by GFR,; Range Patients, GFR eas — GFReg, mL/min per GFRheas = GFRet/GFR a0 % GFR.st
n 1.73 m? within 30%
of GFR,c.s
Median IQR (95% CI) Median IQR (95% CI) (95% CI), %
Four-variable MDRD Study equation
Overall 1628 0.2 7.7(7.2t08.2) 0.6 23.6 (22.2t0 25.2) 90 (89 to 91)
>90 mL/min per 1.73 m? 18 -3.0 21.5(8.5t051.5) -33 21.0 (9.0 to 56.4) 78 (59 to 97)
60 to 89 mL/min per 1.73 m? 201 0.5 20.1 (16.3 to 22.4) 0.8 26.7 (22.8 t0 30.4) 86 (81 t0 91)
30 to 59 mL/min per 1.73 m? 822 0.1 9.0 (8.3 t0 10.0) 0.2 21.9 (19.6 to 23.4) 92 (90 to 94)
15 to 29 mL/min per 1.73 m? 455 0.1 5.7 (5.2t06.2) 0.5 26.5(23.7 t0 29.1) 87 (84 to 90)
<15 mL/min per 1.73 m? 132 03 3.3(2.6t03.9) 2.2 25.1(20.2 t0 29.8) 91 (86 to 96)
Six-variable MDRD Study equation
Overallt 1628 0.2 7.4(69t07.8) 0.5 22.5(21.1 to 24.0) 91 (90 to 92)
>90 mL/min per 1.73 m? 15 0.4 31.8 (15.7 to 60.4) 0.4 31.8(14.0t0 61.0) 73 (51 to 95)
60 to 89 mL/min per 1.73 m? 214 0.8 17.0 (14.3 to 19.9) 1.2 23.7 (20.0 to 27.4) 90 (86 to 94)
30 to 59 mL/min per 1.73 m? 795 0.2 9.1(8.3t09.9) 0.4 21.0(19.2 t0 23.0) 92 (90 to 94)
15 to 29 mL/min per 1.73 m? 470 0.0 5.1 (4.6 t0 5.6) 0.2 24.3 (21.5t0 26.2) 90 (87 to 93)
<15 mL/min per 1.73 m? 134 0.2 3.1(24t04.2) 21 24.5(19.4 to 30.4) 93 (89 to 97)
Cockcroft-Gault equation, with adjustment for
body surface area§
Overall 1628 =73 10.9 (10.3 to 11.6) —24.3 37.8(35.2t039.7) 60 (58 to 62)
>90 mL/min per 1.73 m? 66 -21.8 28.5 (17.8 to 34.0) —28.4 43.4 (27.6 to 54.8) 56(44 to 68)
60 to 89 mL/min per 1.73 m? 365 —=12.0 15.9 (13.8 to 18.1) —20.3 32.5(28.5t0 37.5) 65 (60 to 70)
30 to 59 mL/min per 1.73 m? 817 -7.9 10.3 (9.4 to 11.3) —23.8 35.7 (32.5 10 39.0) 59 (56 to 62)
15 to 29 mL/min per 1.73 m? 350 =52 5.9 (4.9 t0 6.6) —30.0 45.1 (38.1 to 50.5) 49 (44 to 54)
<15 mL/min per 1.73 m? 30 -2.9 2.2(1.4t03.5) —285 33.3(16.2t047.7) 50 (32 to 68)
Cockcroft-Gault equation, with adjustment for
body surface area and correction for bias§||
Overall 1628 0.2 10.0 (9.4 t0 10.6) 0.5 30.2 (28.2t0 31.8) 83 (81 to 85)
>90 mL/min per 1.73 m? 12 6.7 41.6 (19.9 to 64.7) 5.7 37.4 (16.1 to 68.1) 83 (51 to 98)
60 to 89 mL/min per 1.73 m? 165 1.9 21.0(17.1 to 26.3) 3.0 29.0 (22.9t0 37.8) 84 (78 to 90)
30 to 59 mL/min per 1.73 m? 871 1.0 12.5 (11.4 to 13.6) 2.1 27.5 (25.2 t0 30.6) 83 (81 to 85)
15 to 29 mL/min per 1.73 m? 487 -0.6 6.5 (6.0t0 7.3) =25 31.3(28.4t036.2) 81 (78 to 84)
<15 mL/min per 1.73 m? 93 -04 3.3(2.6t04.6) —4.1 29.4 (22.5t0 40.1) 82 (74 to 90)

* Median and median percentage GFR ... — GFR

meas est

are expected to be close to 0 for the 4-variable and 6-variable MDRD Study equations and for the bias-corrected

Cockcroft-Gault equation because coefficients in these equations were fitted to the MDRD Study data set. est = estimated; GFR = glomerular filtration rate; IQR =
interquartile range; MDRD = Modification of Diet in Renal Disease; meas = measured.
T These analyses were performed in the total cohort. In the original report (11), analyses were performed in the validation subgroup only.

§ Cockeroft—Gault equation was adjusted to 1.73 m” body surface area.
|| The correction factor was 0.80 (see text).
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Figure 2. Receiver-operating characteristic curves for 4 estimating equations.
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value; PPV = positive predictive value.* P < 0.001 for the comparison of the AUCs with the 4-variable MDRD Study equation. The AUCs for the
Cockcroft—Gault equation with and without adjustment for bias are identical because these equations are equivalent except for a constant multiplier.

mance. Finally, patients may have chronic kidney disease
with GFR levels of 60 mL/min per 1.73 m” or greater if
they have a marker of kidney damage, such as albuminuria.
Indeed, all patients enrolled in the baseline period of the
MDRD Study were judged by the investigators to have
chronic kidney disease. It is possible that the sensitivity and
specificity of the MDRD Study and Cockeroft—-Gault
equations in other samples will differ from those reported
here, even when standardized serum creatinine assays are
used.

The 4-variable equation is simpler to use than the
6-variable equation because it does not require inclusion of
serum urea nitrogen level and serum albumin concentra-
tion, which would also require calibration among labora-
tories for optimal use. Exclusion of these variables may also
make the equation less susceptible to error in conditions in
which serum urea nitrogen or albumin is strongly influ-
enced by factors other than GFR.

The 4-variable MDRD Study equation seems to per-
form better than the Cockcroft—Gault equation, even when
the Cockcroft—Gault equation is adjusted for body surface
area. The Cockcroft—Gault equation was developed in a

25215 August 2006 | Annals of Internal Medicine | Volume 145 ¢ Number 4

different sample, and one would expect some reduction in
performance when any equation is applied to a different
sample. Thus, better performance of the MDRD Study
equation is explained in part by development of the
MDRD Study equation in this data set. However, im-
provement in precision was maintained even after the
Cockcroft—Gault equation was corrected for bias with re-
spect to the MDRD Study sample. In addition, studies in
different samples have compared the MDRD Study and
the Cockeroft—Gault equations. These studies show better
(14-16, 18, 42) or similar (17, 27, 43, 44) performance of
the MDRD Study equation compared with the Cockeroft—
Gault equation. A few studies have also shown in particular
that the age correction in the Cockcroft—Gault equation is
too steep (18, 42, 43).

In addition, several practical details limit GFR estima-
tion using the Cockeroft—Gault equation. First, it is more
difficult to use than the MDRD Study equation because it
requires measurement of weight and measurement of
height for computation of body surface area to compare
estimated creatinine clearance with normative values. Sec-
ond, it estimates creatinine clearance rather than GFR.

www.annals.org
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Third, the clinical laboratory creatinine assay cannot easily
be calibrated to the laboratory that performed the assays on
samples used to derive the Cockcroft—Gault equation. De-
spite these limitations, the Cockcroft—Gault equation has
been widely used in pharmacokinetic studies, and until
there are more data based on the MDRD Study equation,
physicians and pharmacists may choose to continue to use
the Cockcroft—Gault equation for adjustment of drug dos-
ages in patients with decreased GFR.

In the MDRD Study sample, the 6-variable and
4-variable equations were also more accurate than mea-
sured creatinine clearance, even after the latter was cor-
rected for systematic overestimation of GFR (correction
factor of 0.81 using nonstandardized serum creatinine
[11]). In clinical practice, there will probably be greater
inaccuracy of measured creatinine clearance because of the
well-known difficulties in timed urine collections. In prin-
ciple, this limitation might be overcome by obtaining re-
peated timed urine collections, but this may not be practi-
cal in many settings. In addition, differences in calibration
of the urine creatinine assays among clinical laboratories
may also limit the accuracy of creatinine clearance mea-
surements. Currently, urine creatinine has not been incor-
porated into NKDEP’s standardization program.

The 4-variable MDRD Study equation has now been
validated extensively in multiple samples with and without
chronic kidney disease. In general, these studies show good
performance in patients with chronic kidney disease, in-
cluding those with diabetes or kidney transplants, those
who are elderly, and those who are African American (15,
17, 18). Other reports have indicated that the MDRD
Study equations underestimate measured GFR in patients
without chronic kidney disease and a GFR less than 90
mL/min per 1.73 m? (14, 16, 27). Differences in creati-
nine calibration may account for this finding in some stud-
ies, but other sources of error in the equations probably
also contribute (45). Underestimation of measured GFR in
samples consisting primarily of persons with normal GFR
is an important limitation of current estimating equations,
especially when using GFR estimates to screen for chronic
kidney disease or to determine the prevalence of chronic
kidney disease in the general population. Future studies
should assess the tradeoff between improving early detec-
tion of chronic kidney disease and mislabeling persons be-
cause of falsely low estimated GFR.

All creatinine-based GFR estimating equations are in-
accurate in patients with low creatinine generation, includ-
ing those with muscle wasting or reduced meat intake.
Some studies suggest that cystatin C may be a more accu-
rate filtration marker in patients with low creatinine gen-
eration and could be incorporated into estimating equa-
tions (46, 47). Future equations should be expressed in
terms of NIST-traceable values for serum creatinine or cys-
tatin C and should be accompanied by an assessment of the
error and uncertainty of GFR estimates at various levels.

Current guidelines recommend that clinical laborato-
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ries report estimated GFR whenever serum creatinine is
measured (1-3, 5-10). With the availability of appropriate
calibrator materials from NIST (SRM 967) and trueness
control materials from the College of American Patholo-
gists (LN24 Linearity Survey), clinical laboratories can es-
tablish and maintain standardized serum creatinine assays
and use reexpressed estimating equations, such as the
4-variable MDRD Study equation, to report GFR esti-
mates.

Clinicians should measure serum creatinine levels to
estimate GFR in persons with chronic kidney disease or in
those at increased risk for this disease (1, 2). Clinicians
should be aware of limitations of the MDRD Study equa-
tion and other GFR estimating equations in apparently
healthy persons with low GFR estimates and in patients
with low creatinine generation. If greater accuracy is
needed in such individuals, then a clearance measurement
can be performed by using exogenous filtration markers or
creatinine clearance.
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