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Background: Serum creatinine concentration is widely
used as an index of renal function, but this concentration is
affected by factors other than glomerular filtration rate
(GFR).

Objective: To develop an equation to predict GFR from
serum creatinine concentration and other factors.

Design: Cross-sectional study of GFR, creatinine clearance,
serum creatinine concentration, and demographic and
clinical characteristics in patients with chronic renal disease.

Patients: 1628 patients enrolled in the baseline period of
the Modification of Diet in Renal Disease (MDRD) Study, of
whom 1070 were randomly selected as the training sam-
ple; the remaining 558 patients constituted the validation
sample.

Methods: The prediction equation was developed by
stepwise regression applied to the training sample. The
equation was then tested and compared with other pre-
diction equations in the validation sample.

Results: To simplify prediction of GFR, the equation in-
cluded only demographic and serum variables. Indepen-
dent factors associated with a lower GFR included a higher
serum creatinine concentration, older age, female sex,
nonblack ethnicity, higher serum urea nitrogen levels, and
lower serum albumin levels (P < 0.001 for all factors). The
multiple regression model explained 90.3% of the vari-
ance in the logarithm of GFR in the validation sample.
Measured creatinine clearance overestimated GFR by 19%,
and creatinine clearance predicted by the Cockcroft-Gault
formula overestimated GFR by 16%. After adjustment for
this overestimation, the percentage of variance of the
logarithm of GFR predicted by measured creatinine clear-
ance or the Cockcroft-Gault formula was 86.6% and
84.2%, respectively.

Conclusion: The equation developed from the MDRD
Study provided a more accurate estimate of GFR in our
study group than measured creatinine clearance or other
commonly used equations.

This paper is also available at http://www.acponline.org.
Ann Intern Med. 1999;130:461-470.

* For members of the Modification of Diet in Renal Disease
Study Group, see N Engl J Med. 1994;330:877-84.

he glomerular filtration rate (GFR) is tradition-
ally considered the best overall index of renal
function in health and disease (1). Because GFR is
difficult to measure in clinical practice, most clini-
cians estimate the GFR from the serum creatinine
concentration. However, the accuracy of this esti-
mate is limited because the serum creatinine con-
centration is affected by factors other than creatinine
filtration (2, 3). To circumvent these limitations,
several formulas have been developed to estimate
creatinine clearance from serum creatinine concen-
tration, age, sex, and body size (4-12). Despite more
recent studies that have related serum creatinine
concentration to GFR (13-24), no formula is more
widely used to predict creatinine clearance than that
proposed by Cockcroft and Gault (4). This formula
is used to detect the onset of renal insufficiency, to
adjust the dose of drugs excreted by the kidney, and
to evaluate the effectiveness of therapy for progres-
sive renal disease. More recently, it has been used
to document eligibility for reimbursement from the
Medicare End Stage Renal Disease Program (25)
and for accrual of points for patients on the waiting
list for cadaveric renal transplantation (26). Major
clinical decisions in general medicine, geriatrics, and
oncology (as well as nephrology) are made by using
the Cockcroft-Gault formula and other formulas to
predict the level of renal function. Therefore, these
formulas must predict GFR as accurately as possible.
The Modification of Diet in Renal Disease
(MDRD) Study, a multicenter, controlled trial, eval-
uated the effect of dietary protein restriction and
strict blood pressure control on the progression of
renal disease (27-30). During the baseline period,
GFR, serum creatinine, and several variables that
affect the relation between them were measured in
patients with chronic renal disease. The purpose of
our study was to develop an equation from MDRD
Study data that could improve the prediction of
GFR from serum creatinine concentration.
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Methods

Baseline Cohort and Measurement Methods in the
Modification of Diet in Renal Disease Study

The overall study design and methods of recruit-
ment for the MDRD Study have been described
elsewhere (31, 32). A total of 1785 patients entered
the baseline period. Of these patients, 1628 (91%)
also underwent measurement of GFR and the other
variables described below; these patients constitute
the study group for these analyses.

Glomerular filtration rate was measured as the
renal clearance of '*I-iothalamate (33, 34). Creati-
nine clearance was computed from creatinine excre-
tion in a 24-hour urine collection and a single mea-
surement of serum creatinine. Serum and urine
creatinine were measured by using a kinetic alkaline
picrate assay with a normal range in serum of 62 to
124 pmol/L (0.7 to 1.4 mg/dL) (35). Glomerular
filtration rate and creatinine clearance were ex-
pressed per 1.73 m? of body surface area by multi-
plying measured values by 1.73/body surface area
(36). The serum and urine specimens were also
used for other measurements, including serum albu-
min (bromcresol green method [35]), serum urea
nitrogen (urease method [35]), and urine urea ni-
trogen (urease method [35]). Protein intake (g/d)
was estimated as 6.25 [UUN (g/d) + 0.031 (g/kg per
day) SBW (kg)], where UUN is urine urea nitrogen,
SBW is standard body weight, and 0.031 g/kg per
day is a constant reflecting the rate of excretion of
nitrogen in compounds other than urine urea (37,
38). The diagnosis of diabetes and the cause of
renal disease were assigned on the basis of chart
review at the clinical center (39).

Statistical Analysis

Descriptive Statistics

The relation of renal function measurements to
other baseline characteristics was assessed by using
contingency tables, t-tests, analysis of variance, and
linear regression, as appropriate. Nonparametric
tests (Wilcoxon rank-sum tests and Kruskal-Wallis
tests) gave consistent results. A P value less than
0.01 was considered statistically significant.

Multivariable Analysis of Glomerular Filtration Rate
We used stepwise multiple regression to deter-
mine a set of variables that jointly predicted GFR.
The stepwise regression models were developed by
using a training sample consisting of a random sam-
ple of 1070 of the 1628 patients. We found that the
variability of the difference between the observed
and predicted GFR values was greater for higher
GFR values. This increase was eliminated by perform-
ing multiple regressions on log-transformed data.

462 16 March 1999 - Annals of Internal Medicine -

To facilitate clinical interpretation, the results were
re-expressed in terms of the original units. Conse-
quently, the prediction equation is a multiplicative
model; regression coefficients refer to the change in
geometric mean GFR associated with unit changes
in the independent variable. Predicted GFR is ex-
pressed in mL/min per 1.73 m?.

The following variables were considered for pos-
sible inclusion in the regression model: weight,
height, sex, ethnicity, age, diagnosis of diabetes, se-
rum creatinine concentration, serum urea nitrogen
level, serum albumin level, serum phosphorus level,
serum calcium level, mean arterial pressure, urine
creatinine level, urine urea nitrogen level, urine pro-
tein level, and urine phosphorus level. The cause of
renal disease was not included because in clinical
practice, the cause may be unknown or clinicians
may not use the same classification method as the
investigators in the MDRD Study. A P value less
than 0.001 was used as the criterion for entry of a
variable into the model. Because of the difficulty in
collecting complete 24-hour urine samples in clinical
practice, an additional stepwise regression was per-
formed to develop a prediction model that did not
include urine biochemistry variables. Finally, because
of the interest in developing a prediction equation
to assess eligibility for Medicare reimbursement and
listing for cadaveric renal transplantation, we re-
peated the analysis restricting the population to the
subgroup of patients with higher serum creatinine
concentrations (>221 umol/L [2.5 mg/dL]; n = 509
in the training sample).

Methods for Comparing Equations To Predict
Glomerular Filtration Rate

We first developed coefficients for each predic-
tion equation (including the selection of the predic-
tor variables for the stepwise regressions) using the
data from the training sample to predict log GFR.
Each prediction equation also included a multipli-
cative constant to account for any consistent bias in
the application of that equation in the MDRD
Study Group. This was particularly important for
equations that are intended to estimate creatinine
clearance, which is known to be higher than GFR.
The regression coefficients determined in the train-
ing sample were then applied to obtain predicted
GFRs in a separate validation sample consisting of
the remaining 558 patients (172 patients with serum
creatinine concentration > 221 umol/L [2.5 mg/
dL]). These predicted GFR values were compared
with the actual GFRs in the validation sample to
evaluate the performance of each prediction equa-
tion. In this way, separate data sets were used to
construct the equations and assess their accuracy
after removal of systematic bias. For each equation,
we computed overall R? (percentage of variability in
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Table 1.

in the Modification of Diet in Renal Disease Study Baseline Cohort*

Association of Renal Function with Demographic and Clinical Characteristics, Protein Intake, and Blood Pressure

Characteristic

Glomerular Filtration Rate

Creatinine Clearance

Serum Creatinine Concentration

mL-s?

m~2 (mL/min per 1.73 m?)

mmol/L (mg/dL)

Overall (n = 1628)
Sex
Male (n = 983)
Female (n = 645)
Ethnicity
Black (n = 197)
White (n = 1304)

Age
=55y (n = 947)
>55y(n = 681)

Diabetes status
Diabetic (n = 99)
Nondiabetic (n = 1529)
Cause of renal disease
Polycystic kidney disease (n = 364)
Glomerular (n = 525)
Tubulointerstitial (n = 121)
Other or unknown (n = 618)
Protein intake®
<0.85 g/kg per day (n = 480)
0.85-1.05 g/kg per day (n = 585)
>1.05 g/kg per day (n = 562)
Mean arterial pressure§
<98 mm Hg (n = 758)
98-107 mm Hg (n = 466)
>107 mm Hg (n = 404)

0.38 £ 0.20(39.8 = 21.2)

0.39 = 0.2 (40.2 = 20.4)
0.38 £0.21(39.1 £ 22.3)

0.42 = 0.21(43.6 = 21.4)t
0.38 +0.2(39.2 = 20.8)

0.4 +0.22(41.5 = 22.7)t
0.36 +0.18(37.4 = 18.7)

0.38 + 0.22 (39.3 + 23.1)
0.38 +£0.2(39.8 = 21.1)

0.38 = 0.22 (39.9 + 22.5)

0.37 £0.2(38.6 = 21.2)

0.36 = 0.19(37.5 = 19.2)
0.4 +0.2(41.1+20.7)

0.32 £ 0.2(32.9 = 19.6)
0.37 = 0.18(38.6 = 19.1)
0.45 + 0.22 (46.8 + 22.3)

0.4 +0.22(41.0 = 22.4)
0.38 +£0.19(39.3 = 19.9)
0.37 = 0.19(38.0 = 20.1)

0.47 = 0.24 (48.6 + 24.5)

0.48 + 0.24 (49.6 + 24.8)
0.45 + 0.23 (47.0 = 23.9)

203 £106 (2.3 £1.2)

212 £106 2.4 = 1.2)t
177 =97 (2.0 = 1 1)

0.48 + 0.25(49.8 + 25.4) 212 £115(2.4 = 1.3)
0.47 +0.23 (48.3 + 23.8) 195 +97 (2.2 = 1.1)
0.49 = 0.25(50.4 + 26.1)t 203 +£106 (2.3 +1.2)
0.44 + 0.21 (46.0 = 21.8) 194 97 (2.2 = 1.1)
0.46 + 0.25 (47.6 + 25.5) 186 + 88 (2.1 = 1.0)
0.47 +0.24 (48.7 + 24.4) 203 =106 (2.3 = 1.2)
0.46 + 0.24 (47.3 + 24.6) 203 £ 115(2.3 = 1.3)
0.47 +0.25(48.9 + 25.4) 203 =106 (2.3 = 1.2)
0.44 + 0.23 (45.8 = 24.2) 186 =80 (2.1 =0.9)
0.48 + 0.23 (49.6 + 23.6) 194 9722 =*1.1)
0.35 +0.19(36.6 = 19.8) 230 £ 124 (2.6 = 1.4)
0.45 + 0.2 (47.0 =21.2) 203 =106 (2.3 i .2)
0.58 + 0.25 (60.5 *+ 25.8) 168 =80 (1.9 = 0.9)

0.48 + 0.24 (49.7 + 25.1)
0.47 +0.24 (49.2 + 25.3)
0.44 = 0.21 (45.8 = 22.1)

194 9722 =*1.1)
203 =106 (2.3 i 2
212 £106 (24 =12

=

* Data are given as the mean = SD and are moderately positively skewed so that mean is slightly higher than the median in each subgroup.

1 Subgroup means differ from each other (P = 0.01).

+ Protein intake was significantly correlated with glomerular filtration rate, creatinine clearance, and serum creatinine concentration (P < 0.01).
§ Mean arterial pressure was significantly correlated with serum creatinine concentration (P < 0.01).

log GFR explained by the regression model) and
the 50th, 75th, and 90th percentiles of the distribu-
tion of the percentage absolute difference between
measured and predicted GFRs in the validation
sample. The 50th percentiles indicate the typical
size of the errors in prediction of GFR, and the
75th and 90th percentiles assess the sizes of the
larger errors that occurred for each model.

Development of Final Prediction Equations

To improve the accuracy of the final MDRD
Study prediction equations, the regression coeffi-
cients derived from the training sample were up-
dated on the basis of data from all 1628 patients. As
a result, the standard errors of the regression coef-
ficients in the final MDRD Study prediction equa-
tions are slightly smaller than those derived from
the training sample; thus, the accuracy of the final
prediction equations may be slightly better (by
about 0.1% to 0.2%) than their accuracy as assessed
in the validation sample.

Results

Demographic and Clinical Characteristics

The mean age (= SD) of the cohort was 50.6 =
12.7 years. Sixty percent of patients were male, 88%
were white, and 6% were diabetic. Causes of renal
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disease were glomerular disease (32%), polycystic
kidney disease (22%), tubulointerstitial disease
(7%), and other or unknown renal diseases (40%).
Mean protein intake was 0.99 = 0.24 g/kg of body
weight per day and mean arterial pressure was
99.4 = 12.2 mm Hg. Mean weight was 79.6 = 16.8
kg, body surface area was 1.91 + 0.23 m?, serum
urea nitrogen concentration was 11.4 = 5.7 mmol/L
[32 = 16 mg/dL], and serum albumin concentration
was 40.0 = 4.0 g/L [4.0 = 0.4 g/dL], respectively.

Glomerular Filtration Rate, Creatinine Clearance,
and Serum Creatinine Concentration

Renal function measurements for the study group
and for various subgroups are shown in Table 1.
Mean GFR for the population was 0.38 mL- s~ 2-
m~? (39.8 mL/min per 1.73 m?), with lower values
in patients with lower protein intake, white patients
compared with black patients, and older patients
(=55 years) compared with younger patients (P <
0.01). The mean value of creatinine clearance was
0.81 mL-s™%+-m 2 (48.6 mL/min per 1.73 m?) and
was lower in older patients and patients with lower
protein intake (P = 0.01). The mean serum creati-
nine concentration was 203 umol/L (2.3 mg/dL) and
was higher in men, patients with lower protein in-
take, and patients with higher mean arterial pres-
sure (P =0.01). Figure 1 shows the well-known
reciprocal relation of serum creatinine concentra-
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Figure 1. Relation of serum creatinine concentration to measured
glomerular filtration rate (GFR). Each point represents the baseline mea-
surement for one patient during the MDRD Study. Glomerular filtration rate
was measured as the renal clearance of '?°l-iothalamate. Serum creatinine
concentration (P.) was measured by using a kinetic alkaline picrate assay.
Values are shown separately for men (n = 915) and women (n = 586) by
ethnicity (white persons [dashed lines and dots] and black persons [solid
lines and circles]). Regression lines were computed from the relation 1/P,
compared with GFR. Black men (n = 113) have higher serum creatinine
values than white men (n = 802) (P < 0.001); black women (n = 84) have
higher serum creatinine values than white women (n = 502) (P < 0.001). To
convert ml/min per 1.73 m? to mL-s™2-m~2, multiply by 0.00963. To
convert mg/dL to umol/L, multiply by 88.4.

tion to GFR for subgroups based on sex and eth-
nicity. At any given GFR, the serum creatinine con-
centration is significantly higher in men than in
women and in black persons than in white persons
(P < 0.001).

Relation among Clearance Measurements and
Prediction of Glomerular Filtration Rate from
Transformations of Serum Creatinine
Concentration

The relations of GFR to creatinine and urea
clearances are shown in Figure 2. Creatinine clear-
ance usually exceeds GFR because of tubular secre-

tion, whereas urea clearance is usually lower than
GFR because of tubular reabsorption. The mean of
creatinine and urea clearances provides a more ac-
curate estimate of GFR. The relations of GFR to the
reciprocal of serum creatinine (P.) X 100 (100/P,)
and creatinine clearance predicted by the Cockcroft—
Gault equation are also shown in Figure 2. As did
measured creatinine clearance, the Cockcroft-Gault
equation yielded values that were higher than the
actual values for GFR.

Prediction of Glomerular Filtration Rate from
Multiple Regression Models Derived from the
Modification of Diet in Renal Disease Study

We developed equations to predict log GFR us-
ing stepwise regression applied to a randomly se-
lected training sample of 1070 patients. We then
validated the equations in the remaining 558 pa-
tients. Only variables with a P value less than 0.001
were included in the final models. In this section,
we describe the final models on the basis of data
from all 1628 patients. Table 2 shows the variables
in the final models. The prediction equations (equa-
tions 6 and 7) are shown in Table 3. As expected,
predicted GFR does not systematically deviate from
measured GFR (Figure 3), although a few values
for measured GFR are below predicted values when
GFR is normal or high.

As in the Cockcroft-Gault equation, the recipro-
cal of serum creatinine concentration is included in
both models. The reciprocal of serum urea nitrogen
concentration was also an independent predictor of
GFR; this probably reflects the relation between
GFR and urea clearance. Both urea and creatinine
undergo glomerular filtration but are handled dif-
ferently by the renal tubules; thus, it is not surpris-
ing that the serum levels of urea nitrogen and cre-
atinine, although both are related to the level of
GFR, would vary independently.

Older age and female sex were independent pre-
dictors of lower GFR, presumably reflecting the
well-known relations of age and sex to muscle mass
(40). Lower muscle mass, as observed in older per-
sons and in women, causes lower urine creatinine
excretion and, therefore, lower serum creatinine
concentration at any GFR. Body size is also associ-
ated with urine creatinine excretion. However, be-
cause equations from the MDRD Study predict
GFR adjusted for body surface area, neither height
nor weight was an independent predictor of ad-
justed GFR. Black ethnicity was an independent
predictor of higher GFR. Previous studies have
shown that on average, black persons have greater
muscle mass than white persons (41-43). In other
analyses, we found that black ethnicity was an in-
dependent predictor of higher urine creatinine ex-
cretion (data not shown).
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Figure 2. Relation of measured creatinine and urea clearances and transformations of serum creatinine concentration (P.,) to measured
glomerular filtration rate (GFR). Each point represents the baseline measurement during the Modification of Diet in Renal Disease Study (n = 1628).
Correlations are shown for GFR, measured as the renal clearance of '2°|-iothalamate. Solid lines are lines of identity. A. Creatinine clearance. B. Urea clearance.
C. The mean of creatinine and urea clearances. D. Reciprocal of serum creatinine, X100. E. Creatinine clearance estimated by the Cockcroft-Gault formula:
Cer = [(140 — age) x weightl/(P., X 72) for men or C = [(140 — age) — weight]/(P., X 85) for women, where C,, is creatinine clearance and is given in
mL/min, P, is serum creatinine concentration and is given in mg/dL, age is given in years, and weight is given in kg. Estimated creatinine clearance was then

adjusted for body surface area and expressed per 1.73 m?. To convert mL/min to mL/s, multiply by 0.01667; to convert mL/min per 1.73 m? tomL -5 2+

multiply by 0.00963; to convert mg/dL to wmol/L, multiply by 88.4.
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Table 2. Multiple Regression Models To Predict Glomerular Filtration Rate (mL/min per 1.73 m?) from Serum
Creatinine Concentration*
Variable Change in GFR per 10% Change in Variable Multiplication Factor for GFR
(95% ClI) (95% ClI)
Model Based on Model Based on Model Based on Model Based on
Demographic, Serum, Demographic and Demographic, Serum, Demographic and
and Urine Variables Serum Variables Only and Urine Variables Serum Variables Only
(Equation 6) (Equation 7) (Equation 6) (Equation 7)
%
Continuous
Serum creatinine concentration —7.8(—8.2to —7.5) —9.1(—-9.4to —8.8) - -
Age -1.6(-19t0 —1.3) —-1.7(-2.0to —1.4) - -
Serum urea nitrogen concentration —2.7(-3.1t0 —-2.4) —-16(-19t0 —1.3) - -
Urine urea nitrogen concentration 24(2.11t02.7) - -

Serum albumin concentration -
Dichotomous

Sex (female) -

Ethnicity (black) -

3.1(2.1t04.0) - -

- 0.82 (0.80 t0 0.84)
- 1.18(1.15t0 1.21)

0.76 (0.75 t0 0.78)
1.18(1.15t0 1.21)

* GFR = glomerular filtration rate; P < 0.001 for all variables.

In equation 6 (the model including urine bio-
chemistry variables), lower urine urea nitrogen ex-
cretion was also an independent predictor of lower
GFR, which could reflect the association of lower
protein intake with lower GFR. In the randomized
cohort of the MDRD Study, we previously showed
that lower protein intake causes a reduction in GFR
(44, 45). Alternatively, the relation between GFR
and urine urea nitrogen that we saw in the baseline
cohort may reflect a spontaneous reduction in pro-
tein intake that occurs as renal function declines in
chronic renal disease. In equation 7 (the model
excluding urine biochemistry values), serum albumin
concentration seems to substitute for urine urea
nitrogen concentration with little loss of accuracy;
this may also reflect protein intake.

A diagnosis of diabetes was not an independent
predictor of GFR. Some authors have suggested
that the relation between serum creatinine concen-

Table 3. Comparison of Equations To Predict Glomerular
Filtration Rate (mL/min per 1.73 m?) from Serum
Creatinine Concentration*

Equation 1: Serum creatinine
GFR = 0.69 X [100/P,,]
Equation 2: Cockcroft-Gault formula
GFR = 0.84 X [Cockcroft-Gault formula]
Equation 3: Creatinine clearance
GFR = 0.81 X [C,,]
Equation 4: Average of creatinine and urea clearance
GFR = 1.11 X [(Cy, + Cpreal2]
Equation 5: Creatinine clearance, urea clearance, and demographic variables
GFR = 1.04 X [C 70751 X [Cyreal 7922 X [1.109 if patient is black]
Equation 6: Demographic, serum, and urine variables
GFR = 198 X [P, ]708%8 X [Age] %167 X [0.822 if patient is
female] x [1.178 if patient is black] X [SUN]~©-293 X [UUN]*©-249
Equation 7: Demographic and serum variables only
GFR = 170 X [P,]7999% X [Age]~%17¢ X [0.762 if patient is
female] x [1.180 if patient is black] X [SUN] 9170 x [Alb]*©-318

* Cockcroft-Gault formula and creatinine clearance are adjusted for body surface area.
Age, sex, and weight each had a P value > 0.75; none of them entered equation 5.
Alb = serum albumin concentration (g/dL); C, = creatinine clearance (mL/min per 1.73
m?); Curea = Urea clearance (ml/min per 1.73 m?); P, = serum creatinine concentra-
tion (mg/dL); SUN = serum urea nitrogen concentration (mg/dL); UUN = urine urea
nitrogen concentration (g/d).

tration and GFR differs between diabetic and non-
diabetic patients. In other analyses (data not shown), a
term for diabetes forced into the multivariable model
(equation 7) was nonsignificant (P = 0.19).

For both multiple regression models, serum cre-
atinine concentration was the most important pre-
dictor variable. Variability in serum creatinine con-
centration accounted for 80.4% of the variability in
GFR (R’, data not shown). Table 2 shows the ex-
pected changes in mean GFR for 10% changes in
continuous variables (serum creatinine level, age,
serum urea nitrogen level, urine urea nitrogen level,
and serum albumin level). For example, a 10% in-
crease in serum creatinine was associated with a
7.8% and 9.1% decrease in mean GFR, respec-
tively, in both multiple regression models (equations
6 and 7), assuming no change in the remaining
variables. Table 2 lists multiplication factors for di-
chotomous variables (sex and ethnicity). For exam-
ple, in both models, black ethnicity was associated
with a multiplication factor of 1.18, indicating that
the expected mean GFR is 18% higher for black
persons than for white persons when the same val-
ues are assumed for the other predictor variables.

Comparison of Prediction Equations

We compared the seven equations (Table 3) for
their performance in predicting log GFR in the
validation sample (Figure 4). The maximal R? value
(91.2%) was associated with the multiple regression
model that included urine biochemistry variables
(equation 6). The multiple regression model derived
from only demographic and serum biochemistry val-
ues (equation 7) was only slightly less precise
(R?=90.3%). The differences in R’ among the
equations may seem small, but the accuracy of
equations 6 and 7 compared with equation 1 reflects
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a reduction in unexplained variance (1 — R?) by more
than half (from 19.6% to a range of 8.8% to 9.7%).

The improvement in performance can also be
shown by comparing the percentage absolute differ-
ences between the predicted and measured GFR
values for each equation (Figure 4). A lower per-
centage absolute difference indicates a more narrow
distribution of predicted GFR values, which reflects
a more accurate estimate of measured GFR. The
multiple regression models (equations 6 and 7) were
the most accurate, especially for the 75th and 90th
percentiles of the percentage absolute differences.
Of note, equation 7, which does not require urine
collection, provided a more precise estimate of
GFR than the measured creatinine clearance (equa-
tion 3) or the equations based on measured creati-
nine and urea clearances (equations 5 and 6).

Each of the alternative prediction equations in
Table 3 included a multiplication factor derived
from the training sample to correct for bias before
comparisons with the MDRD Study prediction
equations. For example, creatinine clearance pre-
dicted by the Cockcroft-Gault equation overesti-
mated measured GFR by 16%. In clinical practice,
such bias adjustments are not usually made. Thus,
in clinical settings, the difference in performance
among the equations from the MDRD Study and
the alternative methods can be expected to be
greater than that suggested by Figure 4. Without
adjustments for bias, the median absolute errors
(and the median percentage absolute errors) for the
Cockceroft-Gault equation and equation 7 (from the
MDRD Study) were 6.8 mL/min per 1.73 m?
(19.8%) and 3.8 mL/min per 1.73 m* (11.5%), re-
spectively. The 75th percentile of the percentage
absolute errors was 12.2 mL/min per 1.73 m?
(33.5%) for the Cockcroft-Gault equation and 6.9
mL/min per 1.73 m? (19.8%) for equation 7. The
90th percentile of the percentage absolute errors was
19.1 mL/min per 1.73 m* (47.5%) for the Cockcroft—
Gault equation and 129 mL/min per 1.73 m?
(28.4%) for equation 7.

Comparison of Prediction Equations in Patients
with Higher Serum Creatinine Concentrations

In the subgroup of patients with serum creatinine
concentrations greater than 221 pumol/L (2.5 mg/
dL), the median percentage absolute differences in
the validation sample between measured GFR and
GFR predicted from equations 6 and 7 were similar
to results obtained with data from the full study
group (Figure 4). Values for R? were not computed
for the subgroup because of the smaller range of
GFR. We also compared the MDRD Study predic-
tion equations to the three prediction equations
reported by Walser and coworkers (22), which were
derived from patients with higher concentrations of
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Figure 3. Relation of predicted glomerular filtration rate (GFR) to
measured GFR. Each point represents the baseline measurement during
the Modification of Diet in Renal Disease (MDRD) Study (n = 1628). Top.
Glomerular filtration rate predicted by using MDRD Study equation 6. Bot-
tom. Glomerular filtration rate predicted by using MDRD Study equation 7.
Solid lines are lines of identity. To convert mU/min per 1.73 m? to
mL+s™2+-m~2, multiply by 0.00963.

serum creatinine (=177 uwmol/L [2.0 mg/dL]) who
underwent repeated measurement of GFR by renal
clearance of °’™Tc-diethylenetriamine pentaacetic
acid. The absolute differences between predicted
and measured GFR were consistently higher for the
Walser equations than for the MDRD Study equa-
tions (14.2% to 16.7% for the median percentage
absolute error, 25.7% to 25.9% for the 75th percen-
tile of the absolute error, and 35.5% to 41.3% for
the 90th percentile of the absolute error).

Discussion

The systematic evaluation of many patients with
chronic renal disease during the baseline period of
the MDRD Study allowed us to evaluate the rela-
tion of serum creatinine concentration to GFR. Us-
ing this large database and multiple regression analy-
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Figure 4. Comparison of equations to predict glomerular filtration
rate (GFR). The values of R? indicate the percentage of variance of log GFR
accounted for in the validation sample (n = 558) by equations derived from
the training sample (n = 1070). The values of 1 — R? indicate the percent-
age of variance in log GFR that is unexplained by each equation. C, =
creatinine clearance; C,,., = Urea clearance; P, = serum creatinine concen-
tration.

ses, we developed equations for predicting GFR
from the serum creatinine concentration and com-
pared them with other equations. The equations
based on measured or estimated creatinine clear-
ance systematically overestimated GFR. Even after
adjustment to correct for these systematic errors,
variability in predicted GFR compared with mea-
sured GFR was lowest in the regression equations
developed from the MDRD Study database (R® =
91.2% for equations 6 and 90.3% for equation 7)
(Table 3). Furthermore, accuracy was maintained
even when the validation sample was restricted to
patients with higher concentrations of serum creat-
inine (=221 uwmol/L [2.5 mg/dL]). Therefore, the
MDRD Study prediction equations seem to be more
accurate (they demonstrate less bias and greater
precision) in predicting GFR than measured creat-
inine clearance or other commonly used equations.

Factors associated with creatinine excretion, such
as age, sex, and ethnicity, are included in the equa-
tions from the MDRD Study and contribute to their
accuracy. However, equations 6 and 7 do not in-
clude urine creatinine excretion and both equations
provide a more accurate estimate of GFR than does
measured creatinine clearance. Eliminating 24-hour
urine collections for the clinical estimation of renal
function (equation 7) would simplify the procedures
used in most general medicine, geriatric, oncology,
and nephrology practices.

Inaccurate estimation of the level of renal func-
tion can lead to failure to identify the onset of renal
insufficiency and end-stage renal disease and to er-
rors in the prescribed dosage of drugs for patients
with chronic renal disease. Table 4 gives examples

of creatinine clearance predicted from the Cock-
croft-Gault equation and GFR predicted from the
MDRD Study equation (equation 7) for hypotheti-
cal patients with varying serum creatinine concen-
trations and other characteristics. These examples
demonstrate the wide range of values of renal func-
tion predicted in patients with the same value for
serum creatinine (124 or 354 umol/L [1.4 or 4.0
mg/dL]). Most important, these examples show that
the predicted level of renal function is lower, espe-
cially in older persons and in women, than might
have been anticipated from inspection of the serum
creatinine alone, as is usually done in clinical prac-
tice. Patients with a serum creatinine concentration
of 124 pmol/L (1.4 mg/dL), a value within the nor-
mal range in many clinical laboratories, would have
renal insufficiency, as defined by serum creatinine con-
centration, creatinine clearance, or GFR less than two
standard deviations below the normal range. Pa-
tients with a serum creatinine concentration of 354
pmol/L (4.0 mg/dL) would be approaching end-stage
renal disease, as defined by a GFR less than 0.0963
mL-s™2- m 2 (10 mL/min per 1.73 m?). These
examples emphasize the importance of routinely us-
ing an equation to estimate the level of renal function.

The MDRD Study prediction equation (equation
7), which could be easily implemented in clinical
practice, has several advantages over other equa-
tions. Equation 7 predicts GFR rather than creati-
nine clearance; uses a validated method for measur-
ing GFR (renal clearance of '*’I-iothalamate) (33,
34); uses the method for measuring serum creati-
nine (the kinetic alkaline picrate reaction) that has
been most widely accepted in U.S. clinical labora-
tories (46); has been validated in a cohort of pa-
tients (the validation sample) that differed from the
cohort used to derive it (the training sample); pre-
dicts GFR over a wide range of values and can
therefore be used for various purposes (including
adjusting the doses of medications excreted by glo-
merular filtration, identifying renal insufficiency, as-
sessing the progression of renal disease, and detect-
ing the onset of end-stage renal disease); seems to
be more accurate than the other equations tested;
does not require collection of a timed urine sample
or measurement of height and weight; includes a
term for ethnicity (which is important because
chronic renal disease is more prevalent among black
persons); and does not require knowledge of the
cause of renal disease. In addition, the required
demographic data are readily available, and the
measurements of urea nitrogen and albumin can be
obtained from the same serum sample used for
measurement of creatinine. The predicted GFR
could be computed and reported by the clinical
laboratory that receives the blood sample and pa-
tient demographic data.
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However, there are disadvantages to using the
MDRD Study prediction equation. First, the valida-
tion sample was drawn from the same population as
the training sample. Thus, the performance of the
MDRD Study equation in populations with different
distributions of patient characteristics may not be
the same as the performance seen in the MDRD
Study validation sample. However, the MDRD
Study prediction equation performed consistently
well in each of the patient subgroups indicated in
Table 1 (data not shown), suggesting that it may
perform relatively well in populations with different
proportions of patients in these particular subgroups.

Second, the prediction equation has not been
tested in all subgroups. For example, persons with-
out renal disease, persons with type 1 diabetes, and
persons with type 2 diabetes who receive insulin,
children (persons < 18 years of age), elderly persons
(persons > 70 years of age), pregnant women, pa-
tients with serious comorbid conditions, and renal
transplant recipients were not eligible for entry into
the MDRD Study during the baseline period. In
addition, the prediction equation has been tested in
relatively few black persons (n = 197; 12%) and
persons with type 2 diabetes who are not receiving
insulin (n =99 [6%]). It has not been tested in
patients with extreme values for serum albumin con-
centration. Reduction in serum albumin concentra-
tion may be caused by factors other than reduction
in dietary protein intake, such as major surgery,
liver disease, systemic inflammatory disease, malig-
nant conditions, or severe cases of the nephrotic
syndrome. However, to our knowledge, no other
prediction equation has been tested in such a large
number of patients with diverse characteristics and
diverse causes of chronic renal disease. Studies in
different populations would help establish further
usefulness of the MDRD Study prediction equation.

Third, determination of the correct drug dosage
may require computation of GFR that is not ad-
justed for body surface area (mL/min). Unadjusted
GFR can be computed by multiplying the value of
predicted GFR by the term body surface area/1.73
m? without loss of accuracy. Fourth, as with all
prediction equations based on serum creatinine con-
centration, the MDRD Study prediction equation is
inaccurate for patients not in a steady state of cre-
atinine balance (such as patients with acute renal
failure). The equation is also inaccurate for patients
in whom drugs or medical conditions interfere with
creatinine secretion (for example, cimetidine or tri-
methoprim therapy) or creatinine assay (for example,
diabetic ketoacidosis or administration of certain
cephalosporins). In these circumstances, accurate as-
sessment of GFR requires clearance measurements.

In principle, the MDRD Study prediction equa-
tion could also be used to assess the level of renal

Table 4. Examples of Estimating Renal Function from
Serum Creatinine by Using the Cockcroft-Gault
Equation and Modification of Diet in Renal
Disease Study Prediction Equation*

P Age Sex Ethnicity ~ Predicted Predicted GFR+

Cot

mg/dL y mL/min mlL/min per 1.73 m?

1.4 45 Male White 71 58

1.4 45 Male Black 71 68

1.4 45 Female White 52 44

1.4 45 Female Black 52 52

1.4 70 Male White 52 54

1.4 70 Male Black 52 63

1.4 70 Female White 38 41

1.4 70 Female Black 38 48

4.0 45 Male White 25 17

4.0 45 Male Black 25 20

4.0 45 Female White 18 13

4.0 45 Female Black 18 15

4.0 70 Male White 18 15

4.0 70 Male Black 18 18

4.0 70 Female White 13 12

4.0 70 Female Black 13 14

* C¢ = creatinine clearance; GFR = glomerular filtration rate; P, = serum creatinine concen-
tration.

t Determined by using the Cockcroft-Gault formula, assuming body weight of 75 kg in
men and 65 kg in women. Predicted C, is multiplied by 0.85 in women. The normal
mean value for C, is 140 and 125 mL/min per 1.73 m? in young men and young
women, respectively. The normal standard deviation is approximately 20 mL/min per
1.73 m?. To convert mL/min to mL/s, multiply by 0.01667.

+ Determined by using Modification of Diet in Renal Disease Study equation 7, assuming
1) serum urea nitrogen concentration of 20 mg/dL and serum albumin concentration of
4.0 mg/dL when serum creatinine concentration is 1.4 mg/dL and 2) serum urea
concentration of 50 mg/dL and serum albumin concentration of 3.5 mg/dL when
serum creatinine concentration is 4.0 mg/dL. The normal mean value for GFR (insulin
clearance) is 130 and 120 mL/min per 1.73 m? in young men and young women,
respectively. The normal standard deviation is approximately 20 mL/min per 1.73 m?.
To convert ml/min per 1.73 m? to mL - s~ - m ™2, multiply by 0.00963.

function in clinical research studies. In particular,
we and others (44) have shown that the serum
creatinine concentration can be misleading when
used to judge the efficacy of therapies designed to
slow the progression of chronic renal disease, espe-
cially dietary protein restriction. Whether assess-
ment of changes in predicted GFR would be more
useful than measurements of changes in serum creat-
inine concentration has not been evaluated.

In summary, we have developed a new equation
(Table 3, equation 7) to predict GFR that uses
serum creatinine concentration, demographic char-
acteristics (age, sex, and ethnicity), and other serum
measurements (urea nitrogen and albumin concen-
trations) and is more accurate than other widely
used prediction equations. The process of comput-
ing and reporting GFR that is predicted from serum
creatinine concentrations could be implemented in
clinical laboratories by routinely requesting patient
demographic data and by measuring serum urea
nitrogen and serum albumin levels in addition to
serum creatinine levels. We recommend routinely
using the MDRD Study prediction equation to pre-
dict GFR from serum creatinine concentration.

Note Added in Proof: Since submission of the manu-
script, additional studies have been performed that
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validate the MDRD Study prediction equation in
other groups of patients with chronic renal disease,
including MDRD Study randomly assigned patients
at the onset of end-stage renal disease (47), black
persons with hypertensive renal disease (48), and
renal transplant recipients (with a high proportion
of diabetic patients) (49). The equation has not
been validated in persons without renal disease.
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