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ABSTRACT

BACKGROUND

Estimates of glomerular filtration rate (GFR) that are based on serum creatinine are
routinely used; however, they are imprecise, potentially leading to the overdiagnosis
of chronic kidney disease. Cystatin C is an alternative filtration marker for estimat-
ing GFR.

METHODS

Using cross-sectional analyses, we developed estimating equations based on cystatin
C alone and in combination with creatinine in diverse populations totaling 5352 par-
ticipants from 13 studies. These equations were then validated in 1119 participants
from 5 different studies in which GFR had been measured. Cystatin and creatinine
assays were traceable to primary reference materials.

RESULTS

Mean measured GFRs were 68 and 70 ml per minute per 1.73 m? of body-surface
area in the development and validation data sets, respectively. In the validation data
set, the creatinine—cystatin C equation performed better than equations that used
creatinine or cystatin C alone. Bias was similar among the three equations, with a
median difference between measured and estimated GFR of 3.9 ml per minute per
1.73 m? with the combined equation, as compared with 3.7 and 3.4 ml per minute
per 1.73 m? with the creatinine equation and the cystatin C equation (P=0.07 and
P=0.05), respectively. Precision was improved with the combined equation (inter-
quartile range of the difference, 13.4 vs. 15.4 and 16.4 ml per minute per 1.73 m?,
respectively [P=0.001 and P<0.001]), and the results were more accurate (percent-
age of estimates that were >30% of measured GFR, 8.5 vs. 12.8 and 14.1, respec-
tively [P<0.001 for both comparisons]). In participants whose estimated GFR based
on creatinine was 45 to 74 ml per minute per 1.73 m?, the combined equation im-
proved the classification of measured GFR as either less than 60 ml per minute per
1.73 m? or greater than or equal to 60 ml per minute per 1.73 m? (net reclassifica-
tion index, 19.4% [P<0.001]) and correctly reclassified 16.9% of those with an esti-
mated GFR of 45 to 59 ml per minute per 1.73 m? as having a GFR of 60 ml or
higher per minute per 1.73 m?2.

CONCLUSIONS

The combined creatinine—cystatin C equation performed better than equations based
on either of these markers alone and may be useful as a confirmatory test for chron-
ic kidney disease. (Funded by the National Institute of Diabetes and Digestive and
Kidney Diseases.)
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ESTIMATING GLOMERULAR FILTRATION RATE

LINICAL ASSESSMENT OF KIDNEY FUNC-

tion is part of routine medical care for

adults.* More than 80% of clinical laborato-
ries now report an estimated glomerular filtration
rate (GFR) when serum creatinine is measured.?
Despite standardization of serum creatinine as-
says, GFR estimates remain relatively imprecise?
owing to variation in non-GFR determinants of
serum creatinine, which may be affected in both
acute and chronic illness.* Such imprecision can
potentially result in the misclassification of pa-
tients whose estimated GFR is less than 60 ml per
minute per 1.73 m? of body-surface area as having
chronic kidney disease, leading to unnecessary di-
agnostic and therapeutic interventions.

Cystatin C is considered to be a potential alter-
native to serum creatinine for estimating GFR.*>
In studies of prognosis, it has been consistently
shown to be a better marker than creatinine,® and
estimated GFR based on cystatin C could be used
as a confirmatory test for an adverse prognosis in
patients with chronic kidney disease.” The validity
and accessibility of cystatin C testing have been
greatly improved by the release of a certified ref-
erence material for calibrating laboratory as-
says®? and by the development of new, less ex-
pensive methods for automated analyzers.

Here we report the development and validation
of two new equations for estimating GFR — one
using standardized cystatin C alone and the other
using cystatin C combined with standardized cre-
atinine — in diverse populations. We evaluated
their performance, as compared with existing
equations,>1%11 and tested their usefulness in im-
proving the classification of patients with chron-
ic kidney disease.

METHODS

STUDY DESIGN AND DATA SOURCES

The Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) conducted the study under a
cooperative agreement with the National Institute
of Diabetes and Digestive and Kidney Diseases
(NIDDK). CKD-EPI collaborators provided data
from clinical research studies and clinical popu-
lations.? GFR measurements were based on urinary
or plasma clearance of exogenous filtration mark-
ers. Data from studies of urinary clearance of io-
thalamate were used for development and internal
validation, and data from studies of other filtra-
tion markers were used for external validation.
We included 13 studies with 5352 participants, who
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were randomly divided into separate data sets for
development (3522) and internal validation (1830)
(see Table Sla in the Supplementary Appendix,
available with the full text of this article at NEJM
.org). We included 5 other studies with 1119 par-
ticipants for external validation (Table S1b in the
Supplementary Appendix). We excluded studies in-
volving transplant recipients because our prelimi-
nary analyses showed large variations among these
studies in the relationship between serum cystatin
C levels and measured GFR. The institutional re-
view boards of all participating institutions ap-
proved the study.

The NIDDK was substantially involved in the
design of the study and in the collection, analysis,
and interpretation of the data; the NIDDK was not
required to approve the final manuscript before
submission for publication. The first author had
full access to all the data in the study, vouches for
the integrity of the data and the accuracy of the
data analysis for the CKD-EPI database, and wrote
the first draft of the manuscript. For a list of
collaborators who provided data, see the Supple-
mentary Appendix.

LABORATORY METHODS
We calibrated serum creatinine assays or measured
serum creatinine with the use of the Roche enzy-
matic method (Roche-Hitachi P-Module instru-
ment with Roche Creatininase Plus assay, Hoff-
mann-La Roche), traceable to National Institute
of Standards and Technology creatinine standard
reference material (SRM 967).12 We calibrated se-
rum cystatin C assays or measured serum cystatin
C on the Siemens Dade Behring Nephelometer
(Table S2 in the Supplementary Appendix), trace-
able to the International Federation of Clinical
Chemistry Working Group for Standardization of
Serum Cystatin C and the Institute for Reference
Materials and Measurements certified reference
materials.®?°

DEVELOPMENT AND VALIDATION OF EQUATIONS
Our goal was to develop two equations for esti-
mating GFR: one using serum cystatin C (hereaf-
ter referred to as the cystatin C equation) and
another using both serum cystatin C and serum
creatinine (hereafter referred to as the creatinine—
cystatin C equation). As in our previous work, we
prespecified a process for developing and validat-
ing equations (described in the Methods section
in the Supplementary Appendix). In brief, we used
least-squares linear regression to relate logarithm-
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transformed measured GFR to log serum creati-
nine, log serum cystatin C, age, and sex. We also
used nonparametric smoothing splines to charac-
terize the shape of the relationship of log measured
GFR with log creatinine and log cystatin C and
then approximated the smoothing splines by means
of piecewise linear splines to represent observed
nonlinearity. Other candidate variables included the
other filtration marker, black race, diabetes status,
and weight. The significance threshold for inclu-
sion was P<0.01 for these additional variables and
P<0.001 for pairwise interactions among variables.
Models that showed improved performance with
the use of prespecified criteria were evaluated in the
internal validation data set for verification of the
statistical significance of predictor variables and
interactions. Development and internal-validation
data sets were combined into one data set (here-
after referred to as the development data set) to
derive final coefficients.

In the external-validation data set, we compared
the new equations with each other, with our pre-
vious creatinine equation,® and with our prior
equations involving cystatin C that were developed
in populations of patients with chronic kidney
disease and reexpressed for standardized cystatin
C values'®1* (Table S3 in the Supplementary Ap-
pendix), as well as with the average of the CKD-EPI
creatinine equation and the new cystatin C equa-
tion. We compared the performance of equations
in the overall data set and in the subgroups, and
final models were selected according to the rank-
ing of the root-mean-square error overall and
within subgroups, clinically significant differenc-
es, and ease of application in clinical practice.

METRICS FOR EQUATION PERFORMANCE
Bias was assessed as the median of the difference
between measured GFR and estimated GFR, and
precision was assessed as the interquartile range
for the difference.>'3 Accuracy was assessed as
the root-mean-square error and as the percentage
of estimates that differed by more than 30% from
the measured GFR (1-P,,) or by more than 20%
(1-P,,). Confidence intervals were calculated by
means of bootstrap methods (2000 bootstraps).#
The significance of the differences among equa-
tions was determined with the use of the signed-
rank test for bias, the bootstrap method for the
interquartile range and root-mean-square error
from the 2000 bootstrap samples, and McNemar’s
test for 1-P,, and 1-P,.
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We evaluated the use of the new equations for
the classification of chronic kidney disease in the
external-validation population by means of the net
reclassification index statistic.> We compared the
proportion of participants who were reclassified as
having a measured GFR that was less than 60 ml
per minute per 1.73 m? or greater than or equal
to 60 ml per minute per 1.73 m? on the basis of
the new equations versus the CKD-EPI creatinine
equation for the overall population and for sub-
groups according to age, sex, diabetes status, body-
mass index, and a creatinine-based estimated
GFR of 30 to 89, 45 to 74, 60 to 74, and 45 to 59
ml per minute per 1.73 m2. We performed similar
analyses for reclassification based on a measured
GFR of 90, 75, 45, 30, and 15 ml per minute per
1.73 m?. Analyses were performed with the use of
R, version 2.9.2 (R Development Core Team), and
SAS, version 9.2 (SAS Institute), software.

RESULTS

CHARACTERISTICS OF PARTICIPANTS
Clinical characteristics of the participants in each
data set are shown in Table 1. In the development
data set, the mean (xSD) measured GFR was
68+39 ml per minute per 1.73 m? and ranged
between 5 and 198 ml per minute per 1.73 m?2.
The mean measured GFR was similar in the ex-
ternal-validation data set (70+41 ml per minute
per 1.73 m?), but the mean body weight and
mean body-mass index were lower, larger pro-
portions of the patients were older and had dia-
betes, and a smaller proportion of the patients
were black.

FORMULATION OF EQUATIONS AND THEIR
PERFORMANCE IN THE DEVELOPMENT DATA SET
Table 2 shows the formulas for the two new
equations in the development data set — the cys-
tatin C equation and the creatinine—cystatin C
equation — as well as our earlier creatinine equa-
tion.? (For further details, see Table S4 in the
Supplementary Appendix.) The addition of race as
avariable did not improve the performance of the
cystatin C equation overall or in subgroups de-
fined by race, but it did improve the performance
of the creatinine—cystatin C equation (Table S6
in the Supplementary Appendix). A more detailed
explanation of the performance of these and oth-
er new equations is included in Tables S5 through
S9 in the Supplementary Appendix.
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Table 1. Characteristics of Study Participants, According to Data Set.*
Development and Internal
Validation External Validation

Characteristic (N=5352) (N=1119) P Value
Age —yr 47+15 50+17 <0.001
Age group — no. (%)

<40 yr 2008 (38) 357 (32) <0.001

40-65 yr 2625 (49) 530 (47)

>65 yr 719 (13) 232 (21)
Male sex— no. (%) 3107 (58) 663 (59) 0.46
Black race —no. (%)t 2123 (40) 30 (3) <0.001
Diabetes — no. (%) 1726 (32) 594 (53) <0.001
Body-mass indexi:

Mean 28+6 25+4 <0.001

<20 — no. (%) 214 (4) 81 (7) <0.001

20-24 — no. (%) 1585 (30) 503 (45)

25-30 — no. (%) 1881 (35) 386 (35)

>30 — no. (%) 1671 (31) 149 (13)
Mean weight — kg 83120 74+15 <0.001
Mean height —cm 171£10 170+9 0.017
Mean body-surface area — m? 1.94+0.24 1.85+0.21 <0.001
Mean serum cystatin C — mg/liter 1.4+0.7 1.5+0.8 0.01
Mean serum creatinine — mg/dI§ 1.6+0.9 1.6+1.1 0.15
Mean measured GFR — ml/min/1.73 m? 68+39 70+41 0.13

of body-surface area

Measured GFR — no. (%)

<15 ml/min/1.73 m? 160 (3) 51 (5) <0.001

15-29 ml/min/1.73 m? 785 (15) 166 (15)

30-59 ml/min/1.73 m* 1765 (33) 316 (28)

60-89 ml/min/1.73 m? 1105 (21) 215 (19)

90-119 ml/min/1.73 m? 862 (16) 199 (18)

>120 ml/min/1.73 m? 675 (13) 172 (15)

* Plus—minus values are means +SD. GFR denotes glomerular filtration rate.
T Race was determined by the investigators or by self-report, depending on the study.
7 The body-mass index is the weight in kilograms divided by the square of the height in meters.

§ To convert the values for serum creatinine to micromoles

per liter, multiply by 88.4.

PERFORMANCE OF NEW EQUATIONS
IN THE VALIDATION DATA SET

In the external-validation data set, the new equa-
tions based on cystatin C had less bias than the
equations based on cystatin C that had previously
been developed in populations of patients with
chronic kidney disease, especially at an estimat-
ed GFR of 60 to 89 ml per minute per 1.73 m?
(Table S10 in the Supplementary Appendix). Over-
all, the new creatinine—cystatin C equation per-
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formed better than the equations that used either
creatinine alone or cystatin C alone. Although
bias was similar for all three equations (median
difference, 3.9 ml per minute per 1.73 m? for the
combined equation vs. 3.7 and 3.4 ml per minute
per 1.73 m? for the creatinine-alone and cystatin
C-alone equations [P=0.07 and P=0.05], respec-
tively), precision was improved with use of the
creatinine—cystatin C equation (interquartile range
for the difference, 13.4 ml per minute per 1.73 m?),
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Table 2. Creatinine Equation (CKD-EPI 2009), Cystatin C Equation (CKD-EPI 2012), and Creatinine—Cystatin C Equation
(CKD-EPI 2012) for Estimating GFR, Expressed for Specified Sex, Serum Creatinine Level, and Serum Cystatin C Level.*

Basis of Equation Serum Serum
and Sex Creatinine7  Cystatin C
mg/dl mg/liter
CKD-EPI creatinine equation:
Female <0.7
Female >0.7
Male <0.9
Male >0.9
CKD-EPI cystatin C equation§
Female or male <0.8
Female or male >0.8

CKD-EPI creatinine—cystatin C

equationq|
Female <0.7 =<0.8
>0.8
Female >0.7 <0.8
>0.8
Male <0.9 <0.8
>0.8
Male >0.9 <0.8
>0.8

Equation for Estimating GFR

144 (Scr/0.7)°329 0,993 [x 1.159 if black]
144 % (Scr/0.7)72%9 % 0.993%¢ [x 1.159 if black]
141 % (Scr/0.9)7>4*1 % 0.993%¢[x 1.159 if black]

(
(
(
141 x (Scr/0.9)72%°x0.993"¢[x 1.159 if black]

)
)
)
)
133 x (Scys/0.8) 7499 x 0.996¢[x 0.932 if female]

133 (Scys/0.8) 328 0,996 [x 0.932 if femnale]

130x (Scr/0.7) %248 x
130x (Scr/0.7)7%248 x

x (Scys/0.8)7°375 % 0.995" [x 1.08 if black]
x (Scys/0.8) 711 x0.995%¢[x 1.08 if black]

130x (Scr/0.7)7°5°" x (Scys/0.8) 37 x 0.995%¢[x 1.08 if black]
130x (Scr/0.7)7°5°1 x (Scys/0.8) 711 x 0.995%¢[x 1.08 if black]

( ) )
( ) )
x( ) )
x( ) )
135x (Scr/0.9)7°2%7 x (Scys/0.8) ™37 x 0.995%¢[x 1.08 if black]
( ) )
( ) )
( ) )

—_ o~~~

135x (Scr/0.9) 727 x (Scys/0.8) ™71 x 0.995%# [x 1.08 if black]

135 x (Scr/0.9) 769 x (Scys/0.8) 375 x 0.995%¢ [x 1.08 if black]
135x (Scr/0.9) 7% x (Scys/0.8) ™71 x 0.995%# [x 1.08 if black]

* See Table S3 in the Supplementary Appendix for equations developed in the populations with chronic kidney disease.

T To convert the values for serum creatinine to micromoles

per liter, multiply by 88.4.

1 The CKD-EPI creatinine equation (2009) that we developed previously® can be expressed as a single equation:

141xmin(Scr/k, 1)*xmax(Scr/k, 1)72°°x0.993%8°[x 1.018 if female] [x 1.159 if black], where Scr is serum creatinine, « is
0.7 for females and 0.9 for males, « is -0.329 for females and -0.411 for males, min is the minimum of Scr/«k or 1, and
max is the maximum of Scr/k or 1.

§ The CKD-EPI cystatin C equation (2012) can be expressed as a single equation: 133 x min(Scys/0.8, 1)™>4%9 x max
(Scys/0.8, 1)7328x0.996%¢°[x 0.932 if female], where Scys is serum cystatin C, min indicates the minimum of Scr/k or

1, and max indicates the maximum of Scys/k or 1.

9§ The CKD-EPI creatinine—cystatin C equation (2012) can be expressed as a single equation: 135x min(Scr/k, 1)¢
xmax(Scr/k, 1)7>* x min(Scys/0.8, 1)"°37>x max(Scys/0.8, 1)™°7**x 0.995%¢°[x 0.969 if female] [x 1.08 if black], where
Scr is serum creatinine, Scys is serum cystatin C, k is 0.7 for females and 0.9 for males, « is -0.248 for females and

-0.207 for males, min indicates the minimum of Scr/k or

1, and max indicates the maximum of Scr/k or 1.

as compared with the creatinine equation and
with the cystatin C equation (interquartile range
for the difference, 15.4 and 16.4 ml per minute
per 1.73 m? [P=0.001 and P<0.001]), as was ac-
curacy (1-P,,, 8.5%, vs. 12.8% for the creatinine
equation and 14.1% for the cystatin C equation
[P<0.001 for both comparisons]; relative reduc-
tions, 34% and 40%, respectively; 1-P,,, 22.8% vs.
32.9% and 33.0%, respectively [P<0.001 for both
comparisons]; relative reduction, 31% for both)
(Table 3, and Fig. S1 in the Supplementary Appen-
dix). Across the range of estimated GFRs from
15 to 120 ml per minute per 1.73 m?, the cystatin
C equation and the creatinine equation were sim-

N ENGLJ MED 367;1

ilar in terms of both bias and accuracy (Fig. 1).
The mean of the estimated GFRs derived from
the creatinine and cystatin C equations did not
differ significantly from that of the creatinine—
cystatin C equation. Results were generally con-
sistent across studies and across subgroups de-
fined by age, sex, and diabetes status (Table S11
and Fig. S2 in the Supplementary Appendix).
Using an estimated GFR threshold of less than
60 ml per minute per 1.73 m?, we found that the
combined equation, as compared with the creati-
nine equation, reclassified 5.5% of participants.
Reclassification was more often correct than incor-
rect with a measured GFR threshold of less than
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Table 3. Use of the CKD-EPI Creatinine Equation (2009), CKD-EPI Cystatin C Equation (2012), and CKD-EPI Creatinine—Cystatin C Equations
(2012) in the External-Validation Data Set Comprising 1119 Participants.*

Variable

Bias — median difference (95% Cl)
Creatinine equation
Cystatin C equation
Creatinine—cystatin C equation
Average of creatinine and cystatin Cy
Precision — IQR of the difference (95% Cl)
Creatinine equation
Cystatin C equation
Creatinine—cystatin C equation
Average of creatinine and cystatin C equationsy
Accuracy — % (95% Cl)i
1-Pyo
Creatinine equation
Cystatin C equation
Creatinine—cystatin C equation
Average of creatinine and cystatin C equationsy
1-P,,
Creatinine equation
Cystatin C equation
Creatinine—cystatin C equation

Average of creatinine and cystatin C equationsy

Estimated GFR

Overall <60 60-89

ml/min/1.73 m* of body-surface area

7 (2.8t04.6) 8 (1.1t02.5) 6(3.5t09.2)

4 (2.3 t0 4.4) 4(-0.5 to 1.4) 0 (4.6108.5)

9 (3.2t0 4.5) 3(0.5t01.8) 9 (5.0t08.9)

5 (2.81t0 4.1) 4 (-0.3100.8) 5 (4.6t08.4)
15.4 (143t016.5) 10.0 (8.9t0 11.0)  19.6 (17.3 t0 23.2)
16.4 (14.8t017.8) 11.0(10.0to12.4) 19.6 (16.1t023.1)
134 (123t0145) 81 (73t09.1) 159 (13.9t018.1)
139 (129t014.7) 7.9 (7.1t09.0)  15.8 (13.9t0 17.7)

12.8 (10.9to 14.7)
14.1 (12.2t0 16.2)

16.6 (13.6t0 19.7)
21.4 (18.2to 24.9)

10.2 (6.4 to 14.2)
12.7 (8.5t0 17.4)

( ( (
( ( (
5(7.0t010.2) 133 (10.7t016.1) 5.3 (2.7t08.2)
2 ( A (

6.7t09.9)  12.1 (9.5t0 14.8) 3.6109.7)

32.9 (30.1t035.7) 37.2(33.1t041.2) 31.1 (25.1t037.4)
33.0 (30.3t035.7) 42.1 (38.2t046.1) 29.3 (23.6 t0 35.4)
22.8 (20.4t025.2) 28.6 (25.1t032.4) 17.8 (13.3t022.9)
23.7 (21.3t026.1) 29.1 (25.7t032.8) 17.6 (13.2t0 22.4)

11.1 (8.0t0 12.5)
5 (6.5 to 11.2)
10.6 (9.5 to 12.7)
11.9 (9.9t0 13.9)

25.0 (21.6 to 28.1)
22.6 (18.8 t0 26.3)
18.8 (16.8 to 22.5)

( )

18.6 (16.1t0 22.2

8 (5.1t0 11.0)
2 (0.6 to 3.9)
3(0.9t04.2)
9 (1.3 t0 4.9)

265 (21.7to 31.4)
19.4 (15.4 to 23.7)
16.2 (12.4 to 20.5)
18.8 (14.6 t0 23.2)

* The equations are given in Table 2. Cl denotes confidence interval, and IQR interquartile range.
7 Averages are for the estimated GFRs from the CKD-EPI creatinine equation® alone and the CKD-EPI cystatin C equation alone.
i Accuracy was calculated as the percentage of estimates that differed from the measured GFR by more than 30% (1-P5,) and the percentage

that differed by more than 20% (1-P,).

60 ml per minute per 1.73 m? (net reclassification
index, 4.9; 95% confidence interval [CI], 2.2 to 7.7;
P<0.001) (Table 4). For participants with a creati-
nine-based estimated GFR of 45 to 74 ml per min-
ute per 1.73 m?, the combined equation improved
classification (net reclassification index, 19.4; 95%
CI, 8.7 to 30.1; P<0.001), with correct reclassifica-
tion of 28 of 166 patients (16.9%) with a creatinine-
based estimated GFR of 45 to 59 ml per minute
per 1.73 m? to 60 ml per minute per 1.73 m? or
higher. In this subgroup, results were similar
when the cystatin C equation was used. Results
were consistent across most of the subgroups
defined by age, sex, diabetes status, body-mass
index, and other measured GFR thresholds (Tables
§12 and S13 in the Supplementary Appendix).
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DISCUSSION

Accurate assessment of GFR is essential for in-
terpreting the symptoms, signs, and laboratory
abnormalities that may indicate kidney disease;
for drug dosing; and for detecting and managing
chronic kidney disease and assessing the prog-
nosis. A reduction in GFR to less than 60 ml per
minute per 1.73 m2for 3 months or longer is a
diagnostic criterion for chronic kidney disease and
is associated with an increased risk of adverse out-
comes, including death.'®1® Bias with the new,
combined creatinine—cystatin C equation and with
the average of the new cystatin C equation and the
creatinine equation was similar to that with the
individual creatinine and cystatin C equations, but
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Figure 1. Performance of Three Equations for Estimating Glomerular
Filtration Rate (GFR).
Panel A shows the median difference between measured and estimated GFR.
The bias is similar with the equation using creatinine alone, the equation
using cystatin C alone, and the combined creatinine—cystatin C equation.
Panel B shows the accuracy of the three equations with respect to the per-
centage of estimates that were greater than 30% of the measured GFR
(1-P30). I bars indicate 95% confidence intervals.
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they had greater precision and accuracy and re-
sulted in more accurate classification of measured
GFR as less than 60 ml per minute per 1.73 m?
— the threshold for the diagnosis of chronic kid-
ney disease.

Since cystatin C is less affected by muscle mass
and diet than is creatinine,*>2° it has been wide-
ly anticipated that cystatin C would provide a
more accurate estimate of GFR than would cre-
atinine. Nevertheless, GFR estimates based on
equations that use cystatin C as the sole filtra-
tion marker are not more accurate than creatinine-
based estimates, suggesting that unmeasured and
largely unknown non-GFR determinants of cys-
tatin C are similar in magnitude to those of cre-
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atinine. The advantage of the cystatin C-based
equation over the creatinine-based equation is that
it is less subject to the effects of age, sex, and
race. Indeed, we found that in the development
and internal-validation data sets, the addition of
race as a variable did not improve the performance
of the cystatin C-based equation in the black sub-
group. Given the difficulties in assigning race and
the lack of information about race in laboratory
and administrative databases, a GFR estimating
equation that does not require race may be more
generalizable across populations and could great-
ly facilitate the use of estimated GFR in clinical
practice, research, and public health programs.

The equation that combines creatinine and cys-
tatin C provides the most precise and accurate
estimate of GFR across the range of GFRs and
in subgroups based on demographic and clinical
characteristics. This improvement holds true even
among participants with a body-mass index (the
weight in kilograms divided by the square of the
height in meters) of less than 20 — a subgroup in
which creatinine-based GFR estimates are known
to be less accurate. To explain this improved pre-
cision, we hypothesize that errors due to the non-
GFR determinants of creatinine and cystatin C are
independent and smaller in an equation that uses
both markers than in an equation that uses only
one marker. Possible reasons for the continued
imprecision are the residual contribution of non-
GFR determinants of each marker, as well as
physiologic variation in GFR and error in mea-
surement of GFR.2* The former limitation can be
addressed by including additional markers; the lat-
ter reflects imprecision in our reference standards
rather than errors in estimating equations.

It may be useful to consider more widespread
use of GFR estimates based on cystatin C, either
alone or in combination with creatinine. Our data
suggest that cystatin C should not replace creati-
nine in general practice; however, the combina-
tion of creatinine and cystatin C provides more
precise GFR estimates, which may be useful for
specific purposes. For example, the addition of
cystatin C could be used as a confirmatory test for
the diagnosis of chronic kidney disease in pa-
tients with a decreased GFR as estimated from
creatinine. Peralta and colleagues found that cys-
tatin C can be used to confirm a high risk of a
poor prognosis for persons whose estimated GFR
is decreased according to the creatinine equa-
tion.”22 Data from the National Health and Nutri-
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tion Examination Surveys?? suggest that 3.6% of
U.S. adults would be classified as having chronic
kidney disease solely on the basis of a creatinine-
based GFR estimate of 45 to 59 ml per minute per
1.73 m2. Our data suggest that a strategy of mea-
suring cystatin C when the creatinine-based esti-
mate is in this range and then reestimating GFR
with the use of both these markers could correctly
reclassify a substantial proportion of such patients
as not having chronic kidney disease and not be-
ing at high risk. This more accurate classification
would result in more selective use of resources,
such as tests for complications of chronic kidney
disease, adjustment of medication doses, and re-
ferrals to nephrologists.”22

Cystatin C could also be used to screen for
chronic kidney disease among persons who have
a creatinine-based GFR estimate of 60 to 74 ml
per minute per 1.73 m? without albuminuria
(10.9% of U.S. adults) or to obtain a more ac-
curate estimation of GFR in patients with mus-
cle wasting or chronic illness.?* The addition of
cystatin C testing could increase laboratory costs;
therefore, clinical and laboratory practice guide-
lines need to be developed that specify indica-
tions and preferred diagnostic strategies for such
testing and laboratory reporting, taking into con-
sideration local public health priorities, clinical
practice patterns, and costs and benefits.

The strengths of this study include the use of
large databases for the development and valida-
tion of the new equation and a prespecified, rig-
orous analytic plan for testing all variables in the
development data set. The pooled development and
validation databases included participants with
diverse clinical characteristics, resulting in greater
general applicability than was provided by our
previously developed cystatin C equations. By com-
paring the various equations in a separate valida-
tion data set, we were able to overcome limitations
due to interstudy differences in participant char-
acteristics and in methods for measuring GFR and
serum creatinine and cystatin C. Finally, the equa-
tions are expressed for standardized creatinine and
cystatin C values.

Our study has limitations. First, our findings
may reflect the specific characteristics of the stud-
ies included in our database. It is possible that
within more homogeneous subgroups greater pre-
cision would be observed. Second, participants
with a higher GFR may not be representative of
the general population, and none of the data sets
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Table 4. Reclassification of Participants in the External-Validation Data Set with the Use of the Creatinine-Cystatin C Equation versus the Creatinine Equation for Estimated GFR.*

Overall NRI

(95% CI)f

Subgroup with Measured GFR 260 ml/min/1.73 m?

Subgroup with Measured GFR <60 ml/min/1.73 m?

Total Group

Incorrectly
Reclassified:
eGFRcr-cys <60

Correctly
Reclassified:

eGFRcr-cys =60

Incorrectly
Reclassified:
eGFRcr-cys =60

Correctly
Reclassified:

eGFRcr-cys <60

Net
Difference

No. of
Participants

Net
Difference

Total No. of

No. of
eGFRcr Participants Reclassified Participants

Range of

vs. eGFRcr =60

vs. eGFRcr <60

vs. eGFRcr <60

vs. eGFRcr =60

percentage

percentage

ml/min/
1.73m?

%
49 (2.2-7.7)

points

no. (%)

points

no. (%)

9 (1.5)
9 (3.4)
7 (4.6)
7(7.8)

28 (4.8)

586
267

1.7

2.7
5.7

8 (1.5)
8 (2.6)
8 (6.5)

17 (3.2)
16 (5.3)

533
302
124

62 (5.5)

1119
569
277
1

6-155
30-89
45-74
60-74
45-59

9.8 (4.3-15.3)
19.4 (8.7-30.1)

7.1

28 (10.5)
28 (18.3)

61 (10.7)
58 (20.9)
22 (19.8)
36 (21.7)

13.7

153

15 (12.1)
15 (71.4)

NA
NA

NA NA 90 NA NA
63 28 (44.4)

3 (7.8)

21
103

11

NA

NA

NA

NA

166
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* Unless otherwise stated, values in cells are numbers of participants with percentages in parentheses. The term eGFRcr denotes estimated GFR from creatinine equation, eGFRer-cys

estimated GFR from creatinine—cystatin C equation, and NA not applicable.
T Values for the net reclassification index (NRI) range from -200 to 200 and are the total percentage of patients who have been reclassified. P<0.001 for all comparisons. CI denotes con-

fidence interval.

27



28

The NEW ENGLAND J

came from populations of patients with markedly
reduced muscle mass or malnutrition, in whom
cystatin C testing might be expected to offer a
substantial improvement over creatinine testing.
Third, there were essentially no racial or ethnic
minorities other than blacks in the development
data set and there were very few blacks in the
validation data set. We suggest that other investi-
gators test our new equations in other racial and
ethnic groups. Fourth, we had incomplete data
on measures of muscle mass and other clinical
conditions and medications that might affect
serum creatinine or cystatin C levels independently
of GFR. Fifth, errors in the measured GFR may
account for some of the observed imprecision,
thus limiting interpretation of the analyses when
participants were categorized according to mea-
sured GFR. Finally, our equations may not per-
form well in transplant recipients; such patients
were not included in this analysis, since we noted
differences between transplant recipients and oth-

OURNAL of MEDICINE

er patients with chronic kidney disease, as have
others.?>

In conclusion, the combination of serum cre-
atinine and serum cystatin C is more accurate
than either marker alone for estimating GFR. The
new equations represent an advance over currently
available equations across the range of GFR and
in relevant subgroups. Reporting estimated GFR
as determined by means of these equations when
serum cystatin C is measured should greatly fa-
cilitate the clinical interpretation of cystatin C
measurements. Our data suggest that estimated
GFR based on serum cystatin C could be used as
a confirmatory test for chronic kidney disease.
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