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Risk Implications of the New CKD Epidemiology Collaboration (CKD-EPI)
Equation Compared With the MDRD Study Equation for Estimated GFR:

The Atherosclerosis Risk in Communities (ARIC) Study

Kunihiro Matsushita, MD, PhD, Elizabeth Selvin, PhD, MPH, Lori D. Bash, MPH, PhD,
Brad C. Astor, PhD, MPH, and Josef Coresh, MD, PhD

Background: The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) recently pub-
lished an equation for estimated glomerular filtration rate (eGFR) using the same variables (serum
creatinine level, age, sex, and race) as the Modification of Diet in Renal Disease (MDRD) Study
equation. Although the CKD-EPI equation estimates GFR more precisely compared with the MDRD
Study equation, whether this equation improves risk prediction is unknown.

Study Design: Prospective cohort study, the Atherosclerosis Risk in Communities (ARIC) Study.
Setting & Participants: 13,905 middle-aged participants without a history of cardiovascular disease

with median follow-up of 16.9 years.
Predictor: eGFR.
Outcomes & Measurements: We compared the association of eGFR in categories (�120, 90-119,

60-89, 30-59, and �30 mL/min/1.73 m2) using the CKD-EPI and MDRD Study equations with risk of
incident end-stage renal disease, all-cause mortality, coronary heart disease, and stroke.

Results: The median value for eGFRCKD-EPI was higher than that for eGFRMDRD (97.6 vs 88.8
mL/min/1.73 m2; P � 0.001). The CKD-EPI equation reclassified 44.9% (n � 3,079) and 43.5% (n � 151) of
participants with eGFRMDRD of 60-89 and 30-59 mL/min/1.73 m2, respectively, upward to a higher eGFR
category, but reclassified no one with eGFRMDRD of 90-119 or �30 mL/min/1.73 m2, decreasing the
prevalence of CKD stages 3-5 from 2.7% to 1.6%. Participants with eGFRMDRD of 30-59 mL/min/1.73 m2

who were reclassified upward had lower risk compared with those who were not reclassified (end-stage
renal disease incidence rate ratio, 0.10 [95% CI, 0.03-0.33]; all-cause mortality, 0.30 [95% CI, 0.19-0.48];
coronary heart disease, 0.36 [95% CI, 0.21-0.61]; and stroke, 0.50 [95% CI, 0.24-1.02]). Similar results were
observed for participants with eGFRMDRD of 60-89 mL/min/1.73 m2. More frequent reclassification of
younger, female, and white participants explained some of these trends. Net reclassification improvement in
participants with eGFR � 120 mL/min/1.73 m2 was positive for all outcomes (P � 0.001).

Limitations: Limited number of cases with eGFR � 60 mL/min/1.73 m2 and no measurement of
albuminuria.

Conclusions: The CKD-EPI equation more appropriately categorized individuals with respect to
long-term clinical risk compared with the MDRD Study equation, suggesting improved clinical useful-
ness in this middle-aged population.
Am J Kidney Dis 55:648-659. © 2010 by the National Kidney Foundation, Inc.

INDEX WORDS: Estimated glomerular filtration rate; cardiovascular disease; end-stage renal disease;
epidemiology.
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lomerular filtration rate (GFR) is the best
overall measure of kidney function.1 How-

ver, direct measurement of GFR using radioac-
ive agents is burdensome and expensive.1 Thus,
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quations for estimated GFR (eGFR) using en-
ogenous filtration markers such as serum creati-
ine have been developed and used for chronic
idney disease (CKD) diagnosis and staging.2

he Modification of Diet in Renal Disease
MDRD) Study equation, which incorporates in-
ormation about age, sex, race, and serum creati-
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CKD-EPI vs MDRD About Outcomes 649
ine concentration, is most commonly used in
linical practice and epidemiologic studies to
stimate kidney function.3-6

Despite its widespread use, eGFR using the
DRD Study equation (eGFRMDRD) has several

imitations. The MDRD Study equation was de-
eloped in a population of individuals with CKD
nd decreased GFR7,8 and systematically under-
stimates GFR in individuals with measured GFR

60 mL/min/1.73 m2.8-10 Previous studies have
uggested that use of the MDRD Study equation
ay result in “overdiagnosis” of CKD.8,9,11

The Chronic Kidney Disease Epidemiology
ollaboration (CKD-EPI) recently published a
ew equation to improve the estimation of GFR,
articularly in individuals with GFR � 60 mL/
in/1.73 m2.12 The CKD-EPI equation was de-

eloped using data from 8,254 individuals from
0 studies, including the MDRD Study, and
alidated in an additional 16 studies containing
,896 individuals.12 eGFR using the CKD-EPI
quation (eGFRCKD-EPI) was more accurate at
stimating measured GFR overall and in individu-
ls with normal or mildly decreased kidney func-
ion compared with eGFRMDRD. Importantly,
KD prevalence was decreased from 13.1%
ased on the MDRD Study equation to 11.5%
sing the CKD-EPI equation in the adult US
opulation represented by the National Health
nd Nutrition Examination Survey 1999-2006.12

However, performance of the CKD-EPI equa-
ion for classification of long-term clinical risk
as not been evaluated. The objective of this
tudy is to evaluate the implications of eGFR
ategories based on the CKD-EPI equation com-
ared with those based on the conventional
DRD Study equation for classifying individu-

ls at risk of end-stage renal disease (ESRD),
ll-cause mortality, coronary heart disease (CHD),
nd stroke.

METHODS

tudyPopulation

We analyzed data from participants in the Atherosclerosis
isk in Communities (ARIC) Study, a population-based
ohort study of middle-aged individuals from 4 US commu-
ities: Forsyth County, NC; suburban Minneapolis, MN;
ashington County, MD; and Jackson, MS. Details of the
RIC Study are described elsewhere.13 In brief, 15,792 men

nd women aged 45-64 years were enrolled from 1987
hrough 1989. In the present study, we excluded participants

elf-reporting race other than white or black (n � 48) or t
issing serum creatinine values at baseline (n � 150). We
lso excluded participants with a history of cardiovascular
isease at baseline based on self-report or clinical examina-
ion or missing data for cardiovascular history (n � 1,726),
or a final study population of 13,905 participants. As might
e expected, participants who were excluded because of a
istory of cardiovascular disease (n � 1,038) had a poorer
isk-factor profile compared with the final study population
mean age, 57.0 vs 54.0 years; systolic blood pressure, 124.1
s 121.1 mm Hg; and low-density lipoprotein cholesterol
evel, 147.4 vs 136.7 mg/dL). Participants excluded because
f missing information (n � 801) were similar to the final
tudy population (mean age, 54.2 years; systolic blood
ressure, 122.6 mm Hg; and low-density lipoprotein choles-
erol level, 142.8 mg/dL).

ataCollection

ARIC Study participants provided information for base-
ine demographic and behavioral variables and medical
istory to a trained interviewer. Completed years of educa-
ion and smoking status (current or former/never) were
etermined by self-report. Blood samples were collected
ccording to standardized procedures.14 Certified techni-
ians measured systolic and diastolic blood pressures with
articipants in the sitting position after 5 minutes of rest
sing a random-zero sphygmomanometer. The average of
he second and third readings was recorded. We defined
iabetes mellitus as a fasting glucose level � 126 mg/dL,
onfasting glucose level � 200 mg/dL, self-reported physi-
ian diagnosis of diabetes, or use of oral hypoglycemic
edication or insulin. Plasma cholesterol, triglyceride, and

igh-density lipoprotein cholesterol levels were determined
sing enzymatic methods, and low-density lipoprotein cho-
esterol level was calculated using the Friedewald equa-
ion.14 Left ventricular hypertrophy by electrocardiogram
as defined using the Cornell voltage.15 Evidence of athero-

clerosis of the common carotid arteries (shadowing/plaque
n either side) was determined using ultrasound examina-
ion.13,16

stimationofGFR

Serum creatinine was measured using a modified kinetic
affé method14,17 and corrected for interlaboratory differ-
nces, calibrated to the Cleveland Clinic by subtraction of
.24 mg/dL16,18 and standardized to the Roche enzymatic
ethod (Roche-Hitachi PModule instrument with Roche
reatininase Plus assay, Hoffman-La Roche Ltd, www.roche.
om) by multiplication of 0.95.19 We calculated eGFR
sing the isotope dilution mass spectrometry (IDMS)-
raceable 4-variable MDRD Study equation: eGFRMDRD �
75 � (standardized serum creatinine [mg/dL])�1.154 �
ge�0.203 � (0.742 if female) � (1.212 if black)7,20 and also
sing the CKD-EPI equation: eGFRCKD-EPI � 141 � (mini-
um of standardized serum creatinine [mg/dL]/� or 1)� �

maximum of standardized serum creatinine [mg/dL]/� or
)�1.209 � 0.993age � (1.018 if female) � (1.159 if black),
here � is 0.7 if female and 0.9 if male and � is �0.329 if

emale and �0.411 if male.12 The unique properties of the
KD-EPI equation compared with the MDRD Study equa-
ion include a steeper gradient for age, a less steep slope for

http://www.roche.com
http://www.roche.com
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Matsushita et al650
erum creatinine level � 0.7 mg/dL in females and 0.9
g/dL in males and a similarly steep slope at a range higher

han these levels, a smaller black-white ratio, and a slightly
igher female-male ratio, particularly when creatinine con-
entration is � 0.9 mg/dL.12 These properties resulted in
igher eGFRCKD-EPI compared with eGFRMDRD, particu-
arly in a younger population, females, and whites.12

utcomeAssessment

ARIC investigators conduct continuous comprehensive
urveillance for all cardiovascular disease–related hospital-
zations and deaths in the 4 communities. All potential
ardiovascular events are adjudicated using published crite-
ia.21-23 We defined incident CHD as definite or probable
yocardial infarction, definite coronary death, or coronary

evascularization procedure. Stroke included definite or prob-
ble cases defined as sudden or rapid onset of neurologic
ymptoms that lasted for 24 hours or led to death in the
bsence of another cause.22,23

ESRD cases included all participants with a history of
ospitalization with an International Classification of Dis-
ases Ninth or Tenth Revisions code specified for kidney
ransplant, dialysis, or a procedure indicating dialysis and
or individuals with an earlier diagnosis of CKD and under-
ying cause of death of acute renal failure. Individuals with a
ode of traumatic anuria or those with a transplant or dialysis
ode on the same date as another code for acute renal failure
International Classification of Diseases, Ninth Revision
odes 586, 584, and 788.9) but without previous CKD were
ot included.

tatistical Analyses

We categorized eGFR using the following clinically rel-
vant cutoff values established by the National Kidney
oundation’s Kidney Disease Outcomes Quality Initiative
KDOQI): �120, 90-119, 60-89, 30-59, and �30 mL/min/
.73 m2.3 Participants with eGFR � 15 mL/min/1.73 m2

CKD stage 5) were not considered separately in the present
tudy because there were few participants in this category
n � 16 for eGFRCKD-EPI and n � 15 for eGFRMDRD).
ndividuals with eGFR � 120 mL/min/1.73 m2 were consid-
red separately from those with eGFR of 90-119 mL/min/
.73 m2 under the assumption that high eGFR may result
rom very low creatinine levels because of muscle loss
elated to ill health and may not necessarily be associated
ith better long-term outcomes.16,24 We compared baseline

haracteristics of the population across these eGFR catego-
ies.

We evaluated the continuous association between eGFR
sing both equations and incidence rates of clinical out-
omes using a Poisson regression model incorporating linear
pline terms for eGFR (knots at 45, 60, 75, 90, and 105
L/min/1.73 m2) with and without adjustment for age, sex,

nd race. We also evaluated the risk of clinical outcomes
ccording to categories of eGFR using eGFR of 90-119
L/min/1.73 m2 as the reference group and after adjusting

or multiple covariates. Model discrimination was assessed
sing Harrell’s C statistic.25 We defined follow-up time as
he period to the first outcome or loss to follow-up. Individu-

ls who were free of these outcomes by January 1, 2006 e
January 1, 2005, for ESRD), were subject to administrative
ensoring.

To assess reclassification, we created a 5�5 cross-
abulation of the eGFRMDRD and eGFRCKD-EPI categories,
alculated the proportion of participants reclassified using
GFRCKD-EPI in each category of eGFRMDRD, and assessed
hether risk of clinical outcomes differed between partici-
ants reclassified and those not reclassified. To further
valuate overall improvement in reclassification, we calcu-
ated net reclassification improvement,26 calculated as the
um of the proportion of participants reclassified downward
o a lower eGFR category in individuals with an outcome
nd the proportion of participants reclassified upward to a
igher eGFR category in individuals without an outcome,
ess the sum of the proportion of participants reclassified
pward in individuals with an outcome and the proportion of
articipants reclassified downward in individuals without an
utcome. This calculation represents the sum of the 2 terms
orresponding to “clinically correct” reclassification minus
he 2 terms reflecting “clinically incorrect” reclassification.
n sensitivity analyses, we also assessed net reclassification
mprovement using 10-year risk categories (�5%, 5% to

10%, 10% to �20%, and �20%) of each outcome pre-
icted from Cox proportional hazards models.27 All analyses
ere conducted using Stata 10.1 software (Stata Corp,
ww.stata.com), and P � 0.05 is considered statistically

ignificant.

RESULTS

haracteristics of StudyParticipants

Participants with CKD stage 3 (eGFRCKD-EPI

f 30-59 mL/min/1.73 m2) or stage 4/5
eGFRCKD-EPI � 30 mL/min/1.73 m2) were more
ikely to be older, women, and black and have
ore comorbid conditions, including diabetes,

ompared with individuals with eGFRCKD-EPI of
0-119 mL/min/1.73 m2 (Table 1). The category
f eGFRCKD-EPI � 120 mL/min/1.73 m2 mainly
onsisted of black women who also tended to
ave a higher prevalence of diabetes and left
entricular hypertrophy, more often reported us-
ng antihypertensive medications, and had a
igher body mass index compared with those
ith eGFRCKD-EPI of 90-119 mL/min/1.73 m2.
owever, mean age in this group was younger

ompared with the other categories. Similar results
ere observed across categories of eGFRMDRD

Table S1; available as online supplementary mate-
ial associated with this article at www.ajkd.org).

Mean eGFRCKD-EPI was higher in persons with
GFR of 30-89 mL/min/1.73 m2, but lower than
GFRMDRD in individuals with eGFR � 120 mL/
in/1.73 m2 (Table 1; Fig 1). Mean eGFRCKD-EPI

nd eGFRMDRD were similar for categories of

GFR of 90-119 and � 30 mL/min/1.73 m2.

http://www.stata.com
http://www.ajkd.org
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CKD-EPI vs MDRD About Outcomes 651
verall, the median value for eGFRCKD-EPI was
igher than that for eGFRMDRD (97.6 [interquar-
ile range, 87.3-105.6] and 88.8 mL/min/1.73 m2

interquartile range, 79.8-102.1], respectively;
� 0.001). In particular, median eGFRCKD-EPI

as higher than eGFRMDRD in women, whites,
nd younger individuals (�8.8 mL/min/1.73 m2

n women vs �6.9 mL/min/1.73 m2 in men, �10.0
L/min/1.73 m2 in whites vs �5.8 mL/min/1.73
2 in blacks, and �9.5 mL/min/1.73 m2 in younger

Table 1. Characteristics of Participants A

Characteristic
>120

(n � 716

ge (y) 49.4 � 3

en 188 (26

lack race 679 (95

ducational level completed (y) (n � 13,883)
�12 253 (35
12-16 224 (31
�16 238 (33

urrent smokers (n � 13,893) 233 (33

ody mass index (kg/m2) (n � 13,895) 29.9 � 6

iabetes mellitus (n � 13,882) 145 (20

ntihypertensive medication (n � 13,897) 257 (36

ystolic blood pressure (mm Hg) (n � 13,900) 126.6 � 2

iastolic blood pressure (mm Hg) (n � 13,900) 79.2 � 1

ow-density lipoprotein cholesterol (mg/dL)
(n � 13,625)

127.4 � 4

igh-density lipoprotein cholesterol (mg/dL)
(n � 13,814)

57.2 � 1

riglycerides (mg/dL) (n � 13,815) 111.1 � 8

eft ventricular hypertrophy (n � 13,587) 25 (4)

arotid atherosclerosis (n � 13,473) 46 (7)

erum creatinine (mg/dL) 0.61 � 0

GFRCKD-EPI (mL/min/1.73 m2) 125.5 � 5

GFRMDRD (mL/min/1.73 m2) 139.0 � 1

Note: Values expressed as mean � standard deviation
igh-density lipoprotein cholesterol in mg/dL to mmol/L, �0
g/dL to �mol/L, �88.4; eGFR in mL/min/1.73 m2 to mL/s/
Abbreviations and definitions: eGFRCKD-EPI, estimated

isease Epidemiology Collaboration (CKD-EPI) equation;
he Modification of Diet in Renal Disease (MDRD) Study eq
45-54 y] vs �7.3 mL/min/1.73 m2 in older per- i
ons [55-64 years]), as expected. The distribution
f eGFRCKD-EPI and eGFRMDRD values is shown
n Fig 2A.

ncidenceRatesAccording to eGFRUsing
achEquation

During a median follow-up of 16.9 years,
here were 192 cases of ESRD, 2,478 deaths,
,863 cases of CHD, and 700 cases of stroke.
he continuous relationships between eGFR us-

ng to Clinical Categories of eGFRCKD-EPI

ategories of eGFRCKD-EPI (mL/min/1.73 m2)

90-119
n � 9,035)

60-89
(n � 3,931)

30-59
(n � 196)

<30
(n � 27)

3.5 � 5.5 55.5 � 6.0 58.7 � 5.3 56.4 � 6.7

,791 (42) 1,956 (50) 79 (40) 7 (26)

,267 (25) 733 (19) 63 (32) 25 (93)

,003 (22) 798 (20) 68 (35) 16 (59)
,771 (42) 1,620 (41) 69 (35) 9 (33)
,246 (36) 1,507 (38) 59 (30) 2 (7)

,545 (28) 761 (19) 45 (23) 5 (19)

7.4 � 5.4 27.7 � 4.8 28.5 � 5.2 29.3 � 5.5

911 (10) 383 (10) 50 (26) 15 (56)

,220 (25) 1,230 (31) 124 (63) 18 (67)

0.3 � 18.4 121.3 � 18.4 127.6 � 22.3 153.5 � 34.0

3.2 � 11.1 73.9 � 10.9 74.9 � 12.2 80.2 � 13.3

5.6 � 38.5 140.4 � 39.4 147.0 � 45.4 153.3 � 67.1

2.8 � 17.1 50.3 � 16.6 48.1 � 16.6 48.4 � 19.5

7.1 � 87.1 135.2 � 91.6 165.1 � 110.1 174.9 � 145.1

157 (2) 80 (2) 9 (5) 6 (22)

603 (7) 338 (9) 26 (14) 7 (30)

.75 � 0.13 0.96 � 0.14 1.33 � 0.24 7.00 � 5.02

2.1 � 7.3 79.8 � 7.4 53.0 � 6.3 13.9 � 10.1

9.2 � 13.4 73.5 � 6.8 50.5 � 5.8 14.2 � 9.9

ber (percentage). Conversion factors for units: low- and
; triglycerides in mg/dL to mmol/L, �0.01129; creatinine in
2, �0.01667.
rular filtration rate calculated using the Chronic Kidney

DRD, estimated glomerular filtration rate calculated using
ccordi

C
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Matsushita et al652
linical outcomes with and without adjusting for
ge, sex, and race are shown in Fig 2. Although
rends for both equations were similar, incidence
ates of the 4 outcomes were higher throughout
he range of moderately decreased GFRCKD-EPI

ompared with the same levels for eGFRMDRD.
he positive slopes of eGFR with ESRD, all-cause
ortality, and stroke at a range of eGFR � 105
L/min/1.73 m2 were steeper for GFRCKD-EPI than

GFRMDRD. In contrast, CHD risk was lower even
t eGFRs � 120 mL/min/1.73 m2 for eGFRCKD-EPI,
ut not for eGFRMDRD.

Adjusted incidence rate ratios for each outcome
omparing eGFR categories of the CKD-EPI and
DRD Study equations are listed in Table 2. For

oth equations, categories of eGFR � 60 mL/min/
.73 m2 were consistently associated with simi-
arly greater risks of each outcome. Individuals
ith eGFR of 60-89 mL/min/1.73 m2 using ei-

her equation had higher risks of incident ESRD
nd stroke compared with the reference groups.
ncidence rates of ESRD and all-cause mortality
n participants with eGFR � 120 mL/min/1.73

Figure 1. Scatter plot of estimated glomerular filtra-
ion rate (eGFR) using the Chronic Kidney Disease
pidemiology Collaboration (eGFRCKD-EPI) and Modifica-

ion of Diet in Renal Disease Study (eGFRMDRD) equations
ccording to the combination of sex and race. Points in
ff-diagonal boxes indicate individuals who are reclassified

nto a higher (below the diagonal) or lower (above the
iagonal) eGFR category using the eGFRCKD-EPI com-
ared to the eGFRMDRD equation. The graph includes
3,905 individuals but points with the same eGFR plot on
op of each other. Individuals with eGFRMDRD � 200
L/min/1.73 m2 are plotted at 200.
2 using both equations were significantly higher i
ompared with the reference groups for both
quations. Harrell’s C statistics were obtained
fter Cox proportional hazards models with the
ovariates listed in Table 2 and were nearly
dentical for eGFRCKD-EPI and eGFRMDRD

ESRD, 0.912 vs 0.908; all-cause mortality, 0.746
s 0.747; CHD, 0.751 vs 0.750; and stroke,
.760 vs 0.761, respectively).
Although adjusted relative risks are very simi-

ar, there was substantial reclassification of indi-
idual participants to different eGFR groups.
pecifically, the size of the reference group with
GFR of 90-119 mL/min/1.73 m2 changed dra-
atically from 4,830 using the MDRD Study

quation to 8,357 using the CKD-EPI equation.
owever, the risk of these groups is similar
ecause the absolute risk of individuals with
GFRCKD-EPI of 90-119 mL/min/1.73 m2, but
GFRMDRD of 60-89 or � 120 mL/min/1.73 m2,
s very similar to individuals with eGFR of
0-119 mL/min/1.73 m2 using both equations
Table 3).

ross-Tabulated IncidenceRatesAccording to
GFRUsingBoth Equations

To directly compare both equations, we com-
uted crude incidence rates of each outcome
or cross-categories of eGFRCKD-EPI and
GFRMDRD (Table 3). Of 1,439 participants with
GFRMDRD � 120 mL/min/1.73 m2, 50.2% (n �
23) were reclassified downward to the category
f eGFR of 90-119 mL/min/1.73 m2 using the
KD-EPI equation. No one was reclassified us-

ng the CKD-EPI equation in participants with
GFRMDRD of 90-119 or � 30 mL/min/1.73 m2.
n contrast, 44.9% (n � 3,079) and 43.5% (n �
51) of participants with eGFRMDRD of 60-89
nd 30-59 mL/min/1.73 m2 were reclassified
pward to a higher eGFR category, decreasing
he CKD prevalence based on eGFR in our
opulation from 2.7% to 1.6%, respectively.
Importantly, participants who were reclassi-

ed upward to a higher eGFR category consis-
ently had a lower risk of all outcomes than those
ho were unchanged in the same eGFR cat-

gory. For participants with eGFRMDRD of 30-59
L/min/1.73 m2 who were reclassified to

GFRCKD-EPI of 60-89 mL/min/1.73 m2, the inci-
ence rate ratios compared with those who stayed
n the lower category were 0.10 (95% confidence

nterval [CI], 0.03-0.33) for ESRD (1.3 vs 13.1/
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CKD-EPI vs MDRD About Outcomes 653
,000 person years in Table 3), 0.30 (95% CI,
.19-0.48) for all-cause mortality, 0.36 (95% CI,
.21-0.61) for CHD, and 0.50 (95% CI, 0.24-
.02) for stroke. Similar results were observed
or participants with eGFRMDRD of 60-89 mL/
in/1.73 m2 (ESRD incidence rate ratio, 0.35

95% CI, 0.20-0.58]; all-cause mortality, 0.61
95% CI, 0.54-0.69]; CHD, 0.72 [95% CI, 0.63-
.82]; and stroke, 0.62 [95% CI, 0.49-0.78]). The
attern was less consistent for participants with
GFRMDRD � 120 mL/min/1.73 m2 who were
eclassified downward to eGFRCKD-EPI of 90-
19 mL/min/1.73 m2.

Subsequently, we compared age-, sex-, and
ace-adjusted incidence rates and found that par-
icipants reclassified upward using the CKD-EPI
quation still tended to have lower risk compared

Figure 2. Incidence rates (per 1,000 person-years) of
oronary heart disease, and (D) stroke according to estim
isease Epidemiology Collaboration (eGFRCKD-EPI; blue

eGFRMDRD; red) equations without (solid lines) and with (
A) The long-dash 2-dot lines show kernel density plots of d
magenta).
ith those who were not reclassified, although h
his comparison was statistically significant for
nly ESRD (ESRD incidence rate ratio, 0.55
95% CI, 0.31-0.95] for eGFRMDRD of 60-89
L/min/1.73 m2 and 0.13 [95% CI, 0.04-0.47]

or eGFRMDRD of 30-59 mL/min/1.73 m2; all-
ause mortality, 0.94 [95% CI, 0.82-1.08] and
.72 [95% CI, 0.42-1.23]; CHD, 0.94 [95% CI,
.82-1.08] and 0.78 [95% CI, 0.41-1.47]; and
troke, 0.95 [95% CI, 0.74-1.22] and 0.95 [95%
I, 0.40-2.28], respectively).

et Reclassification Improvement

The analysis of net reclassification improvement
ased on eGFR categories was conducted after
xcluding participants with either eGFRCKD-EPI

r eGFRMDRD � 120 mL/min/1.73 m2 because
eclassification to lower values from this group

-stage renal disease (ESRD), (B) all-cause mortality, (C)
lomerular filtration rate (eGFR) using the Chronic Kidney
hick) and Modification of Diet in Renal Disease Study
lines) adjustment for mean values of age, sex, and race.

tions of eGFRCKD-EPI (light blue and thick) and eGFRMDRD
(A) end
ated g
and t

dashed
as a different meaning because of the J-shaped
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Matsushita et al654
ssociations of eGFR with risk. The detailed
able for calculating net reclassification improve-
ent for incident ESRD is listed in Table 4

Tables S2-S4 for the other outcomes). Of 170
articipants who had incident ESRD during fol-
ow-up, 12.4% (n � 21) were reclassified incor-
ectly to a lower risk (higher eGFR) category
sing the CKD-EPI equation. However, in 12,230
articipants who were free of ESRD during fol-
ow-up, 26.1% (n � 3,193 participants) were
eclassified correctly to a lower risk (higher
GFR) group. In sum, net reclassification im-
rovement for ESRD using the CKD-EPI equa-
ion was 0.138 (P � 0.001). Overall, the CKD-
PI equation was associated with a significantly
ositive net reclassification improvement for all
utcomes (Table S5). Similar results were ob-
ained in subgroups by race, sex, and age (45-54
r 55-64 years), although blacks tended to have
ower net reclassification improvements for all
utcomes than whites. Net reclassification im-
rovements based on 10-year risk including par-
icipants with eGFR � 120 mL/min/1.73 m2

enerally were smaller than those based on eGFR

Table 2. Adjusted Incidence Rate Ratio for Outcomes
CKD-EPI or M

Ca

>120 90-119

o. of participants
CKD-EPIa 641 8,357
MDRDa 1,297 4,830

utcomes
ESRD

CKD-EPI 2.07 (1.13-3.79) (reference)
MDRD 2.04 (1.13-3.67) (reference)

All-cause mortality
CKD-EPI 1.34 (1.10-1.64) (reference)
MDRD 1.27 (1.10-1.47) (reference)

CHD
CKD-EPI 0.83 (0.61-1.12) (reference)
MDRD 1.06 (0.88-1.29) (reference)

Stroke
CKD-EPI 1.12 (0.80-1.58) (reference)
MDRD 1.14 (0.87-1.49) (reference)

Note: Values in parentheses are 95% confidence inter
ducation, systolic blood pressure, antihypertensive medic

ipoprotein cholesterol levels, left ventricular hypertrophy, a
Abbreviations: CHD, coronary heart disease; CKD-EP

stimated glomerular filtration rate; ESRD, end-stage renal
aParticipants included in the fully adjusted analysis.
ategories, particularly when adjusted for covari- t
tes or when eGFR was modeled as a spline
Table S6).

DISCUSSION

Overall, our results suggest that categorization
f kidney function using the CKD-EPI equation
ore appropriately stratifies middle-aged indi-

iduals according to risk of important clinical
utcomes compared with the conventional
DRD Study equation. The prevalence of CKD

tage 3 (eGFR, 30-59 mL/min/1.73 m2) at base-
ine was decreased from 2.5% (n � 347) to 1.4%
n � 196) comparing the CKD-EPI and MDRD
tudy equations in a large community-based
iddle-aged population. Importantly, partici-

ants who were reclassified upward from CKD
tage 3 based on the MDRD Study equation to
ildly decreased eGFR (from � 60 to 60-89
L/min/1.73 m2) using the CKD-EPI equation

ad lower risks of all clinical outcomes com-
ared with those who were not reclassified.
Improved risk stratification using categories

f eGFRCKD-EPI is partially a function of inher-
nt properties of the equation: lower risk popula-

ing to eGFR Categories Determined Using Either the
tudy Equation

s of eGFR (mL/min/1.73 m2)

0-89 30-59 <30

,645 171 21
,380 307 21

.94-4.30) 16.70 (10.13-27.53) 54.43 (26.69-111.00)

.80-4.50) 16.09 (9.33-27.75) 59.06 (28.17-123.81)

.91-1.11) 1.69 (1.33-2.15) 5.53 (3.48-8.80)

.90-1.09) 1.56 (1.25-1.93) 5.54 (3.48-8.81)

.91-1.12) 1.46 (1.08-1.97) 2.20 (0.90-5.34)

.90-1.11) 1.29 (0.99-1.68) 2.25 (0.92-5.46)

.98-1.40) 1.71 (1.09-2.67) 1.77 (0.56-5.61)

.97-1.38) 1.88 (1.29-2.75) 1.81 (0.57-5.76)

djusted for following covariates: age, race, sex, level of
iabetes, smoking, body mass index, low- and high-density
tid atherosclerosis.
nic Kidney Disease Epidemiology Collaboration; eGFR:
e; MDRD, Modification of Diet in Renal Disease.
Accord
DRD S

tegorie

6

3
6

2.89 (1
2.85 (1

1.01 (0
0.99 (0

1.01 (0
1.00 (0

1.17 (0
1.16 (0

vals. A
ation, d
nd caro
I, Chro
diseas
ions, that is, female, whites, and younger partici-
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CKD-EPI vs MDRD About Outcomes 655
ants,3,28 are systematically assigned to a higher
GFR category compared with use of the MDRD
tudy equation. The significantly lower risk for
ll-cause mortality, CHD, and stroke in persons
ho were reclassified upward compared with

hose who were not reclassified was attenuated
y the adjustment for age, sex, and race. The
oefficients of age, sex, and race in the survival
odel may compensate for the different age, sex,

nd race terms in the CKD-EPI and MDRD
tudy equations. Nevertheless, these findings sug-
est that the total information content in serum
reatinine level and demographics is improved
nly marginally if one calculates eGFRCKD-EPI

Table 3. Crude Incidence Rates of Outcomes According t
Study

eGFRMDRD

(mL/min/1.73 m2)

eGFRCKD-E

>120 90-119

120
No. 716 723
ESRD 1.5 (0.9-2.4) 0.6 (0.3-1.4)
All-cause mortality 12.4 (10.5-14.6) 12.7 (10.8-14.9)
CHD 4.7 (3.6-6.2) 8.7 (7.1-10.6)
Stroke 4.2 (3.2-5.6) 3.3 (2.4-4.5)

0-119
No. 0 5,233
ESRD — 0.4 (0.3-0.6)
All-cause mortality — 11.4 (10.7-12.2)
CHD — 8.7 (8.1-9.4)
Stroke — 3.1 (2.8-3.5)

0-89
No. 0 3,079
ESRD — 0.4 (0.2-0.6) 1.1
All-cause mortality — 7.4 (6.7-8.2) 12.1
CHD — 7.5 (6.7-8.3) 10.4
Stroke — 2.2 (1.8-2.7) 3.6

0-59
No. 0 0
ESRD — — 1.3
All-cause mortality — — 10.0
CHD — — 7.7
Stroke — — 4.7

30
No. 0 0
ESRD — —
All-cause mortality — —
CHD — —
Stroke — —

Note: Values expressed as crude incidence rate per 1,00
GFR in mL/min/1.73 m2 to mL/s/1.73 m2, �0.01667.
Abbreviations: CHD, coronary heart disease; CKD-EP

stimated glomerular filtration rate; ESRD, end-stage renal
ersus eGFRMDRD and uses them in a risk equa- l
ion along with the same demographics. Risk
eclassification improvement based on 10-year
isk using the CKD-EPI equation was marginal
hen adjusted for other risk factors.
The gain using the CKD-EPI equation also

as limited when spline terms of eGFR were
mplemented in the models. Again, it seems that
oefficients of multiple spline terms can compen-
ate for differences between the MDRD Study
nd CKD-EPI equations. Predicted risk using
pline models allows for a different risk associa-
ion across GFRs, limiting differences between
GFR equations that use identical variables. Nev-
rtheless, because clinical decisions and guide-

R Categories Determined Using the CKD-EPI and MDRD
ions

min/1.73 m2)
Reclassification

(%)30-59 <30

0 0 50.2
— —
— —
— —
— —

0 0 0
— —
— —
— —
— —

0 0 44.9
) — —
.1) — —

.2) — —
) — —

196 0 43.5
) 13.1 (9.3-18.6) —
.9) 32.8 (26.6-40.4) —
2) 21.5 (16.4-28.1) —
) 9.4 (6.3-14.0) —

0 27 0
— 260.0 (169.5-398.8)
— 150.6 (101.8-222.9)
— 44.0 (21.0-92.4)
— 19.2 (6.2-59.6)

on-years (95% confidence interval). Conversion factor for

nic Kidney Disease Epidemiology Collaboration; eGFR,
e; MDRD, Modification of Diet in Renal Disease.
o eGF
Equat

PI (mL/

60-89

0
—
—
—
—

0
—
—
—
—

3,780
(0.8-1.4
(11.3-13
(9.6-11
(3.1-4.1

151
(0.4-4.1
(6.7-14

(4.8-12.
(2.6-8.4

0
—
—
—
—

0 pers

I, Chro
ines are based on eGFR categories, the improve-
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Matsushita et al656
ent in risk prediction with eGFR categories is
linically important.

Importantly, for ESRD, an outcome directly
inked to decreased eGFR, more accurate risk
eclassification based on eGFR categories using
he CKD-EPI equation remained statistically sig-
ificant even after adjustment for demographic
ariables. Furthermore, it is of note that net
eclassification improvement was significantly
ositive for all outcomes in most subgroups
ccording to age, sex, or race (Table S5). These
ata indicate that the CKD-EPI GFR estimate is
ore closely related to risk, classifying a smaller

nd higher risk subgroup as having CKD stage 3.
hus, in a middle-aged population, CKD-EPI
GFR focuses the attention of clinicians on a
ubgroup that is more likely to benefit from
nterventions.

Both the MDRD Study and CKD-EPI equa-
ions are limited by the information available for
erum creatinine and demographics. Further im-
rovements are likely to require additional mark-
rs, such as serum cystatin C level, which im-
roves risk prediction29 and, when added to

Table 4. Reclassification of eGFR Categories Using the
Incident ESRD (yes

90-1

articipants who had incident ESRD
eGFRMDRD (mL/min/1.73 m2)

90-119
60-89
30-59
�30

Total no.

articipants who did not have incident ESRD
eGFRMDRD (mL/min/1.73 m2)

90-119 5,1
60-89 3,0
30-59
�30

Total no. 8,2

Note: Net reclassification improvement was calculated a
ants reclassified upward of those did not have ESRD
proportion of participants reclassified upward of those had
GFR in mL/min/1.73 m2 to mL/s/1.73 m2, �0.01667.
Abbreviations: CKD-EPI, Chronic Kidney Disease Epidem

SRD, end-stage renal disease; MDRD, Modification of Die
reatinine level, GFR estimation.2 Cystatin C t
evel standardization across methods and labora-
ories is lagging behind that of serum creatinine
evel. Thus, it is anticipated that eGFR based on
erum creatinine level will continue to be used in
ost clinical practice settings.12

Clinical guidelines recommend that clinical
aboratories report eGFR using the MDRD Study
quation when serum creatinine measurement is
equested.3,4 About 70% of laboratories cur-
ently are reporting eGFR with serum creatinine
esults.6 Although false-positive CKD caused by
nderestimation of GFR using the MDRD Study
quation is a concern,30 the original CKD-EPI
nd our results suggest the new CKD-EPI equa-
ion decreases this false-positive rate.

The present study also raises important inter-
retative issues about the CKD-EPI equation. In
lacks, eGFRCKD-EPI does not differ as much
rom eGFRMDRD as in whites; consequently,
here were lower net reclassification improve-
ents for all outcomes in blacks compared with
hites. Most blacks in the study population used

o develop the CKD-EPI equation had CKD with
ecreased GFR.12 Therefore, the CKD-EPI equa-

EPI and MDRD Study Equations Stratified According to
During Follow-up

eGFRCKD-EPI (mL/min/1.73 m2)

Total No.60-89 30-59 <30

0 0 0 33
63 0 0 81
3 32 0 35
0 0 21 21

66 32 21 170

0 0 0 5,167
3,700 0 0 6,746

147 164 0 311
0 0 6 6

3,847 164 6 12,230

ws: clinically correct reclassification (proportion of partici-
6 � 147]/12,230) � clinically incorrect reclassification
: [18 � 3]/170) � 0.138 (P � 0.001). Conversion factor for

Collaboration; eGFR, estimated glomerular filtration rate;
nal Disease.
CKD-
or no)

19

33
18
0
0

51

67
46
0
0

13

s follo
: [3,04
ESRD

iology
ion may lack precision in eGFR � 60 mL/min/
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CKD-EPI vs MDRD About Outcomes 657
.73 m2; however, the risk relationship with all
utcomes was at least as strong as in whites (data
ot shown). Further studies are needed to evalu-
te the accuracy of the CKD-EPI equation in
ndividuals of different race and ethnicity groups
ith mildly decreased or normal GFRs.
Participants with eGFRCKD-EPI or eGFRMDRD �

20 mL/min/1.73 m2 had statistically signifi-
antly higher risks of all-cause mortality and
SRD. The result for all-cause mortality was not
nexpected because high eGFR can result from
ow serum creatinine level because of muscle
asting secondary to ill health, reflecting inher-

nt limitations of all serum creatinine-based GFR
quations.

Why eGFR � 120 mL/min/1.73 m2 using both
quations was associated with incident ESRD is
nclear. Participants in this category using both
quations were likely to be black, have higher
ody mass index, and have diabetes at baseline
ompared with the reference group (Table 1;
able S1). These results suggest that the high-
GFR group in this study over-represents dia-
etic and obese persons with hyperfiltration at
isk of progression to CKD. The over-representa-
ion of blacks also might contribute to this find-
ng. Blacks have a higher risk of ESRD and are at
isk of a more rapid decrease in GFR compared
ith whites.31 Persons with eGFR � 120 mL/min/
.73 m2 who had incident ESRD in our study were
ostly black (16 of 16 for eGFRCKD-EPI and 20 of

3 for eGFRMDRD).
The reliability of eGFR at high values is

nother important issue. Individuals, particularly
lacks, with measured GFR � 120 mL/min/1.73
2 were under-represented in the populations

rom which the CKD-EPI and MDRD Study
quations were derived,7,12 limiting the ability to
uantify hyperfiltration and its progression. GFR
stimates using both equations have lower preci-
ion at higher GFRs.8,9,12

Some limitations of the present study should
e mentioned. First, because the ARIC Study
onsists of a middle-aged biethnic community-
ased population of the United States, additional
tudies are needed in younger populations, the
lderly, or other ethnicities. Second, there were
elatively few participants with eGFR of 30-59
L/min/1.73 m2, the range in which eGFR alone

s used to define CKD and risk relationships

ecome steeper. Finally, albuminuria was not t
easured at baseline. Thus, we could not evalu-
te eGFR and albuminuria simultaneously along
ith other factors that are important for the most

ccurate risk prediction.
In conclusion, the CKD-EPI equation recently

as developed through a large collaborative ef-
ort to reduce bias and improve precision and
ccuracy in estimating measured GFR. The equa-
ion uses the same variables (serum creatinine
evel, age, sex, and race) as the MDRD Study
quation, facilitating its implementation in com-
uterized algorithms to estimate GFR in clinical
ractice and laboratories. This study shows that
n a large community-based middle-aged popula-
ion, the CKD-EPI equation more appropriately
lassified individuals with respect to risk of
SRD, mortality, CHD, and stroke compared
ith the MDRD Study equation. This shows that

he improved accuracy in estimating GFR using
he CKD-EPI equation translated to improved
isk prediction and greater clinical utility in
iddle-aged individuals.
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SUPPLEMENTARY MATERIALS
Table S1: Characteristics of Participants According to

linical Categories of eGFRMDRD

Table S2: Reclassification of eGFR Categories by the
KD-EPI and the MDRD Study Equations, Stratified Accord-

ng to All-Cause Mortality (yes or no) During Follow-up
Table S3: Reclassification of eGFR Categories by the

KD-EPI and MDRD Study Equations, Stratified According
o Incident CHD (yes or no) During Follow-up

Table S4: Reclassification of eGFR categories by the
KD-EPI and MDRD Study Equations, Stratified According
o Incident Stroke (yes or no) During Follow-up
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Table S5: Net Reclassification Improvement by the CKD-
PI Equation Among Participants With eGFR � 120 mL/
in/1.73 m2 by Both Equations
Table S6: Net Reclassification Improvement by the CKD-

PI Equation Based on 10-year Risk Categories (�5%,
-�10%, 10-�20%, and �20%)
Note: The supplementary material accompanying this

rticle (doi:10.1053/j.ajkd.2009.12.016) is available at www.
jkd.org.
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