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Abstract

Aims The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula 
estimates glomerular filtration rate (GFR) better than the simplified Modification of 
Diet in Renal Disease (sMDRD) formula in numerous populations. It has not previ-
ously been validated in heart failure patients.

Methods and results The GFR was measured in 120 patients with chronic systolic 
heart failure (CHF) using [125I]iothalamate clearance (GFR

IOTH
) and estimated using 

the sMDRD and CKD-EPI equations. Accuracy, bias, and prognostic performance 
were compared. Cockcroft–Gault, CKD-EPI serum cystatin C, and CKD-EPI creati-
nine–serum cystatin C equations were compared in secondary analyses. Mean age 
was 59 ± 12 years, 80% were male. Mean LVEF was 29 ± 10%. Mean GFR

IOTH
 was 74 ± 

27 mL/min/1.73 m2, and mean estimated GFR was 66 ± 23 mL/min/1.73 m2 (CKD-
EPI) and 63 ± 21 mL/min/1.73m2 (sMDRD). CKD-EPI showed less bias than sMDRD 
(–8 ± 15 vs. –11 ± 16 mL/min/1.73 m2, P < 0.001). Both equations underestimate 
at higher and overestimate at lower GFR

IOTH
. Eleven patients (9%) were accurately re-

classified into lower CKD classes with CKD-EPI. Cockcroft–Gault showed lower bias 
(–3 ± 16 mL/min/1.73 m2) but worse precision and accuracy. Cystatin C-based es-
timation showed the lowest bias (–3 ± 14 mL/min/1.73 m2) and the best precision 
and accuracy. Prognostic value did not differ between all GFR estimates

Conclusion The CKD-EPI equation more accurately estimates measured GFR than 
the sMDRD equation in CHF patients, with less bias and greater accuracy and preci-
sion. The prognostic power of all GFR assessments was equivalent. Based on better 
performance and equal risk prediction, we believe the CKI-EPI equation should be 
the preferred creatinine-based GFR estimation method in heart failure patients, 
particularly those with preserved or moderately impaired renal function.

Abbreviations 

GFR  Glomerular Filtration Rate
GFR

IOTH
  GFR measured using Iothalamate clearance

GFR
CKD-EPI

  GFR estimated with CKD-EPI equation
GFR

SMDRD
  GFR estimated with simplified MDRD equation

GFR
CG

  Cockcroft-Gault creatinine clearance
GFR

CYS
  GFR estimated with CKD-EPI cystatin C equation

GFR
CYSCR

  GFR estimated with CKD-EPI cystatin C/creatinine equation
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Introduction

Impaired renal function, defined as decreased glomerular filtration rate (GFR), is 
common in chronic heart failure (CHF) and has consistently been associated with 
strongly reduced survival.1-4 As the gold standard measurement of GFR using in-
ulin or iothalamate clearance is not feasible for every patient, simpler methods 
have been developed to estimate GFR. The most commonly used creatinine-based 
equation was developed in the Modification of Diet in Renal Disease (MDRD) study 
in patients with chronic kidney disease (CKD), and has been validated in CHF.5, 

6 However, the MDRD equation strongly underestimates GFR at levels higher than 
60 mL/min/1.73 m2in patients with renal disease and patients with CHF.5, 7 A new 
equation—the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equa-
tion—was developed that shows considerably less bias, particularly in patients with 
higher GFR.7, 8 Accurate estimation of GFR in CHF patients is important for risk strat-
ification, titration of treatment, and prognosis. Recent publications suggest that 
the CKD-EPI equation provides better risk stratification than the MDRD equation 
in patients with CHF; however, no study has validated the CKD-EPI equation in the 
CHF population.9, 10 In this study, we validate the CKD-EPI equation in patients with 
CHF and examine its prognostic value compared with the MDRD equation, and in 
secondary analyses compare it with creatinine clearance using the Cockcroft–Gault 
equation and GFR estimates using cystatin C-based equations.

Methods

The main study design has been published previously.11 The present study is an ex-
tension of the main study. In brief, 120 clinically stable CHF patients with an LVEF 
<45%, included between 2003 and 2010, underwent renal function testing using 
[125I]iothalamate clearance measurement at the University Medical Center Gronin-
gen, The Netherlands. Medication had to be stable for at least 1 month and all pa-
tients had to be on renin–angiotensin system (RAS) inhibition. All subjects gave in-
formed consent for study participation. The study was approved by the institutional 
ethics board and conducted in accordance with Declaration of Helsinki guidelines.

Renal function measurement using iothalamate clearance

The glomerular filtration rate (GFR
IOTH

) was measured via constant infusion of a 
radiolabelled tracer, [125I]iothalamate. This method has a day-to-day variation co-
efficient of 2.5% for GFR

IOTH
.12 GFR

IOTH 
and GFR

CG 
were normalized per 1.73 m2 of 

body surface area (BSA), which was calculated as follows: 0.007184 × weight0.425 × 
height0.725.13 A description of the protocol has been published previously.5, 14

Laboratory methods

A venous blood sample was collected 2 h after the beginning of renal function 
measurements. Serum creatinine level was measured in all patients, using Jaffe 
alkaline picrate assays prior to 1 March 2006 and Roche Modular enzymatic assays 
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after 1 March 2006. Both methods were calibrated to the Cleveland Clinic Labora-
tory standard, traceable to isotope dilution mass spectrophotometry, as proposed 
by Coresh et al.15 Details of the calibration equations used for our laboratory have 
been published recently.16 Serum cystatin C levels were measured in 101 patients 
by nephelometry (BN-II N, Dade Behring Diagnostic) and calibrated to international 
reference standard ERM®-DA471/IFCC. All GFR estimates were calculated using cal-
ibrated creatinine and cystatin C values.

Estimated glomerular filtration rate

The CKD-EPI formula expressed as a single equation is:

GFR
CKD-EPI

 = 141 x min(Scr/κ, 1)α x max(Scr/κ, 1)-1.209 x 0.993Age  
x 1.018 [if female] x 1.159 [if black]

where Scr is serum creatinine, κ is 0.7 for females and 0.9 for males, α is –0.329 
for females and –0.411 for males, min indicates the minimum of Scr/κ or 1, and 
max indicates the maximum of Scr/κ or 1. We compared the CKD-EPI equation with 
the most commonly used equation in clinical practice, the simplified MDRD, re-ex-
pressed for standardized serum creatinine values.17

GFR
SMDRD

 = 175 x (Scr)-1.154 x (age)-0.203 x 0.742 [if female]  
 x 1.212 [if black]

Creatinine clearance using the Cockcroft–Gault formula[18] normalized for BSA ex-
pressed as a single equation is:

GFR
CG

 = ((140-Age) x Weight) / (72 x Scr) x 0.85 [if female] x (1.73/BSA)

Estimated GFR based on serum cystatin C was calculated using the recently pub-
lished CKD-EPI equations for use with standardized cystatin C and creatinine val-
ues.19 Expressed as a single equation, the serum cystatin C-based formula is:

GFR
CYS

 = 133 x min(Scys/0.8, 1)-0.499 x max(Scys 0.8, 1)-1.328 x 0.996Age  
x 0.932 [if female]

where Scys is serum cystatin C. 

Estimated GFR using the CKD-EPI combined creatinine–cystatin C formula expressed 
as a single equation is:

GFR
CYSCR

 = 135 × min(Scr/κ, 1)α × max(Scr/κ, 1)-0.601  
× min(Scys/0.8, 1)-0.375 × max(Scys/0.8, 1)-0.711 × 0.995Age  
× 0.969 [if female] × 1.08 [if black]

where Scr is serum creatinine, κ is 0.7 for females and 0.9 for males, α is –0.248 
for females and –0.207 for males, min indicates the minimum of Scr/κ or 1, max 
indicates the maximum of Scr/κ or 1, and Scys is serum cystatin C.
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Follow-up

Follow-up data for all patients were obtained at 36 months after renal function 
measurement via chart review by two independent investigators. Median follow-up 
was 36 months (interquartile range 32–36). All patients were followed up at our 
cardiology outpatient clinic. There was no loss to follow-up. A combined endpoint 
of death due to any cause, heart transplantation, or first hospitalization for wors-
ening heart failure was used.

Statistical analysis

Data are presented as mean ±standard deviation when normally distributed, as 
median with interquartile range for skewed distribution, and as frequencies with 
percentages for categorical variables. Student’s t-test was used to compare normal-
ly distributed continuous variables. The precision, accuracy, and bias of CKD-EPI, 
sMDRD, Cockcroft–Gault, and CKD-EPI cystatin C and creatinine–cystatin C equa-
tions in predicting GFR

IOTH 
were evaluated. Precision was determined by assessing 

the degree of correlation between estimated and measured GFR using linear re-
gression. r2 statistics were used to provide an indication of the model’s overall fit. 
The accuracy of each equation, or how well it reflects measured GFR, was assessed 
by comparing estimated GFR with the gold standard (GFR

IOTH
). We used the follow-

ing equation: [predicted value – measured value (GFR
IOTH

)] × 100/GFR
IOTH

. For each 
equation, the number of subjects with predicted GFR values within 15% or 30% of 
the GFR

IOTH 
was counted.

Bias is any systematic, non-random deviation resulting in a prediction error, and 
was calculated as the difference between GFR

IOTH 
and estimated GFR using individ-

ual equations. Logistic regression analysis was performed to determine area under 
the receiver operating characteristic (ROC) curve (AUC) for the relationship between 
various GFR estimates for different GFR

IOTH 
cut-off values. These ROC curves were 

compared to analyse the performance of different renal function estimates. Bland–
Altman analyses were performed to determine agreement between GFR

IOTH, 
GFR

SM-

DRD
, and GFR

CKD-EPI
. The prognostic performances of GFR

IOTH
, GFR

CKD-EPI
, GFR

SMDRD
, 

GFR
CG

, GFR
CYS

, and GFR
CYSCR 

for the combined endpoint were evaluated using logistic 
regression. ROC curves were used to compare the predictive ability of the six re-
nal function measures. All reported probability values are two-tailed, and a P-value 
<0.05 was considered statistically significant. Statistical analyses were performed 
using STATA (College Station, TX, USA), version 11.0.
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Results

The mean age of the study population was 59 ±12 years, and 80% were male (Ta-
ble 1). One patient was Asian; all others were Caucasian. Most were in NYHA class 
II and III [56 (47%) and 35 (29%) patients, respectively]. All renal function mea-
surements showed mild impairment of GFR, with a mean GFR

IOTH 
of 74 ±27 mL/

min/1.73 m2. The CKD-EPI (66 ±23 mL/min/1.73 m2), sMDRD (63 ±21 mL/min/1.73 
m2), Cockcroft–Gault (70 ±25 mL/min/1.73 m2), and CKD-EPI cystatin C (72 ±26 
mL/min/1.73 m2) equations underestimated mean measured GFR

IOTH 
(P-value for 

all comparisons <0.001). The CKD-EPI creatinine–cystatin C equation (86 ±20 mL/
min/1.73 m2) overestimated mean measured GFR

IOTH 
(P-value for all comparisons 

<0.05).

Glomerular filtration rate estimates relative to measurement of glo-
merular filtration rate determined using iothalamate clearance

Figure 1 shows the difference between estimated GFR using sMDRD and CKD-EPI 
equations and GFR

IOTH 
relative to GFR

IOTH
. Both equations considerably underesti-

mated measured GFR at higher values and slightly overestimated measured GFR at 
lower values. Figures S1 and S2 in the Supplementary material show the Bland–Al-
tman plots for CKD-EPI and sMDRD equations compared with GFR

IOTH
. There was a 

strong correlation between GFR
CKD-EPI 

and GFR
SMDRD 

(Figure 2, r2 = 0.97, P < 0.001). 

Bias, accuracy, and precision for all five GFR estimation equations are presented 
in Table 2. Both GFR

CKD-EPI 
and GFR

SMDRD 
more accurately estimated measured GFR for 

lower GFR values (bias –8 ±15 and –11 ±16 mL/min/1.73 m2, respectively), while 
GFR was more strongly underestimated in patients with a GFR ≥60 mL/min/1.73 
m2. GFR

CG 
and GFR

CYS 
showed negative bias (–3 ±16 and –3 ±14 mL/min/1.73 m2, 

respectively), performing better in patients with impaired vs. more preserved re-
nal function. GFR

CYSCR 
overestimated measured GFR, showing better performance in 

patients with GFR ≥60 mL/min/1.73 m2 and much wider variation at GFR below 60 
mL/min/1.73 m2. Of the creatinine-only based equations, GFR

CKD-EPI 
outperformed 

GFR
SMDRD 

and GFR
CG 

with respect to precision and overall accuracy. 

While GFR
CG 

displayed less bias and slightly better accuracy at the 15% cut-off, 
though worse at the 30% cut-off, the variation was greater and precision lower 
than for GFR

CKD-EPI 
and GFR

SMDRD
. The cystatin C-based equations yielded lower bias 

and greater accuracy and precision (Table 2, all P < 0.05) than the creatinine-based 
equations. 

Bias stratified by equation-related characteristics is presented in Table 3 for GFR
CKD-

EPI 
and GFR

SMDRD
. GFR

CKD-EPI 
showed less bias across most patient characteristics—

particularly in younger and middle-aged patients, for both sexes, at all levels of 
creatinine, in patients with no albuminuria or microalbuminuria (all P <0.05), but 
no difference in patients with overt macroalbuminuria. Table S1 in the Supplemen-
tary material presents bias stratified by various patient characteristics for all GFR 
estimation equations. GFR

CG 
showed less bias in women, younger patients, and 
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Table 1 Baseline Characteristics 

Patient Characteristics Total Population (n = 120)

Age (years) 59 ± 12

Sex (n, % male) 96 (80)

Race (n, % Caucasian) 119 (99)

NYHA class I / II / III / IV (n) 19 / 56 / 35 / 10

LVEF (%) 29 ± 10

Ischemic etiology (n, %) 60 (50)

Physical examination

  Systolic BP (mm Hg) 119 ± 20

  Diastolic BP (mm Hg) 69 ± 12

  Weight (kg) 86 ± 15

  BMI (kg/m2) 27 ± 4

  NT-proBNP (pg/mL) 634 [267 – 1856]

Renal Function

  Serum creatinine (mg/dL) 1.3 [1.0 – 1.4]

  Serum cystatin C (mg/L) 0.95 [.082 – 1.19]

  GFR
IOTH

 (mL/min/1.73m2) 74 ± 27

  GFR
CKD-EPI

 (mL/min/1.73m2) 66 ± 23

  GFR
SMDRD

 (mL/min/1.73m2) 63 ± 21

  GFR
CG

 (mL/min/1.73m2) 70 ± 25

  GFR
CYS

 (mL/min/1.73m2) 72 ± 26

  GFR
CYSCR

 (mL/min/1.73m2) 86 ± 20

  Urinary Albumin Excretion (mg/24h) 9 [6 – 18]

Medication use (N (%))

  RAS-inhibition 120 (100)

  Beta-blocker 101 (84)

  Mineralocorticoid receptor antagonist 37 (31)

  Diuretics 81 (68)
 
Abbreviations: BMI, body mass index; BP, blood pressure; GFRCKD-EPI, estimated Glomerular Filtration Rate 
using Chronic Kidney Disease Epidemiology Collaboration equation; GFRIOTH, Glomerular Filtration Rate 
using Iothalamate clearance; GFRSMDRD, estimated Glomerular Filtration Rate using simplified modification 
of diet in renal disease equation; GFRCG, Cockcroft-Gault creatinine clearance; GFRCYS, estimated Glomerular 
Filtration Rate using cystatin C equation; GFRCYSCR, estimated Glomerular Filtration Rate using Chronic Kid-
ney Disease Epidemiology Collaboration cystatin C and creatinine equation; LVEF, left ventricular ejection 
fraction; NYHA, New York Heart Association; BP: blood pressure; BMI: Body Mass Index; NT-proBNP: N-type 
pro Brain Natriuretic Peptide; RAS, Renin Angiotensin System.
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Figure 1 Comparative performance of CKD-EPI and MDRD equations versus GFR
IOTH

Figure 2 Correlation between GFR
CKD-EPI 

and GFR
SMDRD
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patients with high body mass index, lower 
systolic blood pressure, and higher creatinine 
levels, albeit with generally larger standard 
deviations than the other equations. GFR-

CYS 
most accurately assessed measured GFR 

across patient characteristics, while GFR
CY-

SCR 
displayed greater variability. 

Using GFR
IOTH 

cut-offs of ≥30 and ≥60 mL/
min/1.73 m2, there were strong correlations 
and almost no significant differences between 
the areas under the ROC curves for GFR

CKD-EPI
, 

GFR
SMDRD

, GFR
CG

, GFR
CYS

, and GFR
CYSCR 

(Table 4); 
at ≥90 mL/min/1.73 m2, GFR

CG 
showed worse 

performance than the other equations (P = 
0.03), while the other four equations were 
comparable [P = non-significant (NS)]. In re-
classification analysis, 15 (12.5%) patients 
were reclassified into different KDOQI (Kidney 
Disease Outcomes Quality Initiative) stages 
using the CKD-EPI vs. the sMDRD equation, all 
into less severe CKD classes (Table 5). Com-
pared with GFR

IOTH
, 11 (9%) of these patients 

were accurately reclassified using GFR
CKD-EPI

, 
while the remaining 4 patients were accurate-
ly classified using GFR

SMDRD
.

Glomerular filtration rate estimates 
and prognosis

After 3 years, 33 patients had experienced 
an event: there were 7 deaths, 21 heart fail-
ure hospitalizations, and 5 heart transplan-
tations. Figure 3 shows the ROC curves for 
logistic regression analyses of the combined 
endpoint vs. GFR

IOTH
, GFR

SMDRD
, and GFR

CKD-EPI
; 

GFR
IOTH 

showed the best predictive ability, 
with an AUC of 0.77, while both CKD-EPI and 
GFR

SMDRD 
showed similar performance (AUC = 

0.76, P = NS). Comparing all six measures (n = 
101), all showed similar performance, with all 
AUCs between 0.76 and 0.78 (P = NS). There 
were no statistically significant differences 
between predictive abilities on the combined 
endpoint or any of its individual components 
for any of the measures.
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Table 3 Bias of GFR
CKD-EPI

 and GFR
SMDRD

 equations stratified by equation variables and 

clinical characteristics

GFRCKD-EPI GFRSMDRD

n Mean [95% CI] Mean [95% CI] 

Age [years]a

  < 56 b 44 -9 [-14 – -4] -16 [-21 – -10]

  56 – 63 b 36 -7 [-12 – -3] -10 [-15 – -5]
  > 63 40 -7 [-11 – -3] -7 [-11 – -3]

Sex 
  Male b 96 -8 [-11 – -6] -12 [-15 – -9]
  Female b 24 -4 [-10 – 3] -9 [-16 – -2]

Creatinine [mg/dL] a

  0.69 – 1.03 b 41 -5 [-10 – 0] -10 [-16 – -4]

  1.04 – 1.32 b 40 -13 [-18 – -9] -18 [-23 – -13]
  1.34 – 3.87 b 39 -4 [-9 – 1] -5 [-9 – -1]

Urinary albumin excretion [mg/24h]
  None (0-29) b 93 -8 [-12 – -6] -13 [-16 – -10]

  Microalbuminuria (30-300) b 19 -8 [-14 – 1] -9[-18 – -1]
  Macroalbuminuria (>300) 8 5 [-3 – 12] 4 [-8 – 16]

NT-proBNP [pg/ml] a 

  28 – 344 b 40 -10 [-15 – -5] -14 [-20 – -9]

  360 – 1230 b 40 -12 [-17 – -6] -15 [-21 – -10]
  1272 – 25224 b 40 -1 [-5 – 3] -4 [-7 – 0]

NYHA Class
  I-II b 75 -11 [-14 – -7] -14 [-18 – -11]
  III-IV b 45 -3 [-6 – 1] -6 [-9 – -2]

LVEF [%]a

  < 25 b 40 -5 [-9 – -1] -9 [-13 – -5]

  25 – 33 b 40 8 [-13 – -3] -11 [-16 – -6]
  > 33 b 40 -10 [-15 – -5] -14 [-20 – -8]

Ischemic etiology 
  No b 60 -7 [-10 – -3] -11 [-15 – -6]
  Yes b 60 -9 [-12 – -5] -12 [-16 – -7]

Systolic BP [mm Hg] a

  < 111 b 44 -4 [-8 – -1] -8 [-12 – -4]

  111 – 125 b 37 -9 [-14 – -4] -14 [-19 – -9]
  > 125 b 39 -10 [-15 – -5] -12 [-18 – -6]

Diastolic BP [mm Hg] a

  < 64 b 41 -6 [-10 – -2] -9 [-13 – -4]

  64 – 74 b 40 -6 [-10 – -2] -10 [-15 – -5]
  > 74 b 39 -11 [-17 – -6] -15 [-21 – -9]
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GFRCKD-EPI GFRSMDRD

n Mean [95% CI] Mean [95% CI] 

BMI [kg/m2] a

  <26 b 40 -3 [-9 – 2] -6 [-13 – -0]

  26 – 29 b 40 -8 [-11 – -4] -11 [-15 – -7]
  >29 b 40 -12 [-17 – -7] -16 [-21 – -11]

Beta blocker
  No b 19 -3 [-11 – 5] -7 [-15 – 2]
  Yes b 101 -8 [-11 – -6] -12 [-15 – -9]

MRA
  No b 83 -10 [-13 – -7] -14 [-17 – -10]
  Yes b 37 -2 [-7 – 3] -6 [-10 – -1]

Diuretic use
  No b 39 -10 [-16 – -6] -15 [-20 – -10]
  Yes b 81 -6 [-9 – -3] -9 [-13 – -6]

a divided in tertiles; b p ≤ 0.05; Abbreviations: NYHA: New York Heart Association classification; LVEF: Left 
Ventricular Ejection Fraction; BP: blood pressure; BMI: Body Mass Index; UAE: Urinary Albumin Excretion; 
MRA: Mineralocorticoid receptor antagonist; NT-proBNP: N-type pro Brain Natriuretic Peptide

Table 4 ROC analysis for different GFR cut-offs

GFRIOTH cut-off Equation AUC (95% CI) P-value

≥ 30 mL/min/1.73m2 GFRCKD-EPI 0.98 (0.95 – 1.00)

GFRSMDRD 0.98 (0.95 – 1.00)

GFRCG 0.96 (0.93 – 1.00)

GFRCYS 0.98 (0.95 – 1.00)

GFRCYSCR 0.97 (0.94 – 1.00) 0.55

≥ 60 mL/min/1.73m2 GFRCKD-EPI 0.97 (0.95 – 1.00)

GFRSMDRD 0.97 (0.95 – 1.00)

GFRCG 0.97 (0.93 – 1.00)

GFRCYS 0.98 (0.96 – 1.00)

GFRCYSCR 0.98 (0.96 – 1.00) 0.36

≥ 90 mL/min/1.73m2 GFRCKD-EPI 0.85 (0.78 – 0.92)

GFRSMDRD 0.85 (0.78 – 0.92)

GFRCG 0.83 (0.75 – 0.91)

GFRCYS 0.88 (0.82 – 0.95)

GFRCYSCR 0.89 (0.83 – 0.95) 0.03

Abbreviations: AUC: Area under the receiver-operator characteristics curve; CI: confidence interval.
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Discussion

In the present study, we found that the CKD-EPI equation more accurately estimated 
measured GFR compared with the sMDRD equation in patients with chronic systolic 
heart failure. Use of the CKD-EPI equation resulted in the accurate reclassification of 9% 
of patients into less severe CKD classes. In secondary analysis, confirming earlier find-
ings,[5] the Cockcroft–Gault equations showed the worst performance among the cre-

Table 5. Reclassification of patients into different KDOQI classes by GFRCKD-EPI

GFRSMDRD (mL/min/1.73m2)

GFRCKD-EPI  
(mL/min/1.73m2)

Stage IV  
(< 30)

Stage IIIb  
(30 – 44)

Stage IIIa  
(45 – 59)

Stage II  
(60 – 90)

Stage I  
(> 90)

Stage IV (< 30) 7 0 0 0 0

Stage IIIb (30 – 44) 0 17 0 0 0

Stage IIIa (45 – 59) 0 2 23 0 0

Stage II (60 – 90) 0 0 6 47 0

Stage I (> 90) 0 0 0 7 11

Figure 3 Receiver operating characterisitic curves for combined endpoint at 3 years. 

AUC: area under the receiver-operator characteristics curve
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atinine-based GFR estimation equations. The best overall performance was found for  
GFR

CYS
, with the lowest bias, good precision, and the greatest accuracy, while  

GFR
CYSCR 

had the best precision but greater variability.

Estimating the glomerular filtration rate in patients with chronic 
heart failure

Accurate assessment of glomerular filtration is important in all populations, includ-
ing patients with CKD, hypertension, cardiovascular disease, and heart failure, as a 
reduced GFR is related to increased mortality and morbidity in all of these groups.2, 

20, 21 Creatinine-based equations remain the cornerstone of GFR estimation, but de-
spite validation studies and calibration of serum creatinine, substantial biases re-
main.22 For patients with heart failure, the six-variable simplified MDRD equation 
showed the best prognostic value but still overestimated GFR in patients with low 
GFR, while underestimating GFR in patients with preserved GFR.5 Similar underesti-
mation of GFR at higher GFR values was also observed in large nephrologic studies, 
which led to the development of the new CKD-EPI equation. In a population of 8254 
patients, this more complex equation was able to decrease the observed mean 
bias to +2.5 mL/min/1.73 m2, compared with +5.5 mL/min/1.73 m2 for the sMDRD 
equation.7 Bias was reduced most in patients with a GFR ≥60 mL/min/1.73 m2, 
where bias was reduced from +10.6 to +3.5 mL/min/1.73 m2. The reduced bias for 
CKD-EPI in patients with a GFR ≥60 mL/min/1.73 m2 was confirmed by Stevens et 
al.[8] Although these differences between measured GFR and estimated GFR seem 
small, they can significantly affect risk stratification, as even 5 mL/min/1.73 m2 of 
deterioration in renal function has been associated with strongly increased risk for 
mortality.23 The CKD-EPI equation has been validated in various patient subgroups, 
with mixed results. In patients with type II diabetes, for example, CKD-EPI still sig-
nificantly underestimated GFR and was outperformed by the sMDRD equation,24, 

25 while use of the CKD-EPI equation led to a lower prevalence of CKD in another 
study.26 In the present study, we found that the CKD-EPI equation better estimated 
GFR

IOTH 
compared with the simplified MDRD equation. Both equations underesti-

mated GFR for higher GFR
IOTH 

levels, and slightly overestimated values for lower 
GFR

IOTH 
levels. Though our results reflect those found in other populations, the ab-

solute bias was greater than reported in other studies.7, 8 The reason for this greater 
bias is unclear. Using the CKD-EPI rather than the sMDRD equation resulted in the 
reclassification of 12.5% of patients into better KDOQI CKD stages in this particular 
cohort. In our present analysis in patients with CHF, the CKD-EPI equation provides 
improved accuracy, bias, and precision in almost all patients. The exception in our 
cohort are patients over the age of 60 years and patients with macroalbuminuria, 
in whom CKD-EPI and sMDRD equations showed similar bias. As heart failure is pri-
marily a disease of the elderly, it is speculated that while use of the CKD-EPI equa-
tion may not lead to better risk stratification in HF populations, its performance is 
certainly no worse. Our secondary analyses showed that the Cockcroft–Gault equa-
tion demonstrated relatively minimal bias, though precision was lower and varia-
tion greater than for the CKD-EPI and sMDRD equations. Our analyses also clearly 



Chapter 2

58

demonstrated the superiority of cystatin C in estimating GFR, confirming previous 
analyses.19,27,28 However, as routine cystatin C measurements have thus far failed 
to enter daily practice, and are only recommended in specific subsets of patients 
screened using creatinine-based equations,29 we believe identifying and validating 
the best creatinine-based GFR estimation equation remains clinically relevant.

Risk prediction using the CKD-EPI vs. the simplified MDRD equation

Estimation of GFR is not only important for the assessment of renal function, it also 
serves as a strong (mortality) risk indicator in patients with heart failure.2,30 Smil-
de et al. showed that equations estimating GFR may be less powerful predictors 
of outcome compared with GFR

IOTH
.5 This inferiority is probably a reflection of de-

creased accuracy in determining GFR. The prognostic importance of CKD-EPI has 
been evaluated in different settings. In one study in patients with myocardial in-
farction, CKD-EPI was inferior to the Cockcroft–Gault equation in predicting mor-
tality,31 but was a powerful predictor of in-hospital events in a study of patients 
with acute coronary syndrome.32 In a large population of acute myocardial infarc-
tion patients with impaired systolic function or signs of heart failure, use of the 
CKD-EPI equation improved risk stratification compared with sMDRD.33 A recent 
study by Zamora et al. comparing the prognostic performance of CKD-EPI, sMDRD, 
and Cockcroft–Gault equations in a heart failure cohort found the latter to be the 
best predictor for mortality, with CKD-EPI and sMDRD equations showing similar 
performance.9 In contrast, a meta-analysis by McAlister et al. evaluating the per-
formance of sMDRD and CKD-EPI for mortality risk stratification in heart failure 
patients found that CKD-EPI outperformed sMDRD.10 Matsushita et al., in a large 
pooled meta-analysis of >1.1 million patients with diverse backgrounds, including 
general and cardiovascular disease populations, found that the CKD-EPI equation 
classified fewer individuals as having CKD and provided more accurate risk strati-
fication for mortality and end-stage renal disease.34 Our results show that the CKD-
EPI and sMDRD equations have numerically similar prognostic capacity compared 
with the gold standard, with no indication of any improvement in risk classification 
for either equation, despite accurate reclassification into less severe CKD classes 
by CKD-EPI. We also saw no differences in our secondary analyses. However, our 
study population is small, with a relatively low number of events. We elected to 
use a composite endpoint that included hospitalization, which—along with sample 
size—may explain the lack of effect on outcome despite significant KDOQI CKD 
reclassification.

Clinical implications

Our data show that the CKD-EPI equation more accurately reflects measured GFR in 
CHF patients, with more accurate classification into KDOQI classes, and no signifi-
cant differences in predicting risk. Accuracy and precision were better for CKD-EPI 
than for sMDRD and Cockcroft–Gault estimates, while bias was lower for GFR

CG
, 

though with greater error margins. Although cystatin C-based estimates do per-
form better, there is still a place for creatinine-based GFR estimates in daily clini-
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cal practice. In large meta-analyses in a broad spectrum of populations, including 
heart failure patients, CKD-EPI has been found to improve mortality and renal out-
come risk stratification.10,34 Considering these findings, we believe that the CKD-EPI 
equation should be the preferred creatinine-based method for estimating the GFR 
in heart failure patients, particularly those with preserved or moderately impaired 
renal function.

Limitations and strengths

Our study has several important limitations. First, our cohort of patients with heart 
failure was relatively young with only mild renal impairment. Furthermore, we only 
included patients with reduced EF. Our cohort also consists almost exclusively of 
Caucasians. While this does not invalidate the analyses, the conclusions cannot 
simply be applied to a general heart failure population. The sample size is also lim-
ited due to the relatively cumbersome study design. Combined with a low number 
of events, this limits the study’s statistical power for evaluating risk stratification 
improvement for CKD-EPI vs. sMDRD equations. Nonetheless, this is the largest 
cohort of heart failure patients with iothalamate clearances available. 

Conclusion

In patients with chronic systolic heart failure, the CKD-EPI equation more accurately 
estimates GFR compared with the sMDRD equation, with less bias, greater accuracy, 
and improved precision. The Cockcroft–Gault equation, while providing lower mean 
bias, shows greater variance and worse precision and accuracy. Although cystatin 
C-based equations provided more accurate estimates of measured GFR, cystatin C 
has yet to establish itself in routine clinical practice. The prognostic power of all 
creatinine-based GFR assessments was equivalent in our population, although evi-
dence from meta-analyses indicates that the CKD-EPI equation provides better risk 
stratification. Based on a better performance and equal to better risk prediction, we 
believe the CKI-EPI equation should be the preferred method for creatinine-based 
GFR estimation in heart failure patients, particularly for patients with preserved or 
moderately impaired renal function. 
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Figure S1 Bland-Altman analysis for GFR
CKD-EPI 

versus GFR
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Figure S2 Bland-Altman analysis for GFR
SMDRD

 versus GFR
IOTH
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Table S1 Bias of eGFR stratified by equation variables and clinical characteristics

GFRCKD-EPI GFRSMDRD GFRCG GFRCYS GFRCYSCR

n Mean ± SD Mean ± SD Mean ± SD n Mean ± SD Mean ± SD
Age [years]a

  < 56 44 -9 ± 18 -16 ± 18 1 ± 21 38 -5 ± 16 11 ± 14
  56 – 63 36 -7 ± 14 -10 ± 16 -3 ± 13 33 -2 ± 14 9 ± 13
  > 63 40 -7 ± 13 -7 ± 13 -8 ± 13 30 -2 ± 12 12 ± 14
Sex 
  Male 96 -8 ± 15 -12 ± 16 -5 ± 16 77 -3 ± 14 9 ± 13
  Female 24 -4 ± 16 -9 ± 17 2 ± 16 24 -5 ± 15 17 ± 13
Body Mass Index [kg/m2] a

  <26 40 -3 ± 16 -6 ± 19 -5 ± 17 33 1 ± 16 15 ± 14
  26 – 29 40 -8 ± 12 -11 ± 12 -4 ± 13 35 -4 ± 12 10 ± 13
  >29 40 -12 ± 15 -16 ± 15 -1 ± 19 33 -7 ± 14 7 ± 13
Systolic BP [mm Hg] a

  < 111 44 -4 ± 12 -8 ± 14 1 ± 12 34 -2 ± 11 16 ± 11
  111 – 125 37 -9 ± 16 -14 ± 16 -5 ± 18 35 -2 ± 15 8 ± 14
  > 125 39 -10 ± 17 -12 ± 18 -8 ± 19 32 -4 ± 17 8 ± 14
Diastolic BP [mm Hg] a

  < 64 41 -6 ± 13 -9 ± 14 -2 ± 13 39 -4 ± 12 15 ± 13
  64 – 74 40 -6 ± 14 -10 ± 15 -3 ± 15 36 -1 ± 14 10 ± 14
  > 74 39 -11 ± 17 -15 ± 19 -6 ± 21 34 -5 ± 17 7 ± 14
NYHA Class
  I-II 75 -11 ± 16 -14 ± 17 -7 ± 17 61 -5 ± 16 6 ± 12
  III-IV 45 -3 ± 12 -6 ± 13 -3 ± 13 40 -1 ± 12 18 ± 13
LVEF [%]a

  < 25 40 -5 ± 12 -9 ± 12 1 ± 14 36 -1 ± 13 15 ± 11
  25 – 33 40 8 ± 16 -11 ± 16 -5 ± 17 36 -2 ± 15 10 ± 15
  > 33 40 -10 ± 16 -14 ± 19 -6 ± 17 29 -7 ± 16 6 ± 14
Ischemic etiology 
  No 60 -7 ± 15 -11 ± 16 -2 ± 18 54 -2 ± 15 12 ± 14
  Yes 60 -9 ± 14 -12 ± 16 -5 ± 15 47 -5 ± 14 9 ± 14
Creatinine [mg/dL] a

  0.69 – 1.03 40 -5 ± 16 -10 ± 18 -2 ± 20 36 3 ± 15 8 ± 13
  1.04 – 1.32 42 -13 ± 15 -18 ± 15 -7 ± 16 36 -9 ± 13 6 ± 13
  1.33 – 3.87 38 -4 ± 11 -5 ± 12 -1 ± 11 29 -4 ± 12 19 ± 12
UAE [mg/24h]
  None (0-29) 93 -8 ± 15 -13 ± 15 -5 ± 16 79 -4 ± 15 10 ± 13
  Microalbuminuria (30-300) 19 -8 ± 15 -10 ± 17 1 ± 18 17 -5 ± 14 12 ± 15
  Macroalbuminuria (>300) 8 5 ± 9 4 ± 14 11 ± 10 4 4 ± 13 21 ± 8
Beta blocker
  No 19 -3 ± 17 -7 ± 17 0 ± 19 16 0 ± 15 12 ± 12
  Yes 101 -8 ± 15 -12 ± 16 -4 ± 16 85 -4 ± 14 11 ± 14
MRA
  No 83 -10 ± 15 -14 ± 17 -6 ± 17 64 -5 ± 15 7 ± 12
  Yes 37 -2 ± 13 -6 ± 13 3 ± 14 37 0 ± 13 18 ± 13
Diuretic use
  No 39 -10 ± 15 -15 ± 16 -9 ± 17 31 -4 ± 14 5 ± 12
  Yes 81 -6 ± 15 -9 ± 16 -1 ± 16 70 -3 ± 15 13 ± 14
KDOQI CKD class [GFR]
  Stage I (> 90) 36 -19 ± 15 -24 ± 15 -13 ± 18 33 -9 ± 16 0 ± 12
  Stage II (60 – 90) 44 -5 ± 14 -9 ± 14 0 ± 16 37 -1 ± 15 10 ± 10
  Stage IIIa (45 – 59) 19 -4 ± 9 -6 ± 8 -1 ± 12 15 -2 ± 11 19 ± 7
  Stage IIIb (30 – 44) 13 0 ± 8 0 ± 8 1 ± 7 8 0 ± 8 22 ± 6
  Stage IV (< 30) 8 7 ± 7 6 ± 7 11 ± 7 8 6 ± 8 32 ± 8

a divided in tertiles. abbreviations: see table 3


