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Abstract
Aims/hypothesis It is argued that GFR estimation (eGFR)
using cystatin C-based equations (eGFRcys) is superior to
that using creatinine-based equations (eGFRcre). We
investigated whether eGFRcys are superior to eGFRcre in
patients with type 2 diabetes.
Methods GFR was measured in 448 type 2 diabetic patients
using 51Cr-EDTA-measured GFR (mGFR) as the reference
standard. Bias, precision and accuracy of eGFRcys and
eGFRcre were compared.
Results The most accurate eGFRcre equation (Chronic
Kidney Disease Epidemiology Collaboration [CKD-EPI]),
which produced the highest proportion of estimates that
were within 30% and 10% of the reference standard (80.7%
and 38.0% of samples, respectively) had a bias of 7.1 and
precision of 12.0 ml min−1 1.73 m−2. The calibrated

eGFRcys with the highest accuracy (Tan-C), which pro-
duced the highest proportion of estimates that were within
30% (78.8%) and within 10% (39.0%) of the reference
standard had a bias of −3.5 and precision of 18.0 ml min−1

1.73 m−2. Moreover, the areas under the receiver operating
curve were higher with eGFRcre (CKD-EPI and Modification
of Diet in Renal Disease [MDRD]) than with eGFRcys for the
diagnosis of mild (mGFR <90 ml min−1 1.73 m−2) and
moderate (mGFR <60 ml min−1 1.73 m−2) chronic kidney
disease. In patients with mGFR ≥90 ml min−1 1.73 m−2,
CKD-EPI was the least biased, the most precise and the most
accurate equation.
Conclusions/interpretation In patients with type 2 diabe-
tes, eGFRcys do not currently provide better eGFR than
eGFRcre. At present, compared with eGFRcys, eGFRcre
are better at predicting the stage of chronic kidney
disease. In addition, CKD-EPI seems to be the best
equation for eGFR in patients with normal renal
function.
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Introduction

Diabetes mellitus is the leading cause of end-stage renal
disease worldwide [1]. Moreover, diabetic patients, espe-
cially those with impaired renal function, are at increased
risk of cardiovascular events [2]. In addition, the choice of
drugs for treating patients with type 2 diabetes is influenced
by GFR. Therefore, routine GFR estimation (eGFR) is
strongly recommended for patients with diabetes mellitus
[3]. The ‘gold standard’ for GFR measurement is the renal
clearance of inulin, while the plasma disappearance or
clearance of radio-labelled compounds such as 51Cr-EDTA
can be used as ‘reference methods’ [4]. These methods,
however, are time-consuming and expensive, and require
special equipment, so they are only suitable for research or
highly specialised clinical settings. Creatinine alone is
insufficient for estimating GFR and leads to delays in
detecting earlier stages of kidney failure [5]. Creatinine
clearance determination involving timed urine collections
may provide greater accuracy, but is inconvenient for
patients to perform, time-consuming and not very practical
for routine use. Moreover, inaccuracies may still arise if the
specimens are under- or over-collected [6]. These problems
have led to the development of serum creatinine-based
equations for eGFR (eGFRcre), such as the Cockcroft–
Gault, the Modification of Diet in Renal Disease (MDRD)
and the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equations [7–9]. Compared with the clearance
method, these equations are simpler, less costly and easily
available.

However, these creatinine-based equations have several
limitations. The Cockcroft–Gault equation has not been re-
expressed for use with standardised serum creatinine, and
GFR estimates using the Cockcroft–Gault equation with
standardised serum creatinine will generally be higher and
less accurate than those with non-standardised creatinine
[10]. Thus, most clinical laboratories now report GFR
estimates using the MDRD equation. However, this
prediction equation has not been tested extensively in
persons with type 2 diabetes who receive insulin and in the
elderly (>70 years of age) [8]. The new CKD-EPI equation
showed improved performance compared with the MDRD
equation, but various studies of different populations were
pooled in order to develop and validate the CKD-EPI
equation, and relatively few participants were older than
70 years [9]. Moreover, only limited clinical information,
especially on the type of diabetes, was supplied in the
original study describing the CKD-EPI formula [9].

An alternative approach under investigation is the
measurement of cystatin C concentration as a surrogate
for GFR [11]. Cystatin C is a low molecular mass basic
protein, which is filtered at the glomerulus and then
completely reabsorbed and catabolised by tubular cells.

Recently, several cystatin C-based equations for GFR estima-
tion (eGFRcys), based solely on serum cystatin C levels, have
also been developed, and in some studies have been shown to
be equal or superior to eGFRcre methods which require
information on patient age, sex and ethnicity [11].

This study was designed to compare the performance of
eGFRcys with that of eGFRcre (MDRD, CKD-EPI equations)
in predicting the 51Cr-EDTA-measured GFR (mGFR) in type
2 diabetic patients with a broad range of renal function.

Methods

Participants and ethics In this cross-sectional study
(ClinicalTrials.gov ID no. NCT01215994), 460 consecutive
type 2 diabetic patients aged 65.0±10.0 years (mean±SD)
(216 men, 244 women) were recruited from our outpatient
diabetic clinic. All participants were Europids. The study was
approved by the local Ethics Committee and conducted in
accordance with the Helsinki Declaration. Informed consent
was obtained from every participant.

Analytical methods We used 51Cr-EDTA to measure mGFR
with the slope–intercept technique, according to published
guidelines [10]. In brief, blood samples were collected at
120 and 240 min after an intravenous injection of 51Cr-
EDTA (3 mBq). A scintillation well counter (Cobra II;
Packard, Meriden, CT, USA) was set to count plasma 51Cr
and the quadratic Brochner-Mortensen correction was
applied in calculations [12]. In 12 participants, the mGFR
value was <30 ml min−1 1.73 m−2. Due to the small sample,
patients with mGFR <30 ml min−1 1.73 m−2 were
excluded from the study. In the end, 448 participants were
enrolled (211 men, 237 women). The study population
was divided into three groups according to mGFR (group 1:
mGFR ≥90 ml min−1 1.73 m−2; group 2: mGFR 60–
89 ml min−1 1.73 m−2; group 3: mGFR 30–59 ml min−1

1.73 m−2).
Serum creatinine and cystatin C measurements were

performed with a chemistry analyser (Cobas Integra 400,
Roche, Rotkreuz, Switzerland). Reagents were obtained
from Roche Diagnostics (Mannheim, Germany). Serum
creatinine was determined using the Jaffé Gen.2 method,
which has been standardised against isotope dilution mass
spectrometry (IDMS). The intra- and interassay CVs for
creatinine were 1.4% and 3.1%, respectively. Serum
cystatin C was measured by an automated particle-enhanced
immunoturbidimetric method (Tina-quant cystatin C assay;
Roche). The intra- and interassay CVs for cystatin C were
1.2% and 2.7%, respectively.

Estimation of renal function Blood samples for biochemical
analyses were obtained on the day of the mGFRmeasurement.
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The eGFRcre and eGFRcys compared in this study [9, 13–22]
are presented in Table 1. Details on all these equations are
available in electronic supplementary material (ESM)
Table 1. Previously published eGFRcys were developed
using three different commercially available cystatin C
assays: Dako (Dakocytomation, Glostrup, Denmark),
Dade Behring (Siemens, Munich, Germany) and Gentian
(Gentian, Moss, Norway). The Dade Behring assay is a
particle-enhanced nephelometric immunoassay (PENIA),
whereas the Gentian and Dako assays are particle-
enhanced turbidimetric immunoassays (PETIA). These
three assays are known to give somewhat different results.
Hansson et al. compared the Tina-quant cystatin C assay
(PETIA) (Roche) that we used with the Dade Behring,
Dako and Gentian assays, and established the linear
relationships between them [23]. As past studies have
used cystatin C levels measured using different methods,
we attempted to standardise the cystatin C measurements
used in these studies. We did this by calibrating cystatin C
levels that were measured using the Dade Behring,
DAKO or Gentian methods according to the regression
equations developed by Hansson as follows: (1) cystatin
CDade Behring=Siemens ¼ cystatin CRoche � 0:21ð Þ=0:904; (2)
cystatin CDako ¼ cystatin CRoche þ 0:099ð Þ=0:993; and (3)
cystatin CGentian ¼ cystatin CRoche � 0:14ð Þ=0:954 [23].

Statistical analysis Statistical analysis was performed in the
entire population and in each group separately. Performance
of each eGFR equation was assessed in terms of bias (mean
difference between eGFR and mGFR), precision (SD of
bias) and accuracy (proportion of eGFR results within 10%
and 30% of mGFR). Quantitative variables are presented as
mean±1 SD. Initially, eGFR results were compared with

mGFR using the paired t test. A Pearson correlation
coefficient and the standard multiple regression analysis
were used to explore the relationship between the bias of
the MDRD equation and a number of variables. The bias of
the MDRD equation was compared with the bias of the
other eGFR equations using the paired t test. The precision
of the MDRD equation was compared with the precision of
the other eGFR equations using Levene’s test for equality
of variance. Finally, the accuracy of the MDRD equation
was compared with the accuracy of the other eGFR
equations using McNemar’s test. The sensitivity and
specificity of all equations for detecting mGFR <60 and
<90 ml min−1 1.73 m−2 were assessed from non-parametric
receiver operating characteristic curves. AUCs were calcu-
lated and compared. The AUC, the sensitivity and the
specificity are presented with 95% CIs. These calculations
were performed with SPSS, version 17.0 (SPSS, Chicago,
IL, USA) and MedCalc, version 15.5.1 (www.medcalc.org,
accessed 2 May 2011). A value of p<0.01 was considered
to indicate statistical significance.

Results

The characteristics of the 448 diabetic patients are shown in
Table 2. The performance of the eGFRcre and eGFRcys is
presented in Table 3. These tables present only the eGFRcre
(MDRD, CKD-EPI) and the calibrated eGFRcys with the
highest performance (Tan-C equation). Details on the
performance of all cystatin C equations (uncalibrated and
calibrated) are available in the ESM text and in ESM
Tables 2 and 3. The mean difference between mGFR and all
eGFR equations (bias) was statistically significant (Table 2).

Table 1 Creatinine- and cysta-
tin C-based equations for
estimating GFR

Cystatin C is in mg/l

Scr, serum creatinine in μmol/l

Equation Name

175×(Scr/88.4)−1.154×age−0.203(×0.742 if female) MDRD [13]

144×(Scr/62)−0.329×(0.993)Age, if female and Scr ≤62 μmol/l CKD-EPI [9]

144×(Scr/62)−1.209×(0.993)Age, if female and Scr >62 μmol/l CKD-EPI [9]

141×(Scr/80)−0.411×(0.993)Age, if male and Scr ≤80 μmol/l CKD-EPI [9]

141×(Scr/80)−1.209×(0.993)Age, if male and Scr >80 μmol/l CKD-EPI [9]

100/cystatin C Perkins [14]

74.835/cystatin C1.333 Arnal [15]

66.8/cystatin C1.30 Rule [16]

(84.6/cystatin C)−3.2 MacIsaac [17]

127.7×cystatin C−1.17×age−0.13(×0.91 if female) Stevens [18]

177.6×(creatinine/88.4)−0.65×cystatin C−0.57×age−0.20 (×0.82 if female) Stevens [18]

(8.1/cystatin C)−6.87 Tan [19]

86.49× cystatin C−1.686(×0.948 if female) Grubb [20]

(100/cystatin C)−14 Tidman [21]

79.901× cystatin C−1.4389 Flodin [22]
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The bias of the MDRD equation was significantly correlated
with age (r=0.135; p=0.01). There were no significant
relationships between the MDRD equation bias and other
variables (duration, sex, glucose-lowering therapy, BMI,
HbA1c). In standard multiple regression analysis, age was
an independent predictor of MDRD equation bias (B=0.147;
p=0.006).

Calibration markedly worsened the performance of all
eGFRcys based on the Dade Behring and Gentian assays,
and improved the performance of the Grubb [20] and Tan
[19] equations (eGFRcys), which are based on the Dako
assay (ESM Table 3).

In the entire study population, the calibrated Tan-C
equation (eGFRcys) was the least biased (−3.5 ml min−1

1.73 m−2). On the other hand, the MDRD and CKD-EPI
equations (eGFRcre) were the most precise (13.4 and
12.0 ml min−1 1.73 m−2 respectively). The MDRD, CKD-
EPI and Tan-C equations demonstrated the same accuracy
within 30% (78.8%, 80.7% and 78.8%, respectively) and
10% (33.2%, 38.0% and 39.0% respectively).

In patients with mGFR between 30 and 89 ml min−1

1.73 m−2, the Tan-C equation was the least biased. However,
in patients with mGFR ≥90 ml min−1 1.73 m−2, the MDRD
formula was less biased than the Tan-C equation. Compared

Table 2 Patient characteristics
and eGFR data

Data are means±SD, unless
otherwise stated
aIn ml min−1 1.73 m−2

bp<0.01 for the difference
between mGFR and eGFR
equations

Variable GFRa

Total 30–59 60–89 >90

n 448 145 194 109

Men (%) 47 45 45 52

Women (%) 53 55 55 48

Age (years) 65±10 71±9 66±9 56±8

Duration (years) 11.5±9.0 14.3±9.8 11.7±8.5 7.9±7.4

BMI (kg/m2) 31.1±10.1 30.0±4.0 32.4±13.9 30.0±5.1

Treatment

Oral hypoglycaemic agents (%) 53 42 56 63

Insulin (%) 12 20 11 4

Both (%) 35 38 33 33

Glucose (mmol/l) 8.9±3.4 8.7±3.6 8.8±3.3 9.4±3.4

HbA1c % 7.0 ±1.6 7.0±1.5 6.8±1.5 7.3±1.8

HbA1c (mmol/mol) 53.0±17.0 53.0±15.5 50.8±15.5 56.2±20.4

Creatinine (μmol/l) 79.5±26.5 97.2±26.5 70.7±8.8 61.8±8.8

Cystatin C (mg/l) 1.1±0.4 1.5±0.5 1.0±0.3 0.8±0.3

mGFRa 73.4±23.0 48.1±8.1 73.7±8.1 104.2±11.5

MDRDa 80.7±24.6b 56.0±13.0b 82.9±13.6b 108.2±18.5

CKD-EPIa 80.4±20.7b 57.6±13.9b 84.6±11.8b 101.9±8.7

Tan-Ca 69.7±22.0b 51.0±14.9 72.8±15.8 87.7±20.9b

Table 3 Predictive performance of creatinine- and cystatin C-based formulae in the entire diabetic population and at different levels of renal
function by GFR

Equation Total GFR 30–59 ml min−1 1.73 m−2 GFR 60–89 ml min−1 1.73 m−2 GFR ≥90 ml min−1 1.73 m−2

B. Pr. A. 30% A. 10% B. Pr. A. 30% A. 10% B. Pr. A. 30% A. 10% B. Pr. A. 30% A. 10%

MDRD 7.5 13.4 78.8 33.2 7.5 9.5 69.3 26.3 9.4 12.6 77.9 33.7 4.1 17.8 92.2 37.8

CKD-EPI 7.1 12.0 80.7 38.0 9.1b 10.1 63.2 27.2 11.1b 10.6a 82.5 32.5 −2.1a 11.4a 100 61.1a

Tan-C −3.5a 18.0b 78.8 39.0 2.9a 12.5 73.0 31.3 −0.7a 15.3 84.0 43.6 −16.1b 21.4 77.4 40.9

a p<0.01 for difference between MDRD and other equations, favouring other equations; b p<0.01 for difference between MDRD and other
equations, favouring MDRD

A., Accuracy; B., Bias in ml min−1 1.73 m−2 ; Pr., Precision in ml min−1 1.73 m−2
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with the CKD-EPI equation, the MDRD equation was less
biased in patients with mGFR <90 ml min−1 1.73 m−2 and
more biased in patients with mGFR ≥90 ml min−1 1.73 m−2.

In patients with mGFR ≥60 ml min−1 1.73 m−2, the
CKD-EPI was the most precise equation. With regard to
accuracy, in patients with mGFR <90 ml min−1 1.73 m−2, the
proportion of eGFR results within 10% and 30% of mGFR
was the same when using the MDRD, CKD-EPI and Tan-C
formulae. However, in patients with mGFR ≥90 ml min−1

1.73 m−2, the CKD-EPI formula was more accurate.
The AUC was higher with eGFRcre (CKD-EPI and

MDRD) than with the Tan-C equation for diagnosis of mild
(mGFR <90 ml min−1 1.73 m−2) and moderate (mGFR
<60 ml min−1 1.73 m−2) chronic renal disease (Table 4,
Fig. 1). The AUC, sensitivity and specificity of all
eGFRcys are available in ESM Table 4 and ESM Fig. 1.

Discussion

To our knowledge, this is the first study comparing
eGFRcre and eGFRcys with mGFR in a sizable group of
participants consisting exclusively of type 2 diabetic
patients with a broad range of renal function. We found
no evidence that equations based on cystatin C alone or in
combination with creatinine provide better GFR estimates
than the commonly used MDRD and CKD-EPI equations
in type 2 diabetic patients with mild and moderate chronic
kidney disease, or in type 2 diabetic patients with normal
renal function. Our results are in accordance with a recent
study of 1621 middle-aged patients without self-reported
cardiovascular disease or diabetes mellitus [24].

Variation in creatinine assays is a great concern, adding
systematic errors to eGFR. IDMS is considered the gold
standard for establishing true creatinine concentration [5].
Thus, creatinine values must be traceable to an IDMS
reference value for creatinine measurements to be compa-
rable regardless of method or laboratory used. Concerning
the eGFRcre, the CKD-EPI equation was developed for use
only with standardised creatinine values and the MDRD
equation has been re-expressed for standardised serum

creatinine [13], while the Cockcroft–Gault equation has not.
Therefore, the eGFR using the Cockcroft–Gault equation
with standardised serum creatinine is generally higher and
less accurate than with non-standardised creatinine [10].
Following the latest recommendations, serum creatinine
was measured by an IDMS traceable Jaffé method in our
study [13, 25]. Consequently, we used the CKD-EPI
equation and the revised MDRD equation for eGFR, but
did not use the Cockcroft–Gault equation.

We found that the MDRD and CKD-EPI equations
overestimate the mGFR (10.0% and 9.5%, respectively).
This result is not supported by some previous studies. It has
been extensively demonstrated that the MDRD equation,
although reasonably accurate when evaluating the kidney
function of patients with chronic kidney disease [26, 27],
tends to underestimate the GFR in participants with normal
or near-normal renal function [26, 27], as well as in diabetic
patients [28], especially those with obesity [29]. This
systemic underestimation has been ascribed to the fact that
the MDRD equation was developed in chronic kidney
disease patients. One possible explanation of our results
could be the advanced age of our patients (52.8% of
patients were 65 to 80 years old, while 3.7% were over
80 years old). Indeed, in our study, the bias of the MDRD
formula was related to patient age, and this may be partly
ascribed to the fact that, in the original MDRD study
population, the age limit was 70 years [8]. Previous studies
have also shown that the MDRD equation overestimates
renal function as age increases [26, 30, 31] and that this
overestimation does not become apparent until 65 years of
age. The overestimation of renal function by the MDRD
equation increases from 12% to 26% to 69% across the <65,
65–80 and >80 years age groups, respectively [31].

Several factors may contribute to the insufficient
performance of most of the eGFRcys in our study group.
It has been demonstrated that cystatin C is affected by
factors other than GFR [32]. Thus, in patients with chronic
kidney disease, cystatin C was 4.3% lower for every
20 years of age and 9.2% lower in women. In addition,
diabetes was associated with 8.5% higher levels of cystatin
C. Higher BMI, C-reactive protein and leucocyte count, and

Table 4 Diagnosis of GFR by creatinine- and cystatin C-based equations for estimating GFR

GFR <60 ml min−1 1.73 m−2 GFR <90 ml min−1 1.73 m−2

Equation Sensitivity Specificity AUC (95% CI) Sensitivity Specificity AUC (95% CI)

MDRD 86.5 (78.7, 92.2) 89.5 (85.0, 93.0) 0.947 (0.917, 0.968) 73.9 (68.2, 79.0) 94.8 (88.3, 98.3) 0.920 (0.887, 0.947)

CKD-EPI 91.0 (84.1, 95.6) 88.3 (83.6, 92.0) 0.952 (0.924, 0.972) 84.3 (79.4, 88.5) 91.7 (84.2, 96.3) 0.937 (0.906, 0.960)

Tan-C 81.2 (72.8, 88.0) 79.8 (74.3, 84.5) 0.868 (0.828, 0.902)a 85.2 (80.4, 89.2) 67.0 (56.6, 76.4) 0.823 (0.799, 0.862)a

Values are per cent (95% CI), unless otherwise indicated
a p<0.01 for difference between MDRD and other equations, favouring MDRD
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lower serum albumin were also associated with higher
levels of cystatin C [32]. As most eGFRcys were developed
in populations with chronic kidney disease, the influence of
non-GFR factors on plasma cystatin C may differ between
those patients and type 2 diabetic patients. Thus, the
application of these eGFRcys in elderly, obese patients
with type 2 diabetes seems to lead to an incorrect
estimation of GFR. In addition, there is no standardisation
between assays and laboratories for cystatin C [33]. We
used published results to calibrate our measurements of
cystatin C to other methods [23], but this calibration
worsened the results for almost all eGFRcys. By leading
to the precise cystatin C levels that should be used
according to each eGFRcys equation, our calibration seems
to have revealed the true extent of the insufficient
performance of these equations. According to recent
studies, a downward shift in calibration for the Siemens
cystatin C method occurred between 2006 and 2010 [34,
35]. Therefore, eGFRcys that were derived from results
obtained from older lots of reagent and calibrator cannot be
used with the current Siemens method. These observations
emphasise the need for an international cystatin C reference
value and may partly explain the results of our study. For
the time being, the lack of standardisation is a serious
obstacle for routine use of eGFRcys. If this obstacle could
be overcome, eGFR levels based solely on cystatin C
(without the need for correction for age, sex or ethnicity)
could provide a more accurate way of estimating GFR than
creatinine-based formulae, which require information on
patient age, sex and ethnicity.

Compared with eGFRcys, the eGFRcre were better at
predicting the stage of CKD. The ability of the MDRD and
CKD-EPI equations to detect mild and moderate chronic
renal disease is the same. However, the CKD-EPI equation
seems to be more reliable for eGFR in patients with normal
renal function. This result was expected, because the CKD-
EPI equation was developed by analysing individuals with
and without renal function loss [9].

One limitation of our study could be that serum
creatinine was determined using the Jaffé method. Plasma
glucose is a well-known interfering factor in the measure-
ment of creatinine by the Jaffé reaction [36]. However, this
analytical error is only observed with glucose levels above
17 mmol/l, and our patients had levels well below these
values.

Previous studies have shown that the different
reference methods used to measure GFR can give different
results [4, 37]. Thus, we cannot know whether our results
would have been exactly the same if we had used another
reference method instead of 51Cr-EDTA.

Since our study population consisted of whites only, we
were not able to study the effect of ethnicity. In addition,
we were not able to study the performance of eGFR
equations in patients with mGFR <30 ml min−1 1.73 m−2,
due to the small number of such patients in the population
studied.

One strength of our findings is the homogeneity of the
study cohort. All participants had type 2 diabetes and both
sexes were almost equally represented. Participants were
being treated with all kinds of glucose-lowering therapies
(pills, insulin or both). Most of them were obese and had
good glycaemic control.

We conclude that, in patients with type 2 diabetes
mellitus, published eGFRcys alone, or combined with
creatinine, do not currently provide better eGFR values
than the eGFRcre, MDRD and CKD-EPI equations. At
present, compared with eGFRcys, the eGFRcre are better at
predicting the stage of CKD. In addition, the CKD-EPI
equation seems to be the best one for eGFR in type 2
diabetic patients with normal renal function.

However, it should be noted that whatever the eGFR
method used, less than 40% of the eGFR values were
within a 10% range of the actual mGFR. This result
emphasises the lack of accuracy of the eGFR equations.
Using an eGFR equation has improved the assessment of
renal function in daily practice, but is still only a step
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towards more reliability, and does not enable a final
conclusion on renal function. The accuracy of current
GFR estimation procedures is therefore certainly open to
improvement.
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