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Abstract
The development of formulas estimating glomerular 
filtration rate (eGFR) from serum creatinine and cystatin 
C and accounting for certain variables affecting the 
production rate of these biomarkers, including ethnicity, 
gender and age, has led to the current scheme of 
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diagnosing and staging chronic kidney disease (CKD), 
which is based on eGFR values and albuminuria. 
This scheme has been applied extensively in various 
populations and has led to the current estimates 
of prevalence of CKD. In addition, this scheme is 
applied in clinical studies evaluating the risks of CKD 
and the efficacy of various interventions directed 
towards improving its course. Disagreements between 
creatinine-based and cystatin-based eGFR values and 
between eGFR values and measured GFR have been 
reported in various cohorts. These disagreements are 
the consequence of variations in the rate of production 
and in factors, other than GFR, affecting the rate of 
removal of creatinine and cystatin C. The disagreements 
create limitations for all eGFR formulas developed 
so far. The main limitations are low sensitivity in 
detecting early CKD in several subjects, e.g. , those 
with hyperfiltration, and poor prediction of the course 
of CKD. Research efforts in CKD are currently directed 
towards identification of biomarkers that are better 
indices of GFR than the current biomarkers and, 
particularly, biomarkers of early renal tissue injury. 
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Core tip: Detection of the presence and severity 
of chronic kidney disease (CKD) is currently based 
on estimates of glomerular filtration rate based on 
serum creatinine and cystatin C concentrations plus 
factors that affect the rate of production of these two 
biomarkers, and on albuminuria. This scheme has 
improved detection of CKD and monitoring its course 
and the effects of therapeutic interventions. However, 
the scheme’s performance in detecting early stages 
of CKD and in predicting its course is poor, in general. 
Research in this field is directed towards finding better 
biomarkers of glomerular filtration rate and, particularly, 
biomarkers indicating early injury of the renal tissues.

Alaini A, Malhotra D, Rondon-Berrios H, Argyropoulos CP, 
Khitan ZJ, Raj DSC, Rohrscheib M, Shapiro JI, Tzamaloukas 
AH. Establishing the presence or absence of chronic kidney 
disease: Uses and limitations of formulas estimating the 
glomerular filtration rate. World J Methodol 2017; 7(3): 73-92  
Available from: URL: http://www.wjgnet.com/2222-0682/full/
v7/i3/73.htm  DOI: http://dx.doi.org/10.5662/wjm.v7.i3.73

INTRODUCTION
Chronic kidney disease (CKD) has been recognized as a 
major health problem worldwide with rising incidence, 
pronounced morbidity and mortality, and rising costs[1]. 
Early diagnosis, prevention and management of 

CKD, including treatment of its underlying disease 
and prevention and treatment of medical conditions 
for which the presence of CKD is a risk factor, has 
acquired great importance for health providers[1]. The 
prevalence of CKD in the United States during the years 
1999-2004 was estimated to be equal to 13.1%[2]. 
Reported prevalence of CKD in various regions of the 
world varies. For example, recent estimates using 
different approaches computed a CKD prevalence of 
32.5% in a small subject sample in Brazil[3], and 6.7% 
and 5.8% in larger subject cohorts in Romania and 
Poland respectively[4,5]. The prevalence of CKD is high 
in populations with conditions predisposing to it. For 
example, CKD was detected in 38.6% of individuals 
with hypertension and a high prevalence of advanced 
age and obesity[6]. 

The diagnosis of CKD is associated with important 
risks of disease in other organs. For example, car
diovascular disease has been recognized as a major 
risk associated with CKD[4,7]. In a cross sectional study 
of a large number of subjects with low and middle 
income in 12 countries, the incidence of CKD was 
14.3% overall and 36.1% in high risk individuals, 
while the awareness of CKD was low and the rate of 
detection of cardiovascular disease in patients with 
CKD was also low[8]. Adverse effects of CKD on cardiac 
function have been reported in patients with heart 
failure, but preserved ejection fraction[9], diabetics with 
a doubling of their serum creatinine levels[10], and even 
healthy kidney transplant donors[11]. In a study from 
Korea, CKD was associated primarily with increased 
mortality risks from cardiovascular disease, but 
also with risks for other morbid conditions including 
malignancies[12]. 

Despite the universal recognition of the importance 
of its early detection, CKD is diagnosed late in several 
parts of the world[13]. Primary care services have a 
major role in the diagnosis and management of CKD[6]. 
Guidelines for detection and management of CKD 
addressed to primary care medical practitioners have 
been published for adult[14] and pediatric patients[15]. 
Education of the public is an important step for early 
management of CKD. Patients with CKD aware of its 
importance desire to be informed about its risks and 
management[16]. Information about CKD is provided to 
the public in the medical press[17]. Finally, methods for 
evaluation of the economic impact of CKD[18] and for 
technological developments addressing the detection 
and prevention of early stages of CKD[19] are studied. 

In this report, we address the current methods for 
diagnosing CKD. The derivation, uses and limitations 
of these methods will be detailed. Finally, emerging 
methods for early diagnosis of CKD will be briefly 
presented. 

CURRENT METHOD FOR DIAGNOSING 
AND STAGING CKD
Establishing the presence and degree of renal 
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dysfunction has been based on measuring glomerular 
filtration rate (GFR). The rational for this is a rough 
correlation between GFR levels and clinical mani
festations of renal failure. Serum creatinine level was 
the traditional surrogate index of GFR. Currently, the 
diagnosis and staging of CKD is based on estimated 
values of GFR (eGFR) and presence of albuminuria[14]. 
The first development leading to substitution of eGFR 
for serum creatinine was the computation of the 
Cockroft-Gault formula[20], which estimates creatinine 
clearance from serum creatinine, age, body weight and 
gender and was used extensively in the past for the 
diagnosis and management of CKD. The Cockroft-Gault 
formula estimates renal creatinine clearance, not GFR. 
The differences between these two clearances will be 
addressed later in this report.

The next important step in the diagnosis and staging 
of CKD was the development of carefully developed 
equations computing eGFR based on serum creatinine 
levels in large prospective studies in which GFR was 
measured by standard methods. The Modification of 
Diet in Renal Disease (MDRD) Study was the first one 
to be used for this purpose[21]. The MDRD formulas 
for eGFR were subsequently reexpressed using 
standardized serum creatinine values[22]. In addition 
to serum creatinine, the determinants of eGFR in the 
currently used 4-variable MDRD formula include gender, 
age and race (black or not black). A second 6-variable 
MDRD formula, which utilizes serum urea nitrogen and 
albumin levels in addition to the four determinants of 
eGFR used in the first formula, has similar performance 
characteristics with the 4-variable formula[22].  

A newer set of formulas, the Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) formulas, was 
developed by combining data from several studies in 
which GFR was measured by standard methods[23]. 
The CKD-EPI formulas, which use essentially the same 
determinants of eGFR as the MDRD formula, were 
found to be more accurate than the MDRD formula[23]. 
This higher accuracy, largely, concerned the range 
of eGFR values greater than 60 mL/kg per 1.73 m2. 
However, the estimates of eGFR by the two formulas 
do not differ substantially for patients with moderate 
and advanced CKD, in general. Figures 1-3 show 
simulated estimates of eGFR by the MDRD and CKD-
EPI formulas at different serum creatinine levels and 
ages in various ethnic groups and genders. Figure 4 
shows the comparison of eGFR values obtained from 
the MDRD and CKD-EPI formulas in subjects enrolled in 
the NHANES and MDRD studies. In patients with CKD, 
MDRD and CKD-EPI eGFR values are close in general. 

The next step in the development of eGFR formulas 
was the introduction of cystatin C, which is a small 
molecular weight (13.3 kDa) protein produced at 
a steady rate from all nucleated body cells, filtered 
in the glomeruli and taken up and metabolized by 
the proximal tubules. Serum cystatin C levels were 
reported to be superior to serum creatinine levels as 
indices of GFR. The Chronic Epidemiology Collaboration 

developed formulas estimating GFR from serum 
cystatin C levels (the CKD-EPI cystatin C equations) 
and from both serum cystatin and creatinine levels 
(the CKD-EPI creatinine-cystatin C equations)[24]. The 
determinants of eGFR are gender and the level of 
cystatin C in the CKD-EPI cystatin C equations, and 
serum cystatin and creatinine, gender and ethnicity 
(black or other) in the CKD-EPI creatinine-cystatin C 
equations. eGFR formulas based on serum creatinine 
or serum creatinine and cystatin C were developed 
for specific ethnic or age groups, e.g., Chinese[25-27], 
Japanese[28,29], pediatric[30-33] and elderly[34] populations. 
Currently, several eGFR equations have been developed 
or are being developed[35]. 

Extensive sets of guidelines base the diagnosing 
and staging of CKD on combinations of eGFR cut-off 
values and albuminuria[36-39]. In the next section, we 
will discuss the applications of these guidelines. The 
limitations of this approach are of importance. In a 
population study mean measured GFR was higher in 
men than women but was not different between blacks 
and whites[40]. The authors of this study concluded 
that the different incidences of renal disease between 
blacks and whites were not due to the baseline 
renal function. The differences between the various 
equations computing eGFR are also not due to the 
baseline renal factors, but are keys to understanding 
the limitations of these equations as will be examined 
later in this text.

CLINICAL APPLICATIONS OF THE 
VARIOUS FORMULAS ESTIMATING GFR
Formula comparisons
A number of studies compared the accuracy of various 
eGFR formulas in various populations and clinical 
conditions[41-63]. The great majority of these studies 
concluded that formulas based on serum cystatin C 
alone or on combined cystatin-creatinine levels are 
superior to other formulas[41-47,49,50,52-54,56-58,60-63]. One 
study found greater accuracy with the use of the 
average creatinine-based and creatinine/cystatin-based 
eGFR formulas[51]. Another study found that in a Korean 
population an eGFR formula developed in a Japanese 
population was superior to other formulas[55]. Two 
studies found superiority of different eGFR formulas in 
different patient groups[42,48]. Finally, one study[59] found 
that the CKD-EPI formula[23] and a Japanese formula 
for eGFR based on serum creatinine[64] are superior to 
measured creatinine clearance in monitoring patients 
receiving cisplatin in high doses.

Uses of eGFR formulas in clinical studies
The older method for the diagnosis of CKD was to 
compare the serum level of creatinine of a subject 
to a normal range of creatinine concentrations. The 
clear advantage of eGFR formulas over this older 
method is that the formulas allow earlier detection 
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with CKD[43,45,46,48,57,58,60,67-69,71], choice and outcome 
of surgical and medical interventions in patients with 
CKD[56,72-74], and association of the CKD stage with 
specific clinical manifestations in various patient 
groups[66,70] are conditions for which eGFR equations 
based on cystatin C or on cystatin-creatinine have been 
shown to provide accuracy. In clinical studies targeting 
specific end-points of decline in renal function, use of 
eGFR instead of serum creatinine has the potential of 
reducing substantially both the required number of 
participants[75] and the targeted degree of decline in 

of CKD and more precise following of its course in 
the early stages of CKD, when large decreases in 
GFR lead to small rises in serum creatinine. Formulas 
computing eGFR have been applied in clinical studies 
for a variety of purposes[43,45,46,57,58,60,65-74]. The Chronic 
Renal Insufficiency Cohort (CRIC) study, which is 
studying several aspects of CKD, is using its own 
eGFR formula based on serum creatinine and cystatin 
C levels[65]. Estimating the incidence of CKD in 
populations is one area where eGFR formulas have 
been useful. Risk prediction in various patient groups 
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Figure 1  Modification of Diet in Renal Disease[22] and Chronic Kidney 
Disease Epidemiology Collaboration[23] formulae for estimating glomerular 
filtration rate fit to variations in serum creatinine (X axis) and age (Y axis) 
assuming males of Caucasian race. Note that the CKD-EPI formula yields 
slightly higher eGFR values with higher serum creatinine values and lower age 
whereas the MDRD formula leads to significantly higher eGFR values at very 
low serum creatinine values. MDRD: Modification of Diet in Renal Disease; 
CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; eGFR: 
Estimating glomerular filtration rate.
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Figure 2  Modification of Diet in Renal Disease[22] and Chronic Kidney 
Disease Epidemiology Collaboration[23] formulas for estimating glomerular 
filtration rate fit to variations in serum creatinine (X axis) and age (Y axis) 
assuming females of Black race. The CKD-EPI formula yields slightly higher 
eGFR values with higher serum creatinine values and lower age whereas the 
MDRD formula leads to significantly higher eGFR values at very low serum 
creatinine values in this population also. MDRD: Modification of Diet in Renal 
Disease; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; 
eGFR: Estimating glomerular filtration rate.
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renal function[76]. 

LIMITATIONS OF THE FORMULAS 
COMPUTING eGFR
The introduction of the MDRD formula for eGFR[21] and 
the subsequent development of the current method 
for detecting and classifying CKD based on eGFR[34,77,78] 
has enhanced CKD awareness among clinicians and 
the public and has created new vigor in the study of 
prevention and management of CKD. Nevertheless, 
this approach to CKD has significant limitations. 
This section will discuss sequentially issues with the 
accuracy of eGFR formulas in clinical states associated 
with CKD, the analysis in the literature about these 
issues, the main cause of inaccuracies of the eGFR 
formulas, and the steps required for establishing the 
presence or absence of CKD when an eGFR formula 
computes a value less than 60 mL/min per 1.73 m2. 

Discrepancies of the diagnosis of CKD by eGFR 
formulas in various clinical states 
Discrepancies between various formulas estimating 
eGFR and between these formulas and measurements 
of GFR by standard methods have been reported. 
To illustrate the types of conditions in which eGFR 
formulas may be inaccurate, we will discuss a few 
examples of these discrepancies. Table 1 shows clinical 
conditions in which the accuracy of eGFR formulas has 
been disputed.

The increasing incidence of diabetes mellitus in 
many parts of the world has been the major cause of 
the increasing incidence of CKD. CKD secondary to 
diabetic nephropathy, which particularly in its early 
stages may not be associated with albuminuria, 
especially in type 2 diabetics, has its own diagnostic 
difficulties[79-92]. Several studies concluded that 
some creatinine-based eGFR formulas are not as 
accurate in detecting early CKD as cystatin-based 
formulas[80-84,86-88,91]. In addition, cystatin-based eGFR 
formulas were the only ones found to be independent 
predictors of diabetic complications[83,86] and creatinine-
based eGFR formulas did not detect early declines 
in renal function[89,90]. One study concluded that the 
prediction of CKD was similar with eGFR formulas 
calculated by the Cockroft-Gault formula, the MDRD 

formula and a cystatin-based eGFR formula[79]. A study 
using inulin clearance to measure GFR concluded that 
cystatin-based and creatinine-based eGFR formulas 
have significant inaccuracies in the diagnosis and 
staging of diabetic CKD[92]. Based on the discrepancies 
of eGFR formulas, one report proposed the use of 
one of the standard techniques, iohexol clearance, for 
evaluation of renal function in type 1 diabetics[85]. 

Infection with human immunodeficiency virus 
(HIV) is an important cause of CKD in several parts 
of the world, for example in South Africa[93]. Proper 
management of patients infected with HIV requires 
repeated screening for CKD[94]. Screening for CKD is of 
great importance for patients treated with nephrotoxic 
antiretroviral medications[95]. Discrepancies between 
various eGFR formulas in HIV-infected patients have 
been reported[96-102]. Extrarenal influences on cystatin 
C and creatinine metabolism may cause eGFR formula 
computations differing from the actual renal function[97]. 
For example, serum cystatin C levels may be elevated 
in patients with active HIV-infection causing a large 
underestimation of GFR by cystatin-based eGFR 
formulas[96,102]. Several eGFR formulas, based on either 
cystatin C or creatinine, were found to underestimate 
GFR in one study[98]. Other studies in HIV-infected 
subjects found superiority of either cystatin-based 
eGFR formulas[98,100] or creatinine-based formulas[99] 

in detecting CKD and determining the risks associated 
with it.

Chronic liver disease is associated with inaccuracy 
of the eGFR formulas[103-105]. Creatinine-based eGFR 
formulas systematically overestimate measured GFR 
in this patient group and the degree of overestima
tion increases with the severity of liver disease[104]. 
Cystatin-based eGFR equations are more accurate in 
these patients[103], but cystatin-based formulas derived 
in populations with liver disease may prove to have the 
greater usefulness[105]. 

Limitations of various eGFR formulas have been 
reported in subjects with cardiovascular diseases[106-109]. 
One study calculated similar assessment of cardio
vascular risks by the Cockroft-Gault formula and by 
serum cystatin C level[106]. However, a larger study 
found substantial differences between eGFR values 
calculated by creatinine-based and cystatin-based 
formulas in patients with varying severity of cardiac 
disease, with creatinine-based eGFR values exceeding 
the cystatin-based values in most patient categories[107]. 
Another study concluded that measured GFR, not eGFR 
formulas, should be used for evaluating the relationship 
between retinal vasculopathy and renal disease[108]. 
Differences in the association of creatinine-based and 
cystatin-based eGFR formulas with non-traditional 
cardiovascular risk factors (asymmetric and symmetric 
dimethylarginine blood levels, insulin resistance) in 
subjects without diagnosed cardiovascular disease, 
diabetes or CKD was reported in another study[109]. 
Finally, eGFR formulas were found to be inaccurate in 
heart transplant recipients[110]. The authors of this last 

Diabetes mellitus
Human immunodeficiency viral infection
Chronic liver disease
Cardiovascular disease
Kidney transplants (recipients and donors)
Sarcopenia
Critical illness
Hereditary disease (e.g., Fabry’s) 
Obesity

Table 1  Clinical conditions affecting the accuracy of 
estimating glomerular filtration rate formulas
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study proposed the use of measured GFR for assessing 
kidney function in this patient group. 

Discrepancies between eGFR formulas have been 
found in recipients and donors of kidney transplants. 
A recent study concluded that creatinine-based and 
creatinine/cystatin-based eGFR formulas are more 
accurate than cystatin-based formulas in renal trans
plant recipients[111]. One study concluded that the 
MDRD eGFR formula was more accurate in detecting 
GFR values lower than 60 mL/min per 1.73 m2 than 
the CKD-EPI creatinine/cystatin C formula after kidney 
donation[112], while a second study concluded that 
creatinine-based eGFR formulas have low accuracy 
in evaluating renal function in prospective kidney 
donors[113]. Of note is that the eGFR formulas used 
in this last study were derived in different ethnic 
groups. Various problems posed by creatinine-based 
and cystatin-based eGFR formulas in renal transplant 
recipients were reviewed by Santos and Martins[114]. 
Based on these and other studies, United Networks for 
Organ Sharing (UNOS) require a measured creatinine 
clearance or GFR for evaluating the renal function of 
prospective kidney donors. Prospective renal transplant 
donors illustrate the limitations of eGFR formulas in 
subjects in whom the need of accuracy in establishing 
absence of CKD is critical.

Issues with the eGFR formulas were reported 
in patients with neurological diseases causing sarco
penia[115,116], critically ill patients[117], and patients with 
hereditary disease[118]. Sarcopenia in subjects with 
neuromuscular disease is the source of systematic 
overestimation of GFR by creatinine-based eGFR 
formulas. Studies have found differences between 
various eGFR formulas in obese subjects[119-122]. One 
large study concluded that cystatin-based eGFR 
formulas are deficient in detecting CKD stage 3 or 4 
in obese subjects[119]. In contrast, two smaller studies 
concluded that creatinine-based equations produce 
higher eGFR values than cystatin-based formulas and 
may lead to underestimation of the presence and degree 
of CKD[120,122]. The finding that sarcopenia is highly 
prevalent in CKD patients leading to underestimation of 
the degree of obesity in this patient group[121] provides 
an explanation for the discrepancies between cystatin-
based and creatinine-based eGFR in obese subjects with 
CKD.

Applications of eGFR formulas in population studies
Several reports have analyzed the performance of 
various eGFR formulas in different populations[123-133]. 
Several studies compared various eGFR formulas. A 
Scandinavian study found a substantially different 
prevalence of CKD with the use of the MDRD formula 
than with the use of the Cockroft-Gault formula or 
of two cystatin-based equations[123]. Similar findings 
were reported in a study from Uruguay, in which 
the lowest values of eGFR were found when using 
the CKD-EPI cystatin C equation, while the CKD-EPI 
creatinine-cystatin formula computed intermediate 

eGFR values and the MDRD formula computed the 
highest values of eGFR[129]. A study in Asian Indians, 
which also found lower overall eGFR values when using 
cystatin-based equations, noted that these equations 
resulted in widely varying eGFR values which affected 
the classification of CKD[130]. A large study analyzing 
United States subjects with eGFR determination by the 
MDRD formula reported that only eGFR values lower 
than 45 mL/min per 1.73 m2 yielded a high probability 
of CKD[132]. 

In addition, studies in smaller numbers of sub
jects from various parts of the World compared 
eGFR formulas and GFR measurements by standard 
research methods[124-128,131]. Discrepancies between 
eGFR computed by cystatin-based equations and 
measured GFR were found in a pediatric Canadian 
group[124]. Differences between eGFR and measured 
GFR were also noted in an elderly Chinese group 
regardless of whether the formula used to compute 
eGFR was based on cystatin C or not[125]. In a study 
of Japanese subjects, the creatinine-based Japanese 
eGFR formula, overestimated GFR in subjects who 
had poor renal function or were malnourished[126]. In 
another study in elderly Chinese subjects, there were 
differences between several eGFR formulas and GFR, 
with some cystatin-based eGFR equations performing 
better than other equations[127]. In a study at Mayo 
Clinic, combined cystatin- and creatinine-based eGFR 
correlated better with measured GFR than creatinine-
based or cystatin-based eGFR values, but creatinine-
based eGFR was found to have a better association 
with most risk factors than the other eGFR values[128]. 
Another Mayo Clinic study comparing GFR with the 
CKD-EPI eGFR formulas based on creatinine and 
cystatin in recipients of organ transplants, patients with 
known CKD and prospective kidney donors concluded 
that the performance of various eGFR formulas based 
on creatinine or cystatin C was affected significantly 
by the clinical characteristics of the subjects[131]. GFR 
in these studies was measured by technetium-99m-
diethylene-triamine penta-acetic acid [(99m)DTPA][124,125,127], 
inulin[126], or iothalamate[128,131] clearance. 

Formulas computing eGFR, in conjunction with other 
factors, have been found to be of use in assessing risks 
associated with CKD. The risk of progression of CKD 
was recently evaluated in a metaanalysis of studies in 
large numbers of subjects in North America and other 
parts of the World performed by the CKD Prognosis 
Cohort (CKDPC)[133]. This metaanalysis concluded that 
formulas predicting the risk of progression developed 
in Canada and including eGFR, age, gender, and albu
minuria, plus four serum biochemical values (calcium, 
phosphate, bicarbonate, and albumin) were accurate in 
predicting progression, with the proviso that calibration 
may be needed in certain parts of the World. 

Commentaries on creatinine, cystatin C, and eGFR
The issues raised by various eGFR formulas as well 
as reference methods for measuring GFR have 
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been addressed in several reports[134-142]. Conditions 
that may cause false values of creatinine-based or 
cystatin-based eGFR formulas were addressed in two 
reviews[134,135]. One study analyzed factors leading 
to agreement or disagreement between measured 
creatinine clearance and creatinine-based formulas 
estimating renal function[136]. The issues faced with the 
development of risk prediction formulas based on eGFR 
plus various other factors and with the applications of 
these formulas were explored in another review[137]. 

One study found a systematic difference between 
iothalamate and iohexol, two standard markers of 
GFR in research studies: The average iothalamate 
clearance was 15% higher than the average iohexol 
clearance, while the average creatinine clearance 
exceeded the corresponding iohexol value by 42%[138]. 
A related editorial discussed the potential effects of 
differences in the clearances of standard markers 
of GFR on the derivation of eGFR formulas[139]. Two 
reports discussed the use of various indicators of GFR 
in pediatric[140] and adult[141] populations. Finally, one 
report presented a complex computer-based program 
for the diagnosis of CKD based on eGFR and pertinent 
clinical information[142]. 

THE MAIN LIMITATION COMMON TO OF 
ALL eGFR FORMULAS
The section will start with the presentation of three 
subjects under the care of nephrologists in two hospitals 
in Albuquerque. These subjects illustrate issues created 
by eGFR formulas and suggest the proper way to 
address these issues. Creatinine-based eGFR values 
were computed by the MDRD[22] and CKD-EPI[23] 
formulas in all three subjects. In the third subject, 
cystatin-based and creatinine/cystatin-based eGFR were 
computed by the CKD-EPI formulas[24]. All eGFR values 
in these patients are in mL/min per 1.73 m2.

Illustrative cases
Case 1: A 61-year-old white man with quadriplegia 
for 25 years following a motor vehicle accident and on 
hemodialysis for two years transferred to an inpatient 
spinal cord injury unit in New Mexico from another 
state. Immediately prior to the first hemodialysis 
session, his serum creatinine level was 1.27 mg/dL, 
with eGFR values of 58 by the MDRD formula and 
61 by the CKD-EPI formula. Serum creatinine levels 
ranged between 1.12 and 1.32 mg/dL throughout the 
dialysis period. The agency overseeing chronic dialysis 
facilities in New Mexico requested definitive proof 
of end-stage kidney disease (ESKD). A 48-h urine 
collection through the permanent indwelling urinary 
bladder catheter carried by the patient revealed the 
following values: Volume of collected urine 320 mL; 
total creatinine content in this urine specimen 62 mg. 

Case 2: A 31-year-old white woman had one year 

after donating a kidney a stable serum creatinine 
concentration of 1.32 mg/dL, with eGFR values of 47 
by the MDRD formula and 53 by the CKD-EPI formula. 
Urinalysis was repeatedly clean and urine albumin was 
undetectable. She is dedicated to exercise. Creatinine 
excretion in a 24-h urine specimen was 1672 mg and 
serum creatinine collected at the end of the urine 
collection remained at 1.32 mg/dL. Her body surface 
area is 1.81 m2. Calculated renal creatinine clearance 
was 84 mL/min per 1.73 m2. 

Case 3: A 71-year-old white man with hypertension 
under excellent control had on repeated testing a 
serum creatinine level of 1.60 mg/dL, no albuminuria, 
and ultrasound showing no abnormalities in the renal 
texture and no post-void residual urinary bladder 
volume. He is exercising intensely. Serum cystatin C 
level was 1.0 mg/L. Calculated eGFR was 43 by both 
the MDRD and CKD-EPI creatinine equations, 57 by 
the CKD-EPI creatinine-cystatin equation, and 74 by 
the MDRD-EPI cystatin C equation. 

The main limitation of eGFR formulas
The main limitation of the eGFR formulas is significant 
lack of accuracy in individuals as compared to groups. 
This causes problems in establishing the presence 
or absence of early CKD. The inaccuracy is rooted 
in the method for developing these formulas and 
the nature of the biomarkers used in them. eGFR 
formulas are multiple regression equations estimating 
GFR values using the serum concentration of one or 
more biomarkers eliminated by glomerular filtration 
and of other factors that affect the production of the 
biomarkers. Factors entered in these formulas so far 
are ethnicity, gender and age. A group of subjects 
with the same GFR, ethnicity, age and gender will not 
have the same serum concentration of the biomarker. 
Instead, they will have a range of concentrations 
around the mean value for this group, which is the 
value computed by the eGFR formula. Conversely, the 
values of GFR will have a range around the mean value 
provided by the eGFR value. The width of the range 
determines the standard error of the eGFR estimate 
provided by the regression equation. 

The errors of eGFR formulas derived by regression 
have been quantified by P30 statistics, i.e., the 
probability that the measured GFR will differ from 
eGFR by 30% or less in various cohorts including the 
cohort that was used for the CKD-EPI formula[143], a 
cohort of elderly subjects[144] and a cohort of transplant 
recipients[145]. GFR and eGFR values differ by more 
than 30% in approximately 20% of the individuals. 
The origin of this difference lies in the fact that eGFR 
formulas do not include all the factors that affect the 
serum concentration of a biomarker or account for 
changes in the quantitative effects of factors with 
varying intensity (e.g., degree of sarcopenia). Indeed, 
development of an eGFR formula accounting for all the 
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influences on the steady state serum concentration of 
a biomarker and for quantitative variations of these 
influences would be an exceedingly difficult task.

The nature of the biomarkers used in eGFR for
mulas is also a source of differences between eGFR 
and GFR values. eGFR formulas are applicable only to 
steady states of biomarkers. In the steady state, the 
rates of production and removal (the total clearance) 
of a biomarker are equal and its serum concentration 
is the fraction production/clearance. An ideal biomarker 
for GFR would also be exceedingly difficult to find. 
Such a biomarker should be eliminated exclusively 
by glomerular filtration and have the same exactly 
production rate in all subjects with the same age, 
gender, ethnicity and whatever other factors may be 
entered in eGFR formulas in the future. In examining 
whether a biomarker is suitable as an indicator of GFR 
one should investigate both its production and routes 
of elimination. Creatinine and cystatin C fail to fulfill the 
criteria for ideal biomarkers of GFR.

The production of creatinine receives influences 
from a host of factors other than those entered in the 
eGFR formulas and its elimination is not only through 
glomerular filtration. Factors affecting the production 
of creatinine and not included in the eGFR formulas 
include level of exercise, diet, particularly red meat 
ingestion or intake of dietary supplements containing 
creatine[146-148], neuromuscular diseases leading to loss 
of muscle mass, and disease states affecting the rate of 
conversion of creatine to creatinine[149]. Not accounting 
in the eGFR formulas for factors affecting creatinine 
production can affect the accuracy of eGFR estimates 
in individuals as well as cohorts. For example, the 
reported larger degree of underestimation of GFR 
by the MDRD formula in healthy individuals than in 
CKD patients[150] was probably the consequence of 
higher production rates of creatinine in the healthy 
individuals. 

Creatinine production differences between subjects 
with and without diabetes mellitus, which is a major 
cause of CKD, are the reason for the inaccuracies of 
creatinine-based eGFR formulas discussed earlier. 
There is evidence suggesting that diabetes affects 
creatinine production. Serum creatinine levels tend to 
be low in diabetic individuals[151], reflecting low rate 
of creatinine production, hyperfiltration (see below) 
or a combination of the two. Lean body mass, a large 
part of which is muscle mass, decreases with age 
rapidly in diabetic subjects[152]. The loss of muscle 
mass in diabetic subjects is the source of discrepancies 
between GFR and creatinine-based eGFR formulas[153]. 
Creatinine excretion is systematically lower in diabetic 
than non-diabetic subjects with ESKD treated by 
peritoneal dialysis[154]. A formula developed in a 
peritoneal dialysis cohort includes diabetes among the 
predictors of creatinine excretion[155]. Future develop
ments in creatinine-based eGFR formulas should study, 
and most probably include, diabetes among the factors 
affecting serum creatinine concentration.

Factors other than GFR affect creatinine excretion. 
Renal creatinine excretion is not exclusively through 
glomerular filtration. Tubular secretion contributes 
a small part, around 15%, of the urinary creatinine 
at normal GFR values. In glomerulopathic CKD, the 
fraction of urinary creatinine excreted through tubular 
excretion increases progressively as GFR decreases 
and serum creatinine rises[156]. Removal of creatinine 
through tubular secretion is the source of significant 
overestimation of GFR by creatinine-based eGFR 
formulas in CKD. In addition to tubular secretion, creat
inine is removed from the body through extrarenal 
routes, mainly through the gastrointestinal tract. An 
indirect approach computed an average extrarenal 
creatinine clearance of 0.042 L/kg per 24-h in males 
and 0.041 L/kg per 34-h in females with advanced 
CKD[157]. This approach suggests that progressively 
larger amounts of creatinine are removed through 
the extrarenal pathway as serum creatinine rises 
progressively in worsening CKD. This would cause 
progressive overestimation of GFR by creatinine-based 
eGFR formulas. 

Sickle cell disease is one condition leading to large 
differences between renal creatinine clearance and 
GFR. Creatinine-based eGFR formulas have greatly 
overestimated true GFR in patients with sickle cell 
nephropathy. This is related to the supranormal proximal 
tubular function in subjects with sickle cell disease 
resulting in enhanced creatinine secretion and various 
electrolyte disturbances[158,159]. It has been suggested 
that serum cystatin C and possibly cystatin-based eGFR 
formulas can be better indicators of renal function in 
such patients[160] Conditions that affect the extrarenal 
removal of creatinine need further study. 

Several medications affect the production or tubular 
excretion of creatinine. Table 2 shows medications 
that affect creatinine production[161,162] or block tubular 
creatinine secretion[163-168]. In the past, several research 
studies measured GFR by creatinine clearance with 
the use of medications blocking tubular creatinine 
excretion[163]. A great number of medications may 
induce myopathy leading to varying rates of creatinine 
production. Drugs induce myopathy by direct myotoxi
city (e.g., alcohol, cocaine, glucocorticoids, statins, 
antimalarial compounds, colchicine, zidovudine), 
immunological mechanisms causing inflammation 
(e.g., D-penicillamine), or various indirect mechanisms 
(e.g., drug-induced coma causing muscle ischemia 
from compression, diuretic-induced hypokalemia, and 
drug-induced hyperkinetic syndromes, dystonic states, 
hyperthermia or neuroleptic malignant syndrome)[169]. 

Acute drug-induced rhabdomyolysis is manifested 
by elevation in the serum concentration of muscle 
enzymes (e.g., creatinine phosphokinase) and leads 
to acute kidney injury in some instances, in addition 
to a rise in serum creatinine due to overproduction. 
In chronic drug-induced myopathy causing increased 
creatinine production, however, serum levels of 
muscle enzymes may not be elevated[169]. In subjects 
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with advanced CKD, for example ESKD patients 
treated by peritoneal dialysis, increased creatinine 
production secondary to drugs can cause large rises 
in serum creatinine concentration and excretion 
without a change in creatinine clearance or in the 
serum levels of muscle enzymes[170]. Finally, errors in 
serum creatinine values are caused by interference of 
various substances, endogenous or exogenous, with 
the creatinine assay. This issue was more common 
with the older method of measuring creatinine con
centration in biological fluids by the non-specific Jaffe 
colorimetric method[171]. However, even the newer 
specific enzymatic methods receive interference from 
other substances, including dopamine, ascorbate[171], 
the analgesic dipyrone (metamizol), N-acetylcysteine 
and other substances.

Like creatinine levels, serum cystatin C levels re
ceive influences independent of GFR[172-183]. Changes in 
renal and extrarenal function and in the production of 
cystatin C may affect its serum level. As noted cystatin 
C is filtered in the glomeruli and then reabsorbed 
and catabolized in the proximal tubules. Its urinary 
excretion is a small fraction of its filtered load. It has 
been postulated that tubulointerstitial disease damaging 
the integrity of the tubular barrier may lead to back 
leak of cystatin C into the peritubular blood capillaries 
and increase in serum cystatin C levels[172]. A change in 
tubular handling of cystatin C was reported in children 
with nephrotic syndrome who exhibited significant 
rises in the urinary excretion of the compound at times 
of heavy proteinuria[175]. Potential influences of renal 
tubular dysfunction on cystatin C serum levels will 
require further study.

Factors affecting the extrarenal clearance and 
production of cystatin C have not been studied ade
quately. Indirect methods to quantitate these influences 
have been proposed[177]. Increases in the rate of 
production and the serum levels of cystatin C have 
been reported with the use of corticosteroids[173], and 
in subjects with obesity[180], large lean body mass[178], 
hyperthyroidism[178,183], elevated serum triglyceride 
levels[181], and after coffee consumption[182]. Two 
reports studied by multivariable statistical analysis 
factors affecting serum cystatin C levels independently 
of GFR[174,179]. Older age, male gender, large weight and 

height, current cigarette smoking and higher C-reactive 
protein levels were associated with higher serum 
cystatin C levels in a study from the Netherlands[174]. 
A study pooling data from three large research studies 
identified younger age, male gender, diabetes mellitus, 
high levels of C-reactive protein, high white blood cell 
count and low levels of serum albumin as independent 
factors associated with high levels of cystatin C[179]. 
Race had also a small independent effect on cystatin C 
in this last study. Finally, potential interferences with the 
measurement of cystatin C have not been adequately 
studied. 

How to proceed when a low eGFR value suggest CKD in 
an individual
Serum creatinine is routinely measured for surveillance 
of the renal function, while cystatin C is not a routine 
blood test. Currently, the initial step for diagnosing 
and staging CKD is based on determination of serum 
creatinine and albuminuria. Creatinine-based eGFR 
values are of paramount importance in this process[39]. 
The rate of creatinine production is the cause of ques
tioning the accuracy of eGFR in the great majority of 
subjects. The suggested next step in the evaluation 
of individuals for whom there are questions about the 
accuracy of creatinine-based eGFR is to measure serum 
cystatin C and compute cystatin-based and creatinine/
cystatin- based eGFR values[39]. This approach, which 
was based on the finding that the effect of muscle 
mass on serum cystatin C levels is small[179], may 
confirm the presence of CKD in subjects in whom the 
cystatin-based eGFR values agree with the creatinine-
based values, but will create new problems if the 
various eGFR values disagree. The subject reported in 
case 3 above illustrates this problem. 

A different approach for confirming or rejecting a 
questionable creatinine-based eGFR value is required. 
The hypothesis that an unusual rate of creatinine pro
duction led to an unusual serum creatinine level is 
addressed directly by measuring creatinine excretion 
rate[184]. Cases 1 and 2 of this report illustrate this point. 
As noted, candidates for living kidney donation are a 
group of subjects who should also have their creatinine 
clearance determined. Differences between estimates 
of eGFR and estimates of creatinine clearance by the 
Cockroft-Gault formula affecting significantly the dosing 
of potentially toxic drugs have been reported[185]. 
Dosing of drugs may require measurement of creatinine 
clearance in selected cases. In addition to clarifying 
the information provided by creatinine-based eGFR, 
determination of creatinine excretion has prognostic 
significance. Low urinary creatinine excretion levels in 
CKD patients are associated with adverse outcomes[186]. 

Establishing the presence or absence of CKD 
from creatinine clearance also has drawbacks. Urine 
collection and storage for 24 h is a demanding task. 
Errors in the timing of urine specimens and presence 
of obstructive urinary tract disease are sources of 

Drug Ref.

Drugs enhancing creatinine production
   Fenofibrate [161]
   Vitamin D receptor activators [162]
Drugs inhibiting tubular creatinine secretion
   Cimetidine [163]
   Cobicistat [164]
   Dronedarone [165]
   Pyrimethamine [166]
   Salicylates [167]
   Trimethoprim [168]

Table 2  Drugs raising serum creatinine concentration
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inaccuracy of urine collection. Detailed explanation of 
the importance of accurate urine collection and detailed 
instruction about the timing of this procedure are 
imperative and minimize collection errors. Motivation of 
individuals with questionable eGFR values is important. 
Subjects with low creatinine-based eGFR values and 
suggestion of large muscle mass are usually very 
motivated to know whether they have CKD or not. 
Evaluation for urinary obstruction should be considered 
a necessary step of the diagnosis of CKD. 

A third drawback of the measured creatinine 
clearance is the systematic overestimation of GFR 
because of tubular secretion of creatinine. This may 
become significant when the value of the measured 
creatinine clearance is above, but close to 60 mL/min 
per 1.73 m2. In glomerulopathic subjects with normal 
GFR values, creatinine clearance exceeded by 16%, 
on the average, GFR measured by inulin clearance[156]. 
We suggest that creatinine clearance values less than 
72 mL/min per 1.73 m2, that is values exceeding 60 
mL/min per 1.73 m2 by less than 20%, should call for 
further investigation. Cystatin C measurements may 
improve the accuracy of diagnosis of CKD in this last 
group of subjects, but will require further studying.

As noted, careful history taking about conditions 
predisposing to CKD is very important in establishing 
the diagnosis of CKD[142]. Imaging techniques are 
also of help. Size and texture of the kidneys and 
features of obstructive disease of the urinary tract are 
routinely investigated by traditional ultrasonographic 
techniques. Addition of color Doppler and spectral 
Doppler to conventional ultrasonography allows detailed 
investigation of the renal circulation. Circulatory in
dices derived from these newer techniques, including 
the resistivity index and the strain index, as well as 
evaluation of renal fibrosis by elastography, can provide 
valuable assistance in the diagnosis of CKD[187-189]. 
Measurement of GFR by nuclear scanning[190,191] is 
another imaging technique assisting the early detection 
of CKD in vulnerable patient groups, e.g., renal trans
plant recipients. Other imaging techniques applied 
in the diagnosis of renal diseases (e.g., radiography, 
computed tomography, nuclear magnetic resonance 
methods) have limited value in the detection of CKD. 
Despite the proliferation of studies evaluating various 
biomarkers as indicators of specific renal histology, 
renal biopsy remains the gold standard of the his
tologic diagnosis of renal disease[192]. The role of renal 
biopsy in establishing the presence of CKD, however, is 
questionable. 

FUTURE DEVELOPMENTS
Two types of findings have generated questions about 
the use of either measured GFR or eGFR formulas 
for the diagnosis and classification of CKD. The first 
issue was the varying association between the serum 
levels of several small molecular weight substances 
classified as uremic toxins and eGFR values calculated 

by several formulas in subjects with CKD stages 2 to 
5[193]. This finding, which was attributed to varying 
effects on the serum concentration of uremic solutes 
of factors other than GFR, including tubular handling, 
extrarenal removal and production[194] provides a 
stimulus for searching for new biomarkers of eGFR 
better associated with various uremic toxins, but does 
not eliminate the current principle of diagnosis and 
staging CKD based on GFR. Based on the conclusions 
of the last report[194], it is possible that other factors 
have significant effects on the serum concentration 
of uremic toxins independently or in addition to the 
presence and stage of CKD. Findings of elevated serum 
levels of “uremic” toxins in subjects without clinical 
features of CKD and normal levels of GFR measured 
by standard methods would provide support to this 
last postulate.

Hyperfiltration is the second category of findings 
creating questions about using eGFR or GFR to diagnose 
and stage CKD. Hyperfiltration has been extensively 
investigated in subjects with type 1 or type 2 diabetes 
mellitus in whom it is considered an important factor 
in the initiation and progression of diabetic nephro
pathy[195]. Subsequently, hyperfiltration was reported 
in a variety of clinical conditions including obesity, 
hypertension, metabolic syndrome, smoking, sickle 
cell disease, thalassemia, IgA nephropathy, reflux 
nephropathy, kidney donors, transplanted kidneys, 
cirrhosis, pregnancy, lead poisoning, autosomal dominant 
polycystic kidney disease, primary aldosteronism, 
nephropathy from Puumala hantavirus, and apparently 
healthy subjects to whom it confers a risk of CKD and 
hypertension[196]. It is of interest that intense exercise 
can decrease the prevalence of hyperfiltration in the 
general population[197]. 

Establishing the presence of hyperfiltration is of 
great importance. A review of studies on hyperfiltration 
disclosed the use of a variety of methods for measuring 
or estimating GFR and a variety of GFR or eGFR cut-
off values defining hyperfiltration[198]. Hyperfiltration 
is defined as either supernormal GFR or increased 
filtration fraction (GFR over renal plasma flow), which 
is normally around 0.20. Elevated glomerular capillary 
hydrostatic pressure, with or without an elevation in the 
renal plasma flow, leads to hyperfiltration[195]. Subjects 
with hyperfiltration on the setting of increased renal 
plasma flow, for example a subset of patients with 
early diabetic nephropathy, have supranormal GFR. A 
few studies of hyperfiltration have measured both GFR 
and renal plasma flow. In addition to its accuracy in 
establishing presence or absence of hyperfiltration, this 
method allows detection of hyperfiltration in subjects 
with established CKD and low GFR values. 

Hyperfiltration creates two major problems with the 
diagnosis of CKD. The first problem is a documented 
lack of accuracy of various eGFR formulas in subjects 
with hyperfiltration[199,200]. The second problem is 
even more serious and cannot be corrected by finding 
new biomarkers providing accurate eGFR formulas in 
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subjects with hyperfiltration. Even if such biomarkers 
are found in the future, subjects with hyperfiltration, 
early stages of CKD, absence of albuminuria and 
GFR in the normal range will be misclassified as not 
having CKD by the current scheme. Elderly subjects 
with apparently normal renal function, but with 
loss of nephrons and hypertrophy of the remaining 
nephrons[201-203] are one such group. Detection of CKD 
in these subjects requires an approach other than 
measurement or estimation of GFR. 

The limitations of the available tools for diagnosing 
and staging CKD have complicated the development 
of accurate models for early detection of CKD and 
prediction of its progression. One approach that has 
been investigated is the measurement of the renal 
functional reserve (RFR)[204]. RFR, the temporary 
increase in renal blood flow and GFR after a stan
dardized heavy protein meal, is a homeostatic mecha
nism prominent in carnivores. Healthy humans exhibit 
a less pronounced, but quite large RFR after a protein 
meal[204]. Certain studies suggested that measurement 
of renal functional reserve may be a useful method 
in detecting early CKD. In one study, vasculopathic 
patients with normal GFR and absent RFR by GFR 
measurement developed within two years a significant 
decrease in GFR[205]. In another study, the magnitude 
of RFR decreased progressively with higher stages of 
CKD[206]. Doppler ultrasonography can assist in the 
evaluation of RFR[207,208]. However, conflicting RFR 
findings have been reported in several studies of 
patients with CKD. Whether RFR measurement can 
provide a useful method for establishing the presence 
or absence of early CKD is not clear currently. 

Another approach to the early detection of CKD 
is acquiring strength. Recent reports have stressed 
the need for new biomarkers that can enhance the 
accuracy of CKD detection[137,209,210]. Table 3 shows 
biomarkers evaluated in CKD. Current practices 
utilize two categories of biomarkers for CKD, those 
that estimate GFR and those that indicate damage 
to a specific renal function (albuminuria). Similarly, 
the search for new biomarkers has two directions, 
indicators of GFR which are routinely assayed in the 
serum[211-219] and indicators of specific types of kidney 

injury which are assayed in the urine or serum[220-227]. 
Demographic and clinical associations of creatinine 

and newer GFR biomarkers, including β-trace protein, 
β2-microglobulin, and cystatin C, differ[216]. In specific 
patient groups, newer GFR biomarkers may offer 
specific advantages. For example, cystatin C and β2-
microglobulin are more sensitive indicators of decreased 
GFR than creatinine in critically ill children[215], while 
β-trace protein and β2-microglobulin serum levels 
may identify additional risk factors in patients with 
CKD[218]. However, the role of these newer biomarkers 
in establishing the diagnosis of CKD will need further 
investigation. For example, eGFR estimates from 
equations based on β-trace protein or β2-microglobulin 
were found to be less accurate that the creatinine-based 
or creatinine/cystatin-based CKD EPI equations[217]. 

In patients with ESKD, serum levels of biomarkers 
eliminated poorly by dialytic techniques can provide 
more accurate estimates of residual GFR than the 
estimation as the average of renal creatinine and 
urea clearances[228]. Residual renal clearance may be 
estimated by pre-dialysis β2-microglobulin or β-trace 
protein concentrations in patients receiving high flux 
hemodialysis or hemodiafiltration[229,230]. A preliminary 
report identified four metabolites, including acetyl-
threonine, pseudouridine, acetyl-alanine, and myo-
inositol with higher correlation values with measured 
GFR than serum creatinine levels[231]. eGFR formulas 
containing multiple metabolites appear to be more 
accurate than creatinine-based formulas in estimating 
GFR[232-234]. Despite the promise that this strategy 
holds, it should be noted that even system-biology 
combined markers derived from a rational process only 
moderately improve performance relative to clinical 
and standard laboratory evaluations. Also, the cost of 
measuring these biomarkers vs measuring GFR by a 
standard method is an issue that will be raised.

Regardless of the potential advantages of eGFR 
estimates from new biomarkers, these estimates 
will have some of the limitations discussed above. 
The main progress in the diagnosis of CKD and the 
prediction of its course is expected to result from 
introduction of biomarkers of renal tissue damage in 
clinical practice[221]. Note that biomarkers of renal tissue 
injury assayed in serum may also provide estimates 
of GFR and have the potential of providing clues about 
the histologic diagnosis of CKD[235] and combination 
of clinical predictors and biomarkers can predict 
progression of CKD in specific patient groups, e.g., 
subjects with type 2 diabetes mellitus[236]. 

CONCLUSION
The diagnosis and staging of CKD based on estimates 
of GFR from serum creatinine and cystatin C con
centrations represents a major step in the diagnosis 
of CKD and in following its course, but has significant 
limitations. The main limitations of this methodology 
are its low discriminatory power in establishing the 

Biomarker Ref.

Biomarkers for GFR
   Symmetrical dimethylarginine [212,213]
   Beta-trace protein [214,216,217]
   β2-microglobulin [215-218]
   Galectin-3 [219]
Biomarkers for injury of renal tissue
   MicroRNA [220,221]
   Soluble urokinase-type plasminogen activator receptor [209,222,223]
   Proteomics [224,225]
   Gelatinase-associated lipocalin [226,227]

Table 3  New biomarkers for chronic kidney disease

GFR: Glomerular filtration rate.
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presence or absence of early CKD in individuals and its 
unsatisfactory performance in predicting the course of 
CKD. The direction of Research in this field is currently 
towards identifying new biomarkers that either are 
superior indicators of GFR, or indicate early injury of 
the renal tissue. The last group of biomarkers has the 
potential of leading to improved early detection of CKD. 
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