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INTRODUCTION

Renal biomarkers such as creatinine and cystatin C (cysC) are 
relatively small molecules found in the blood. Molecules <40 
kDa are filtered from the blood by the kidney glomeruli, whereas 
albumin and other large molecules >40 kDa are not. Glomeruli 
are clusters of tiny blood vessels in the kidneys that allow water, 
dissolved substances, and wastes to pass through their walls 
while retaining blood cells and larger proteins. The filtrate fluid 
that passes through the glomerular walls is the so-called “primi-

tive” urine. From this fluid, the kidneys reabsorb cysC, glucose, 
ions, and many other substances. The remaining fluid and 
wastes (including creatinine) are carried to the bladder and ex-
creted as urine. The rate at which the blood is filtered is termed 
the glomerular filtration rate (GFR). A decline in kidney function 
leads to a decrease in the GFR and to increases in blood creati-
nine and cysC concentrations, which occur because the kidneys 
are no longer able to properly filter the blood at a normal rate, 
resulting in their accumulation in the blood.

Exploring Renal Function Assessment: Creatinine, 
Cystatin C, and Estimated Glomerular Filtration Rate 
Focused on the European Kidney Function Consortium 
Equation
Hans Pottel , Ph.D.1, Pierre Delanaye , M.D., Ph.D.2,3, and Etienne Cavalier , Ph.D.4
1Department of Public Health and Primary Care, KU Leuven Campus Kulak Kortrijk, Kortrijk, Belgium; 2Department of Nephrology-Dialysis-Apheresis, Hôpital 
Universitaire Carémeau, Nîmes, France; 3Department of Nephrology-Dialysis-Transplantation, University of Liège, CHU Sart Tilman, Liège, Belgium; 
4Department of Clinical Chemistry, University of Liège, CHU Sart Tilman, Liège, Belgium

Serum creatinine and serum cystatin C are the most widely used renal biomarkers for cal-
culating the estimated glomerular filtration rate (eGFR), which is used to estimate the se-
verity of kidney damage. In this review, we present the basic characteristics of these bio-
markers, their advantages and disadvantages, some basic history, and current laboratory 
measurement practices with state-of-the-art methodology. Their clinical utility is described 
in terms of normal reference intervals, graphically presented with age-dependent refer-
ence intervals, and their use in eGFR equations.

Key Words: Creatinine, Cystatin C, Estimated glomerular filtration rate, Kidney

Received: June 5, 2023
Revision received: August 25, 2023
Accepted: October 25, 2023
Published online: November 1, 2023

Corresponding author: 
Hans Pottel, Ph.D.
Department of Primary Care and Public 
Health, KU Leuven Campus Kulak Kortrijk,
Etienne Sabbelaan 53, Kortrijk 8500, 
Belgium
E-mail: Hans.Pottel@kuleuven-kulak.be

© Korean Society for Laboratory Medicine
This is an Open Access article distributed under 
the terms of the Creative Commons Attribution 
Non-Commercial License (https://creativecom-
mons.org/licenses/by-nc/4.0) which permits 
unrestricted non-commercial use, distribution, 
and reproduction in any medium, provided the 
original work is properly cited.

https://orcid.org/0000-0003-0074-8919
https://orcid.org/0000-0002-1480-5761
https://orcid.org/0000-0003-0947-2226
mailto:Hans.Pottel@kuleuven-kulak.be


Acc
ep

ted
 Artic

le

Pottel H, et al.
Exploring renal function assessment

2    www.annlabmed.org https://doi.org/10.3343/alm.2023.0237

SERUM CREATININE

Introduction
Creatinine is a waste product without any known activity in the 
blood. It is the catabolite of creatine (and phosphocreatine), 
which originates from the muscles and dietary meat. Creatinine 
is a low-molecular-weight (113 Da) product of the non-enzymatic 
conversion of creatine to creatinine directly, or from phosphocre-
atine to phosphocreatinine followed by dephosphorylation to 
creatinine, and is generally produced at a fairly constant rate by 
the muscles. The kidney is the main elimination route; creatinine 
is largely freely filtered at the glomeruli and not reabsorbed, 
whereas a small proportion is secreted by the proximal tubules 
(depending on the GFR level) and a minimal part is excreted ex-
tra-renally. Under normal circumstances, the rates of creatinine 
production and excretion are fairly constant. Thus, healthy kid-
neys filter creatinine out of the blood via the urine. This is a dy-
namic process that leads to a dynamic equilibrium, with a con-
stant amount of creatinine in the blood. As such, serum creati-
nine (SCr) measured by a blood test can inform the physician 
how well the kidneys are working. When the kidneys are not 
working well, the SCr concentration increases. SCr concentra-
tions are measured in milligrams per deciliter (mg/dL) or, in the 
international standard unit, micromoles per L (µmol/L). To con-
vert SCr in µmol/L to mg/dL, it is divided by 88.4.

Laboratory measurement
Most routine SCr assays in current use have evolved from the 
chromogenic reaction first described by Jaffe in 1886 [1]. Folin 
was the first to quantify creatinine in biological fluids in 1905 
[2]. Over the years, the Jaffe assay has been further developed. 
At present, SCr is measured mainly by two methods: the Jaffe 
and enzymatic methods, both of which are colorimetric. In the 
Jaffe reaction, creatinine forms a yellow-to-red-colored product 
upon addition of alkaline picrate. After color development, the 
color intensity is quantified by measuring the optical density. 
However, picrate can also react with other components known 
as pseudo-chromogens (Jaffe-like chromogens), such as aceto-
acetate, pyruvate, substances with a ketone group, proteins, glu-
cose, and ascorbic acid [3]. Jaffe assays are also prone to other 
complex interactions with bilirubin or certain drugs. Many manu-
facturers have attempted to improve the performance character-
istics of the Jaffe reaction by compensating for these interfer-
ences (e.g., rate blanking and subtraction of a fixed factor to 
compensate for nonspecific reactions) [4]. By subtracting the 
specific factor, the assay becomes more equivalent with the en-

zymatic method. However, a certain degree of imprecision re-
mains, and compensation does not work in children and pa-
tients who have “non-standard” protein concentrations.

The principle of enzymatic assays was first described in the 
1930s, but since 1970, enzymatic assays have been developed 
to improve creatinine specificity. Enzymatic assays are based on 
different successive enzymatic reactions. The enzymes used 
vary according to the manufacturer. The analytical specificity 
(fewer interferences) and sensitivity of enzymatic assays are bet-
ter than those of Jaffe assays. The higher cost of the enzymatic 
SCr assay is the main reason why the Jaffe or compensated 
Jaffe assays are still used in practice.

For low SCr concentrations, which may occur in young chil-
dren, the results of the compensated SCr Jaffe assay may turn 
negative due to overcompensation, but generally, Jaffe SCr is 
higher than enzymatic SCr. Therefore, enzymatic assays should 
be favored in pediatric patients as well as in specific situations 
where Jaffe assays are known to be prone to interference (e.g., 
bilirubin and ketoacidosis). Notably, enzymatic assays also are 
subject to interference from bilirubin, albeit to a lesser extent, 
and from certain drugs. The gain in precision (i.e., a smaller ran-
dom error) with the enzymatic assays as compared to that of the 
Jaffe assays is an intrinsic characteristic of the assay and is in-
dependent of the standardization procedure, which improves 
bias (fixed and proportional) or systematic error (for both Jaffe 
and enzymatic assays). The random error (imprecision) is con-
sistently lower for enzymatic assays (analytical imprecision [CVA] 
around 2%) than for Jaffe assays (CVA around 5.5%) [3, 4]. This 
better analytical performance of enzymatic assays will have con-
sequences on the accuracy of GFR-estimating equations, espe-
cially in high GFR ranges.

The concept of standardization of creatinine measurements 
may look simple. The basic idea is that all laboratories calibrate 
their creatinine assays against a calibration material provided by 
manufacturers for which the creatinine concentration is trace-
able to international standards and has been determined with a 
higher-order method, namely, tandem mass spectrometry cou-
pled with liquid or gas chromatography (LC- or GC-MS/MS, re-
spectively). SCr measurement by MS is accurate and reproduc-
ible [3].

Before the introduction of Standard Reference Material (SRM) 
967 in 2007 (a commutable international standard provided by 
the US National Institute of Standards and Technology [NIST]) [5] 
and the launch of the Creatinine Standardization Program 
(which obliged manufacturers to align with this standard), there 
was no standardization of SCr measurements [6]. Since then, 
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most manufacturers have used the NIST standards to calibrate 
their SCr assays, and since 2017, one can assert that most cre-
atinine assays are correctly calibrated against NIST Standard 
967, except maybe some Jaffe assays. Such calibrated methods 
are generally termed isotope dilution (ID)MS-traceable methods. 
Since the Creatinine Standardization Program requested manu-
facturers to standardize their creatinine assays to the SRM, we 
can theoretically expect that a same sample will produce the 
same result in any laboratory in the world, regardless of the 
method (Jaffe or enzymatic) used and the manufacturer [4]. En-
zymatic assays have also reached the goal of decreased inter-
assay variability and thus have reduced systematic differences 
between assays [3, 7].

Hoste, et al. [4] demonstrated that the intra-run CV and bias 
from the target values were higher at low creatinine concentra-
tions. Particularly, Jaffe and enzymatic dry chemistry methods 
showed higher errors. Depending on the equation used, calcu-
lated estimated GFR (eGFR) values corresponding with the re-
ported creatinine concentration ranges resulted in a different 
GFR classification in 47% of cases [4]. The authors concluded 
that although most creatinine assays claim to be traceable to 
the gold standard (ID-GC/MS), large inter-assay differences ex-
ist. The inaccuracy in the lower concentration range is of particu-
lar concern and may lead to clinical misinterpretation when the 
creatinine-based eGFR of the patient is used for chronic kidney 
disease (CKD) staging. Boutten, et al. [8] found that, despite 
substantial improvements in traceability to the IDMS reference 
method and precision, compensated Jaffe creatinine assays, in 
contrast to enzymatic assays, do not achieve the desirable spec-
ifications of the National Kidney Disease Educational Program 
at normal creatinine concentrations. Piéroni, et al. [6] stated 
that the standardization of creatinine assays resulted in a clear 
improvement of eGFR in the general population, but alternative 
methods should be used when creatinine production or metabo-
lism is impaired. Delanaye, et al. [3] questioned whether the 
added value of using enzymatic SCr assays and/or using com-
bined biomarkers to estimate GFR at the individual level or in a 
population is sufficient to justify the higher cost of these meth-
ods compared to a basic Jaffe creatinine measurement. Further 
research is required to improve method harmonization.

Current practice
Measuring SCr is cheap and is part of the routine biochemical 
blood tests that are commonly requested in daily clinical prac-
tice worldwide. However, the clinical interpretation of SCr is not 
straightforward because the SCr concentration changes with 

age, sex, muscle mass, nutritional habits, lifestyle, race, tubular 
secretion, protein intake, and other factors. Therefore, physi-
cians prefer using eGFR, calculated using SCr-based eGFR equa-
tions. However, given the inverse relationship between SCr and 
GFR, variation in SCr will have an inverse impact on the preci-
sion of eGFR equations, particularly at low or normal-to-low cre-
atinine concentrations (or in the high or normal-to-high GFR 
range). As a biomarker, SCr reflects both renal function and 
muscle mass; therefore, when renal function is normal, SCr-
based eGFR correlates less with measured GFR than when re-
nal function is abnormal [9]. Moreover, when GFR levels are very 
low (e.g., in patients on dialysis with GFR=0), creatinine concen-
trations only vary because of differences in muscle mass. It is 
recommended to report SCr with two decimals when expressed 
in mg/dL and with one decimal when expressed in µmol/L. 
eGFR results should be reported as whole numbers without dec-
imals [10].

Clinical utility
SCr concentrations vary with the amount of muscle mass and, 
consequently, with population characteristics (such as age, sex, 
race, nutritional habits, and lifestyle). At the population level, the 
evolution of SCr with age can be described as follows: SCr of the 
newborn is the same as that of the mother (~0.70 mg/dL) but 
rapidly declines to 0.20–0.25 mg/dL within 4–6 weeks thereaf-
ter. As the child grows, it gains muscle mass and SCr increases 
linearly to ~0.60 mg/dL around the age of 14 yrs, and the in-
crease rate is the same in girls and boys. After puberty, the in-
crease rate remains the same in girls but accelerates in boys 
(due to the extra gain in muscle mass compared to that in girls) 
and stabilizes at ~0.70 mg/dL in young women and 0.90 mg/dL 
in young men (18–25 yrs). So-called SCr growth curves have 
been established for healthy Europeans aged 2–40 yrs [9] but 
are very similar for Koreans, Chinese, and other ethnicities, al-
though the curves may be (slightly) shifted to lower or higher val-
ues in these populations (Fig. 1, left panels). For example, in 
young healthy African American men, average or median SCr 
values of 1.03 mg/dL have been reported [11], whereas the av-
erage concentrations hardly differ between healthy European 
American women and African American women (0.70 mg/dL vs. 
0.72 mg/dL). After the age of 50–60 yrs, the SCr concentration 
slightly increases, probably due to normal renal senescence.

SCr median growth curves define the so-called Q values, 
which can be used to rescale SCr (Fig. 1, right panels). The ad-
vantage of rescaling SCr to SCr/Q is that reference intervals for 
SCr/Q can generally be defined as [0.67; 1.33], independent of 
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age, race, and sex. For example, for adult women, with Q=0.70 
mg/dL, the normal values lie between 0.67×0.70=0.47 mg/dL 
and 1.33×0.70=0.93 mg/dL, and for adult men, with Q=0.90 
mg/dL, the reference interval becomes [0.60–1.20 mg/dL]. For 
boys and girls of 14 yrs of age, the median SCr value (or Q-value) 
is 0.60 mg/dL, defining a reference interval of 0.60 ×0.67= 
0.40 to 0.60 ×1.33 =0.80. This has been confirmed by large 
reference interval studies [12, 13]. The advantage of the res-
caled SCr/Q value is that the median value equals “1” indepen-
dent of age, sex, and race. Q values can easily be obtained as 
the median SCr values from large local hospital databases [12]. 
Deviation from the median value of “1” is indicative of normal 
variation as long as SCr/Q remains between 0.67 and 1.33, 
whereas abnormally high values (SCr/Q>1.33) may be related 
to reduced kidney function and CKD and SCr/Q<0.67 may be 
caused by (severely) reduced muscle mass or hyperfiltration.

Although SCr/Q can be used to clinically interpret SCr, ne-

phrologists prefer using eGFR obtained from eGFR equations 
and expressed in mL/min/1.73m2 because it better reflects the 
inverse association between GFR and creatinine. SCr-based 
eGFR equations have been used since the 1970s in pediatric 
(e.g., the bedside Schwartz equation [14, 15]) and adult popula-
tions (e.g., the Cockcroft–Gault equation [16]). SCr/Q can also 
be applied to eGFR equations, as has been done in the Full Age 
Spectrum (FAS) equation [17] and the more recent European 
Kidney Function Consortium (EKFC) equation [9]. The FAS and 
EKFC equations are designed such that a subject (aged 2–40 
yrs) with a median healthy creatinine concentration (correspond-
ing to SCr/Q=1) has median kidney function, corresponding to 
a GFR value of 107.3 mL/min/1.73m2. This value of 107.3 mL/
min/1.73m2 had been established as the median measured 
GFR in apparently healthy kidney donors [18]. Moreover, the FAS 
and EKFC equations have the important advantage of covering 
the full age range, from 2 to 100 yrs, without any discontinuity 
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at the transition between pediatric and adult nephrology care. 
This avoids implausible increases at the age of 18 yrs, which are 
frequently observed when changing from the pediatric Schwartz 
equation to the adult CKD Epidemiology Collaboration equation 
[19] and the current Kidney Disease: Improving Global Out-
comes (KDIGO)-recommended equations [20]. Moreover, the 
FAS and EKFC equations are age-based, not height-based, equa-
tions (e.g., the bedside Schwartz equation), allowing the report-
ing of eGFR for all ages, along with SCr, by the clinical laboratory. 
Height is not generally provided by the clinician at the time of 
blood sampling, making it impossible for laboratories to system-
atically calculate the eGFR. Based on the relationship between 
eGFR-EKFC and SCr/Q, symmetrical reference limits based on 
SCr/Q=1.33 can be calculated as e.g., eGFR-EKFC median± 
(107.3–107.3/1.331.132)[×0.990(age–40)] and are shown in Fig. 2.

It should be noted that standardization of SCr is essential for 
accurate use of unbiased eGFR equations when these equa-
tions were developed using standardized SCr, as has recently 
been demonstrated [21]. Recently, it has been shown that the 
EKFC equation performs very well in populations other than 
White Europeans, notably in Black populations of Europe, Brazil, 
and Africa [22] and in the Korean and Chinese populations [23-
25].

Alternatively, the clearance of endogenous creatinine can be 
used as an estimate of GFR, although it overestimates the result 
(by ~25%) because of proximal renal tubular secretion of creati-
nine [26]. Creatinine clearance (CrCl) can be calculated as fol-
lows: CrCl=(Ucr×V)/Pcr, where Ucr is the urinary creatinine con-
centration, V is the urinary volume rate in mL/min, and Pcr is 

the plasma SCr concentration. Creatinine clearance requires 24-
hr urine collection, which is difficult to obtain in clinical practice. 
Therefore, creatinine clearance has a very high imprecision and 
is currently not recommended to assess GFR. The Cockcroft–
Gault equation was developed to predict creatinine clearance (in 
mL/min) instead of GFR.

CYSTATIN C

Introduction
CysC, a low-molecular-weight protein (13 kDa) freely filtered by 
the kidneys, is an established alternative to creatinine for GFR 
estimation [27]. Unlike creatinine, cysC is fully reabsorbed and 
catabolized in the proximal renal tubules, with no tubular secre-
tion, in healthy subjects. Under normal conditions, cysC is not 
found at detectable concentrations in the urine. Serum cysC is 
relatively constant between 2 and 50 yrs of age but increases 
more rapidly than SCr thereafter [28]. Increased cysC (beyond 
age-specific normal levels) is indicative of an underlying kidney 
problem. Serum cysC is expressed in mg/L with two decimals.

In healthy conditions, cysC is constantly produced by all nucle-
ated cells. However, certain conditions affect the production of 
cysC. Very large doses of glucocorticoids have been described to 
increase cysC production, whereas low and medium doses have 
no effect [29]. Thyroid dysfunction, even when mild, also has a 
major impact on cysC concentrations [30]. Inflammation has 
been suggested to affect cysC concentrations, but this is still de-
bated.

Laboratory measurement
As with creatinine, cysC results may vary according to the assay 
used. The development of automated, rapid, and precise parti-
cle-enhanced immunoturbidimetric and immunonephelometric 
methods has allowed large-scale use of serum cysC as a clini-
cally useful GFR marker. To standardize testing, an international 
certified reference material, ERM-DA471/IFCC, was developed 
by The International Federation of Clinical Chemistry and Labo-
ratory Medicine [31]. However, this standard is intended for use 
in the calibration of immunoassay-based in-vitro diagnostic de-
vices. The certified cysC mass concentration in ERM-DA471/
IFCC, if reconstituted according to the specified procedure, is 
5.48 mg/L, with the expanded uncertainty being 0.15 mg/L. 
This concentration is far above the median healthy concentra-
tion (~0.83 mg/L) and may therefore not have good accuracy in 
the normal range. An LC-MS method has been developed but 
has not been presented as a reference method thus far and is 
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not widely available. The dependence of cysC results upon the 
analytical method has been a major source of controversy. Be-
fore recommending a more widespread use of serum cysC con-
centrations, it is important to ensure that cysC measurements 
in clinical laboratories are accurate and that different measure-
ment procedures agree with each other. Disagreement would 
lead to variation in eGFR values reported by different laborato-
ries, which would be misinterpreted as actual GFR changes.

In 2014, an assessment of laboratories’ performance in the 
College of American Pathologists Cystatin C Proficiency Testing 
Program revealed a concerning lack of measurement procedure 
agreement and substantial bias for some measurement proce-
dures [32]. While a certified reference material for cysC (ERM-
DA471/IFCC) is available, there are currently no certified refer-
ence measurement procedures for cysC to definitively establish 
target values for the cysC reference material [33]. However, 
studies have shown that manufacturers have markedly im-
proved the accuracy and between-method agreement of cysC 
measurement procedures since 2014, which allows for greater 
confidence in eGFR relying on cysC [34, 35]. For example, stan-
dardization of the Roche Gen2 assay improved the accuracy of 
cysC measurement compared to that of the Siemens assay [34]. 
The researchers found negligible method bias and equal perfor-
mance of both assays in estimating GFR, indicating that suc-
cessful calibration has led to major progress in cysC analysis. 
However, despite the improved performance of cysC measure-
ment procedures, the accuracy and between-method agreement 
of cysC fall well short of those of creatinine, which still is the 
most widely accepted filtration marker for GFR estimation. More-
over, while at present, all cysC assay kits are traceable to the 
ERM-DA471/IFCC reference material, ERM-DA471/IFCC-non-
traceable kits were still distributed to users of older Siemens 
platforms, such as the ADVIA Centaur and Siemens Dimension 
Vista, until the end of 2020 [35]. The old Siemens Cystatin C as-
say for the ADVIA Chemistry and Atellica CH platforms was taken 
from the market in 2020 and replaced with Cystatin C_2, which 
is traceable to ERM-DA471 (Siemens private communication). 
Harmonization and accuracy of cysC measurement procedures 
are important to ensure accurate estimates of GFR when using 
standard equations across different reagent and/or instrument 
platforms.

Current practice
With the recent improvements in the accuracy and precision of 
cysC assays, it may be concluded that cysC is ready for clinical 
use [36]. KDIGO guidelines recommend the use of eGFR based 

on cysC in situations where eGFR based on creatinine may be 
less accurate. Moreover, to reduce over-diagnosis of CKD result-
ing from inaccurate creatinine-based GFR estimates, UK and in-
ternational guidelines recommend that cysC-based GFR esti-
mates be used to confirm or exclude the diagnosis in individuals 
with GFR 45–59 mL/min/1.73m2 and no albuminuria (CKD 
G3aA1). The 2019 KDIGO Controversies Conference on CKD 
Screening expert panel concluded that both SCr and cysC are 
required for initial CKD diagnosis and staging. In line herewith, 
at least a one-time assessment of cysC-based eGFR may be rec-
ommended for patients at high risk of CKD [37]. However, there 
is still doubt that this additional testing is worth the additional 
cost [38]. The 10 times higher cost of cysC testing compared to 
that of SCr testing remains a major disadvantage. However, the 
concomitant use of SCr and cysC measurements for GFR esti-
mation has been shown to provide greater accuracy than reli-
ance on a single biomarker [28, 39]. In the past year, with the 
spotlight on issues related to racial injustice in the US, height-
ened scrutiny of race-based medicine practices has led to criti-
cism of SCr-based eGFR because of the need to specify whether 
the patient is Black or non-Black for eGFR computation. This has 
led to calls to discontinue race-based reporting of SCr-based 
eGFR and a vigorous debate on how to best achieve this goal 
[20, 40]. One of many options under discussion is the use of the 
cysC-based eGFR equation, which does not include a race pa-
rameter because, in contrast to SCr, cysC is totally independent 
of race [28, 41-43]. This has important implications for avoiding 
race-based medicine when estimating GFR, as creatinine-based 
eGFR has been facing increased criticism for its inclusion of a 
race parameter. However, certified reference measurement pro-
cedures for cysC have to be established to approach the accu-
racy and between-method agreement achieved for standardized 
creatinine measurement procedures [35].

Clinical utility
Serum cysC has been well established as an early and accurate 
biomarker of CKD that is particularly helpful in patients for 
whom creatinine is an inadequate marker or GFR measurement 
is impractical. Current research questions no longer focus on if 
but on when and how often cysC should be used in the evalua-
tion of CKD patients. Recent studies are investigating how to 
manage discrepancies between SCr- and cysC-based eGFR re-
sults (see below). However, transitioning all reagents and eGFR 
equations to the newly established International Standard is 
critical for developing generalizable data [44]. CysC measure-
ment may be particularly useful in those cases where creatinine 
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measurement is not appropriate, e.g., patients who have liver 
cirrhosis, are very obese, are malnourished, or have a reduced 
muscle mass. In healthy children, cysC concentrations may vary 
according to age (rapid decline immediately after birth to stable 
values) and slightly differ between boys and girls, and this vari-
ability is more pronounced during infancy and puberty. Around 
the age of 18 yrs, cysC values stabilize at around 0.79 mg/L for 
women and 0.86 mg/L for men, until the age of 50 yrs. After the 
age of 50 yrs, cysC concentrations increase more rapidly than 
creatinine concentrations. Median cysC values in healthy sub-
jects seem independent of muscle mass and much less depen-
dent on population-specific characteristics. Even the difference 
between men and women is small, which allows GFR estimation 
from cysC to be independent of race and sex [28, 42, 45].

A Danish study established reference intervals for plasma 
cysC in women (0.58–1.00 mg/L) and men (0.62–1.04 mg/L) 
and revealed no sex-related differences; therefore, a common 
reference interval of 0.61–1.01 mg/L was suggested [46]. In a 
sub-Saharan population, reference intervals for cysC were 0.57–
1.03 mg/L for women and 0.70–1.10 mg/L for men [47]. The 
Canadian Laboratory Initiative on Pediatric Reference Intervals 
study established a reference interval of 0.62–1.11 mg/L for 
2–19-yr-olds [48]. Given that a median value of 0.83 mg/L was 
proposed as the race- and sex-independent median cysC-value 
(Q-value) in the cysC-based EKFC-eGFR equation [28] and by ap-
plying the same “rule” as used for SCr to find lower and upper 
reference limits for cysC, the lower limit was determined to be 
0.67×0.83=0.56 mg/L and the upper limit to be 1.33×0.83= 
1.10 mg/L. In other words, the reference interval for cysC is in-
dependent of age, race, and sex. However, this reference inter-
val is valid only for adolescents and adults aged 18–50 yrs, as 
beyond the age of 50 yrs, cysC values increase rapidly (probably 
linked to the normal renal senescence). On the other side of the 
age spectrum, notably, in children, Ziegelasch, et al. [49] found 
that cysC concentrations depend on age, sex, and height, partic-
ularly during infancy and puberty. They recommended the use of 
age- and sex-specific reference values for serum cysC concen-
trations for estimating kidney function in clinical practice. Data 
from Uppsala, Sweden (unpublished) can only confirm that cysC 
values increase during puberty in both girls and boys. In addi-
tion, it should be noted that small differences can still be found 
depending on the assay used to determine cysC, which may af-
fect the reference intervals. Overall, the reference interval for 
cysC is not as age/sex/race-dependent as those for SCr, making 
clinical interpretation easier.

Because of the relative independency of cysC on age, sex, and 

race, cysC-based eGFR equations are substantially easier to de-
velop and are consequently also relatively independent of sex 
and race. This is demonstrated by the recently developed sex- 
and race-independent EKFC equation [28]. This cysC-based 
equation has the same mathematical form as the SCr-based 
EKFC equation, but the rescaled biomarker SCr/Q is replaced by 
the rescaled biomarker cysC/Q’. The basic idea that SCr/Q=1 
corresponds to GFR =107.3 still applies, and consequently, 
cysC/Q’=1 corresponds to GFR=107.3 mL/min/1.73m2. This 
also implies that Fig. 2 applies to the cysC-based EKFC equa-
tion. Composite equations incorporating both SCr and cysC have 
been proposed, but the mean of combined single-biomarker 
equations yields similar results in terms of accuracy and preci-
sion. In general, composite SCr/cysC-based eGFR equations and 
combined single-biomarker eGFR equations yield improved P30 
values (+5–10%) (P30 is the percentage of patients with eGFR 
within 30% of measured GFR) and are less biased than the sin-
gle-biomarker equations [28, 41, 50].

A possible advantage of cysC is that being a large molecule, 
its filtration may be restricted, and cysC blood concentrations 
may rise sooner (i.e., in case of minor glomerular damage) than 
those of creatinine, as observed in the elderly. CysC is better 
than creatinine in predicting the risk of cardiovascular disease 
and mortality [51]. Recently, substantial attention has been paid 
to discrepant SCr- and cysC-based eGFR results. In some stud-
ies, more than one third of patients had discrepant results of 
more than 15 mL/min/1.73m2 [37, 43, 52]. Cases that high-
light such clinical scenarios have been presented by Chen, et al. 
[37]. Others have suggested that patients with a cysC-based 
eGFR <60% of the SCr-based eGFR may suffer from “shrunken 
pore syndrome” [43, 52].

Finally, cysC is a biomarker that can serve as an adjunct or al-
ternative to SCr to evaluate kidney function for drug dosing. The 
2012 KDIGO CKD guidelines suggest cysC testing when preci-
sion is required for dosing of medications with narrow therapeu-
tic windows. However, many drug dosing guidelines still rely on 
CrCl thresholds based on the Cockcroft–Gault equation for dos-
ing. However, a systematic review of 28 studies (around 3,500 
patients), which evaluated the use of cysC in predicting drug 
clearance of 16 different medications, including antibiotics and 
anticoagulants, showed that cysC-based eGFR predicted ob-
served drug clearance and blood concentrations as well as or 
better than SCr in nearly all studies [53]. Further studies on this 
important topic are required.

eGFR from SCr, cysC, or both may be unbiased, but precision 
remains low. However, it is by far the cheapest and fastest 
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method to roughly estimate kidney function. In specific condi-
tions, eGFR from both biomarkers may largely differ, or when a 
precise GFR measurement is required (e.g., for kidney donation), 
eGFR from both biomarkers may not even be sufficiently pre-
cise. In such cases, GFR measured based on iohexol plasma 
clearance is the best clinical practice [54].

SUMMARY

We can conclude that current eGFR equations based on SCr 
and/or cysC are at their limits of accuracy and precision and 
only give rough estimates of the true GFR. Improvements can be 
made in the calibration of cysC and the harmonization of meth-
ods for measuring GFR. The EKFC-eGFR equations have the ad-
vantage of covering the full age range, being applicable to both 
children and adults and avoiding implausible jumps at the tran-
sition between pediatric and adult nephrology care. An online 
EKFC-eGFR calculation tool can be found here (see also the 
Supplemental Data and Supplemental Data Fig. S1, with an ex-
ample of the input and output of this calculation tool): https://
ekfccalculator.pages.dev.

SUPPLEMENTARY MATERIALS

Supplementary materials can be found via https://doi.
org/10.3343/alm.2023.0237
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