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Abstract

Background: The glomerular filtration rate (GFR) is estimated by the serum
or plasma concentration of creatinine and/or cystatin C using equations that
include demographic data. The equations worldwide most widely used are
those of the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
consortium and updated in 2021 to remove the Afro-American racial correction
factor. In 2021 and then in 2023, the European Kidney Function Consortium
also developed equations based on creatinine and cystatin C, usable across the
full age spectrum, and constructed by including the Q value (i.e. the median
creatinine or cystatin C in healthy men and women, which is customizable for
specific populations).

Methods: The aim of this narrative review is to examine the strengths and weak-
nesses of each biomarker.

Results: Both biomarkers have non-GFR determinants, namely muscle mass,
protein intake and tubular secretion for creatinine; dysthyroidism and systemic
corticosteroids for cystatin C, as well as other more debated determinants (diabe-
tes, obesity, proteinuria, inflammatory syndrome). These non-GFR determinants
are the reason why no equation based on a single endogenous biomarker has an
accuracy within 30% greater than 90% over the entire age spectrum (in at least
one patient in 10, estimated GFR is at least 30% higher or at least 30% lower than
the measured GFR).

Conclusion: Equations combining the two biomarkers provide a better esti-
mate of GFR, particularly in the subgroup of patients whose estimates based
on each of the biomarkers are highly discordant. These patients must also be
identified as being at increased risk of morbidity, particularly cardiovascular,
and mortality.

KEYWORDS

biomarkers, glomerular filtration rate, kidney function

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Author(s). European Journal of Clinical Investigation published by John Wiley & Sons Ltd on behalf of Stichting European Society for Clinical Investigation

Journal Foundation.

Eur J Clin Invest. 2024;00:¢14278.
https://doi.org/10.1111/eci.14278

wileyonlinelibrary.com/journal/eci 1of 14


https://doi.org/10.1111/eci.14278
www.wileyonlinelibrary.com/journal/eci
mailto:
https://orcid.org/0000-0001-9828-3245
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:thomas.stehle@aphp.fr
http://crossmark.crossref.org/dialog/?doi=10.1111%2Feci.14278&domain=pdf&date_stamp=2024-07-01

STEHLE and DELANAYE

of
2LI—WILEY
1 | INTRODUCTION

The glomerular filtration rate (GFR), which is used as the
kidney function indicator, is estimated in current clinical
practice by the serum or plasma concentration of endoge-
nous markers. A few years after blood urea nitrogen," cre-
atinine was one of the first endogenous biomarker used to
estimate GFR. Creatinine is a small molecule of .113Kkilo-
dalton (kDa), and the terminal catabolite of creatine and
phosphocreatine. Its generation is therefore mainly de-
pendent on muscle mass.” Most creatinine is eliminated
by glomerular filtration, but some is also excreted via
tubular secretion, with the relative proportion of tubu-
lar secretion varying from one individual to another.**
Creatinine was first employed to assess kidney function,
by measuring its clearance, in the 1930s and 1940s.>”’
The Cockcroft-Gault equation, which was originally de-
veloped to estimate creatinine clearance, was historically
the first widely used method for assessing renal function.®
But this equation performs poorly in estimating GFR,’*°
notably because it was not designed for this purpose (it
models creatinine clearance which is greater than GFR),
and because it was developed from a small population,
and with creatinine bioassays which were not standard-
ized as they are at present. The first ‘modern’ creatinine-
based equation used worldwide to truly estimate GFR
was the Modification of Diet in Renal Disease (MDRD)
equation.’’ In addition to being more precise than the
Cockcroft-Gault equation, this equation had the advan-
tage of being automatically generated by laboratories on
the basis of serum creatinine concentration, age and sex
(weight was not required). The creatinine-based Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation published in 2009 (CKD-EPI,.412000) aimed to
correct weaknesses in the MDRD equation, in particular
its underestimation of GFR at high GFR ranges.'? This
equation has been adopted worldwide, notably following
the publication of the Kidney Disease Improving Global
Outcomes (KDIGO) 2012 guidelines." In 2021, the CKD-
EPI equation was revised with the aim of estimating GFR
from serum creatinine without racial consideration.'* In
the United States, this new equation was adopted immedi-
ately, at the instigation of the National Kidney Foundation
(NKF) and the American Society of Nephrology (ASN).1°
A few months earlier, the European Kidney Function
Consortium (EKFC) had developed a creatinine-based es-
timated GFR (eGFR) equation (EKFC,,.,,) that had the ad-
vantages of being usable across the full age spectrum.'® In
this review, we will limit analyses and discussions about
creatinine-based eGFR equations to CKD-EPI_..,20005
CKD-EPI s10021 and EKFC ., equations (Table 1).
Cystatin C, an extracellular inhibitor of cysteine pro-
teinases, is a small protein of around 13 kDa, discovered in

1979"” and soon afterwards considered a marker of glomer-
ular filtration."®*” Cystatin C is produced by all nucleated
cells and is eliminated by glomerular filtration before being
metabolized in the proximal kidney tubules.”>*' Cystatin
C is therefore only present in very small concentrations in
the urine, and its clearance cannot be directly measured.
The emergence in the 1990s of immunonephelometric*
and immunoturbidimetric* methods for measuring serum
cystatin C enabled this assay to be used routinely, and sub-
sequently led to the development of GFR estimation equa-
tions based on cystatin C in the 2000s.”*"** Another major
advance for the use of cystatin C in clinical practice has
been the publication of a certified reference material for
the calibration of laboratory tests.?” In 2012, the CKD EPI
group published the cystatin C-based CKD-EPI equation
(CKD-EPIy,), as well as a combined equation using creat-
inine and cystatin C (CKD—EPICreat_Cys),28 updated in 2021
to remove the race correction factor.'* In 2023, the EKFC
consortium published the cystatin C-based EKFC equation
(EKFC,y), which had the same mathematical structure as
the EKFC_,,; equation, and which was independent not
only of race, but also of gender.”” The EKFC equation
based on both creatinine and cystatin C (EKFCey.cys) Was
the mean of EKFC,,,, and EKFCCYS.29 In this review, we
will limit analyses and discussions about cystatin C-based
eGFR equations to CKD-EPI ., CKD-EPI EKFC
and EKFC e, .cys €quations (Table 2).

Creatinine is currently the most widely used biomarker
worldwide for estimating GFR. However, guidelines from
the American Society of Nephrology and the National
Kidney Foundation in 2021 recommend the wider use
of cystatin C, whose serum concentration is not affected
by the race of patients and which, when combined with
creatinine, would provide a better estimate of GFR." This
US recommendation to use cystatin C more widely has
also just been endorsed by the new 2024 KDIGO.* The
implementation of these guidelines raises a number of
questions, including the additional cost of a large-scale
cystatin C assay in addition to that for creatinine, the reli-
ability of biological assays for the two biomarkers, and the
performance of GFR estimation equations based on one
or other or both of the biomarkers.

In this narrative review, we will examine the strengths
and weaknesses of both creatinine and cystatin C, by
firstly studying the non-GFR determinants of the serum
concentration of each biomarker, then the analytical prob-
lems of the assays for each of them, the accuracy of the
equations for estimating the GFR based on creatinine and/
or cystatin C, and lastly by focusing on situations where
creatinine and cystatin C are discordant. Finally, we will
propose how creatinine and cystatin C may be used in
clinical practice, in the light of the issues discussed, in the
area of the new KDIGO 2024.

creat-cys? cys
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2 | NON-GFR DETERMINANTS
OF SERUM CREATININE AND
CYSTATIN C

Creatinine and cystatin C are both used as biomarkers in
GFR estimation equations, as they have an inverse, hyper-
bolic relationship with GFR. But for both of them, GFR is
not the only determinant of their serum concentrations
(Figure 1).

In the case of creatinine, its excretion by the kidneys
is due not only to glomerular filtration, but also to tubu-
lar secretion. Creatinine clearance, which includes clear-
ance from tubular secretion in addition to clearance from
glomerular filtration, is therefore greater than GFR.*! On
average, approximately 20% of creatinine clearance comes
from tubular secretion, but there is wide inter-individual
variability, with some individuals having physiologically
no tubular creatinine secretion, and others in whom over
40% of creatinine clearance comes from tubular creati-
nine secretion.>* In the case of high tubular secretion,
creatinine-based eGFR (eGFR,.,) equations will tend
to overestimate GFR. Conversely, if tubular creatinine
secretion is abolished, these equations will tend to un-
derestimate GFR.* The other non-GFR determinants of
serum creatinine are those related to its generation. Since
creatinine results from the nonenzymatic conversion of
creatine and phosphocreatine in muscle, its urinary ex-
cretion (except in circumstances of acute kidney failure
or recovery from acute kidney failure) is proportional to
muscle mass,” and its serum concentration is thus largely

WILEY-L22™

influenced by muscle mass. In a patient with low muscle
mass, eGFR_,., will overestimate the true GFR,*** while
conversely a patient with high muscle mass will have a
creatinine-base eGFR that may be lower.*> A minority of
creatinine generation also comes from the diet. Creatine
in meat is converted to creatinine during cooking, which
is then absorbed in the intestinal tract leading to an in-
crease in serum creatinine.***” The same phenomenon
also occurs after eating cooked fish.*® These physiolog-
ical data explain why vegetarian individuals have lower
serum creatinine concentrations than nonvegetarians
(which may lead to an overestimation of eGFR.,.,,).>" It
is challenging to determine for a given patient whether
he or she falls within the abnormal range for tubular cre-
atinine secretion, muscle mass and protein intake, and
therefore whether the creatinine-based GFR estimate
may be inaccurate. Apart from the cases of drugs that
block tubular secretion of creatinine,**™* it is not pos-
sible to predict on clinical or biological criteria whether
tubular creatinine secretion is important for a given in-
dividual. The diagnosis of myopenia or of above-normal
muscle mass can be obvious in a number of extreme situ-
ations, but it is important to keep in mind that body mass
index is only weakly correlated with muscle mass,*® and
that physicians may significantly underdiagnose patients
with low muscle mass.*’ In the same way, for protein in-
take, apart from extreme cases, it is often difficult to ac-
curately assess the quantity of protein intake.*®

The non-GFR determinants of cystatin C are likely to be
more diverse, and possibly not yet all identified (Figure 1).

Muscle mass  Protein intake |  Creatinine tubular secretion
5 Secretion
o Non-GFR-related
Creatinine urinary excretion
generation of creatinine

Serum creatinine

Imprecision of creatinine-based
GFR estimation

selective glomerular
hypofiltration syndrome

Dysthyroidism High-dose

t“} 4: systemic
W

corticosteroid
therapy
+/- : obesity, {?}

diabetes,
inflammation
Non-GFR-related
Cystatin C urinary excretion
generation of cystatin C

Imprecision of cystatin C-based
GFR estimation

FIGURE 1 Non-GFR determinants of creatinine and cystatin C. Serum concentrations of these two endogenous GFR biomarkers
depend not only on the GFR, but also on factors that affect their generation, and on other factors that have an impact on their non-

glomerular urinary excretion.
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Uncontrolled hypothyroidism and hyperthyroidism have
a major impact on cystatin C concentration. More than
20years ago, Fricker et al. observed that cystatin C lev-
els in nine patients with hypothyroidism rose from .84
to 1.1 mg/L before and after hormone replacement ther-
apy.* These variations were clinically significant: for a
60-year-old man, the GFR estimated by CKD-EPI ., would
decrease from 98 to 69 mL/min/1.73 m?, whereas the true
GFR should potentially increase when moving from hypo-
thyroidism to normal thyroid function. Conversely, in 13
other patients, treatment of hyperthyroidism was accom-
panied by a decrease in cystatin C from 1.32 to .95mg/L.
Here again, if we consider the example of a 60-year-old
man, this corresponds to an increase in GFR from 54 to
83mL/min/1.73m? whereas, once again, mGFR should
decrease when the patients moves from hyper- to nor-
mothyroidism.* Systemic corticosteroid therapy has also
long been identified as a source of increased serum cys-
tatin C concentrations, and hence of underestimation of
true GFR by the cystatin C-based eGFR (eGFRCyS).50 This
is a dose-dependent effect, with an increase in cystatin
C of up to 30% after three daily doses of 500 mg methyl-
prednisolone, which disappears within a few days.”® Poge
et al. found an effect of prednisone on serum cystatin C
concentration only for doses of 10mg or more per day.™
Tsushita et al. found a significant effect for prednisolone
doses higher than .17mg/kg/day.”®> In a cross-sectional
analysis of 3418 patients who underwent GFR measure-
ment using exogenous tracer clearance and measurement
of cystatin C, Stevens et al found that diabetes, protein-
uria, body mass index, C-reactive protein, white blood cell
count and lower serum albumin were non-GFR-related
determinants of serum cystatin C.>> The association be-
tween visceral and subcutaneous adiposity with higher
serum levels of cystatin C had already been demonstrated
previously.54 It should be noted, however, that the influ-
ence of inflammation and diabetes on serum cystatin C is
still debated.”’

While the non-GFR determinants of serum creatinine
are limited to muscle mass, protein intake and tubular
creatinine secretion, those of serum cystatin C are more
diverse, and some are probably still unknown. Except in
very specific situations, such as dysthyroidism or high-
dose corticosteroid therapy, it seems impossible today to
try to predict for a given patient whether cystatin C will
be abnormally high or low in relation to actual GFR.

3 | BIOMARKER ASSAYS:
STANDARDIZATION AND COST

The two main methods for measuring creatinine are the
colorimetric Jaffe method and enzymatic assays. The

Jaffe method consists in measuring the rate of formation
of the orange-yellow coloration linked to the formation
of a complex between creatinine and picrate in alkaline
medium.>® Many endogenous and exogenous substances
can interfere with the reaction and therefore the meas-
urement. Enzymatic methods appeared in clinical prac-
tice in the 1980s and were less prone to interference.’* !
Major efforts to standardize creatinine assays were ini-
tiated in the 2000s.°> An essential prerequisite was the
establishment of creatinine determination by isotope di-
lution and mass spectrometry (IDMS), a highly accurate,
reproducible and interference-free method.®*®** With
the development of a human serum creatinine reference
material designated National Institute of Standards and
Technology—Standard Reference Material 967 (NIST
SRM 967), a calibration program using this material has
been followed by all manufacturers. Today, most cre-
atinine assays (and this is especially true for enzymatic
assays) are traceable to the reference assay IDMS. The
enzymatic creatinine assays are more reliable than col-
orimetric assays, notably due to better precision for low
creatinine levels,®®” and the absence of interference
from noncreatinine chromogens.68 However, there are
also interferences with enzymatic creatinine assays, the
most widely recognized being the erroneous elevation
of creatinine levels in the presence of a significant IgM
parapro‘[ein.69"71

Cystatin C is determined by immunonephelometric
and immunoturbidimetric methods.?**® Despite the exis-
tence of a reference material, ERM-DA471/IFCC for cys-
tatin C, since 2010,%” there are still discrepancies between
cystatin C assays from one manufacturer to another.””
Although these discrepancies tend to become less appar-
ent over time,”*”> they may persist, with differences from
one manufacturer to another potentially having clinical
implications.”®

In terms of the analytical aspect of biomarker assays, it
should be noted that the cost of an enzymatic creatinine
assay is higher than that of a colorimetric assay using the
compensated Jaffe method, and that the cost of a cysta-
tin C assay can be as much as 10 times higher than that
of an enzymatic creatinine assay. The cost of the cystatin
C assay remains an obstacle to its widespread use world-
wide, even if a worldwide adoption would probably result
in a reduction in the cost of the test.

4 | ACCURACY OF GFR
ESTIMATION WITH THE TWO
DIFFERENT BIOMARKERS

In the original study, the CKD-EPI_ .,1009 €quation was
developed from 8254 participants from 10 studies in
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which GFR was measured by urinary iothalamate clear-
ance. The equation was externally validated in 2896 par-
ticipants from 16 other studies, in which it had a bias
(median difference between measured and estimated
GFR) of 2.5mL/min/1.73m? (95% CI: 2.1-2.9), and an
accuracy within 30% (AW30: percentage of patients with
estimated GFR between —30% and +30% of measured
GFR) of 84.1% (95% CI: 83.0-85.3).> AW30 was lower
in patients with an eGFR below 60mL/min/1.73m? at
79.9% (95% CI 78.1-81.7) versus 88.3% (95% CI 86.9-89.7)
in those with an eGFR >60 mL/min/1.73m”. Because of a
different relationship between serum creatinine concen-
tration and GFR in Black versus non-Black individuals,
this equation included a race correction factor: for two
patients of the same gender, age and serum creatinine,
eGFR was 16% higher in Black patients. The reliability
of this correction using a race factor was questionable,
since the external validation population included only
10% Black participants. This race correction factor was
also rapidly shown to be too high for Black European and
African patients.””’® In the United States, this race cor-
rection factor has been a source of controversy in recent
years for societal reasons, including the fact that race is a
social construct and not a biological reality, that the Black
American population is not homogeneous since there is
an ethnic diversity and miscegenation not taken into ac-
count by a simple multiplicative factor, and also because it
has been hypothesized that the later registration of Black
patients on the kidney transplant waiting list could be at
least partly due to this correction factor (leading to higher
eGFR results).””®® This serum creatinine—GFR relation-
ship, which has been clearly shown to differ according
to race,®! can be considered a limit or weakness of the
creatinine-based eGFR. It should also be noted that while
it is well established that body composition, including
muscle mass, differs according to race,® there are conflict-
ing data concerning this muscular explanation for differ-
ences in serum creatinine—GFR relationships according
to race.®

In the United States, it was decided to resolve this
issue by adopting a race-free equation.'” This CKD-
EPI_ caz021 €quation was assessed in an external valida-
tion dataset including 4050 individuals from 12 studies,
with GFR measured mainly by iohexol plasma clear-
ance, and including 579 Black individuals.'* This choice
not to include a race factor in the equation resulted in
the introduction of opposite biases for Black and non-
Black individuals, which were equivalent in absolute
values: overestimation of 3.9mL/min/1.73m? (95% CI:
3.4; 4.4) in non-Blacks and underestimation of 3.6 mL/
min/1.73m? (95% CI: 1.8; 5.5) in Blacks (the CKD-
EPI  eai2000 €quation was otherwise unbiased in non-
Blacks, and overestimated GFR by 3.7 mL/min/1.73 m?

[95% CI: 1.8; 5.4] in Blacks). AW30% was equivalent in
Blacks and non-Blacks individuals, at 87.2% (95% CI:
81.7; 87.6) and 86.5% (95% CI: 85.4; 87.6), and was lower
than that of CKD-EPI .,15009 for non-Black individuals
(AW30%: 89.5% (95% CI: 88.5, 90.4))."* This once again
indicated, as with the CKD-EPI_ .,1,000 €quation, that in
at least one on 10 cases, the eGFR was wrong by more
than 30%.

Another way of resolving the dilemma of whether to
adjust the eGFR equation to populations or not (thereby
losing accuracy) would be to use cystatin C as a biomarker,
since race is not one of the non-GFR determinants of its
serum concentration. However, because of the other de-
terminants of serum cystatin C that are not related to the
GFR, the CKD-EPI, equation did not perform better than
the eGFR_.,. In the original article, which included 5352
patients for development and internal validation, and 1119
patients for external validation, AW30% was 85.9% (95%
CI: 83.8; 87.8) for CKD-EPICys versus 87.2% (95% CI: 85.3;
89.1) for CKD-EPI_,, 5000 Among the 4050 individuals
in the external validation of CKD-EPI ;15021 Study, AW30
for CKD-EPI ., was 84.6% (95% CI: 81.7; 87.6) in Black
participants and 88.9% (95% CI: 87.9; 89.9%) in non-Black
participants. The AW30 target of over 90% was therefore
not achieved.'*

The composite CKD-EPI equation using the two bio-
markers from 2012 (CKD-EPI ep.cys2012) @lmost achieved
this objective, with an AW30 of 91.5% (95% CI: 89.8; 93).%®
The same was true for the race-free version updated
in 2021 (CKD-EPlyes cys0m)-+ Note that the AW30 of
CKD-EPI yeat.cys2021 Was slightly worse than that of CKD-
EPI eatcys2012 in NON-Black participants, due to an overes-
timation of mGFR by almost 3mL/min/1.73 m? whereas
the initial equation was unbiased.

The EKFC_., equation, published in 2021, has the
advantage compared to creatinine-based CKD-EPI
equations of being usable across the full age spectrum
from the age of 2.'° Indeed, it had been shown that using
paediatric eGFR equations up to the age of 18, and then
the CKD-EPIa12000 €quation thereafter, led to a sudden
rise in eGFR that was not physiologically plausible.* In
addition, the CKD-EPI equations all share the common
weakness of significantly overestimating GFR up to the
age of 30.' The EKFC equation is constructed math-
ematically by including the Q value, which is the me-
dian creatinine in healthy males and females. Q value
can be seen as a surrogate for non-GFR determinants of
serum creatinine, including muscle mass and diet. We
will see that this feature has made it possible to adapt
this equation to populations other than White European
individuals, in whom it was initially developed, with-
out the need to re-develop it. In the seminal study, in
which the EKFC_., equation was developed on 11,251
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participants from 7 studies and validated on 8378 par-
ticipants from 6 other studies (Whites European only,
mGFR consisting largely of iohexol plasma clearance),
EKFC,, showed lower biases than CKD-EPI,.,12009 i
all age categories, and particularly in young adults under
40. AW30 was superior to CKD-EPI,.,12009 i individuals
under 40 and in those aged 65 and over, with no sig-
nificant difference in accuracy at intermediate ages. But
like the CKD-EPI equations based on one biomarker, the
AW30 of EKFC,,, remained slightly below 90%.'° It was
shown that the EKFC,., equation outperformed the
CKD-EPI..t20,1 €quation in Black Europeans and Black
Africans, especially when the Q value was rescaled in
these populations.®' More recently, the EKFC_,.,, equa-
tion with population-specific Q values in the United
States has also been shown to be superior to the CKD-
EPI.,...002 €quation.’’ By using a Q factor that would be
the mean of those of African Americans and non-Black
Americans, a race-free EKFC equation can be used, with
limited loss of performance compared to the population-
specific EKFC equation.’’ In the adult Chinese popula-
tion, the EKFC_,.,, equation using rescaled Q value was
also superior to CKD-EPI_.,0000- "

The EKFC consortium has also developed an equation
based on cystatin C, using the same mathematical con-
struction as the EKFC,,,, equation. This race-free (as is
the CKD-EPI  equation) and gender-free equation per-
formed better than the CKD-EPI . equation in various
cohorts from Europe, the United States and Africa. The
critical threshold of an AW30 above 90% was still not
reached®; however, such a goal was reached for the com-
bined equation.?

To conclude by summarizing the issue of the perfor-
mance of eGFR equations based on creatinine or cystatin
C or both: (1) eGFR,y has the advantage of being race-
independent, but is not more accurate than eGFR ., (2)
equations including the two biomarkers perform better
than those based on a single biomarker; (3) EKFC equa-
tions have demonstrated superiority over CKD-EPI equa-
tions, because of a greater stability across age groups, and
the use of flexible Q values for creatinine.

5 | PERFORMANCE OF eGFR
EQUATIONS WHEN CREATININE
AND CYSTATIN C ARE
DISCORDANT

The increasing use of cystatin C in addition to creatinine
results in the identification of a growing proportion of pa-
tients with discrepancies between creatinine- and cysta-
tin C-based eGFR. In these situations, there is a crucial
issue to know the appropriate biomarker to be used. Fu

et al provided important insights into these issues in a
cross-sectional study of 6185 Swedish adults referred for
measuring GFR for clinical indications (9404 GFR meas-
urements by iohexol plasma clearance) with creatinine
and cystatin C available.”® They found that CKD-EPIy
was within a range of more or less 20% of CKD-EPI ca12021
in 45% of patients, that CKD-EPI was lower by more
than 20% of CKD-EPI .50, in 47% of cases, while finding
CKD-EPI higher by more than 20% of CKD-EPl a1
was rare, affecting only 8% of patients. Note that the high
proportion of creatinine-based GFRs higher than cystatin
C-based GFRs may be explained, among other factors, by
the choice to study CKD-EPI_ c,12021» Which is known to
overestimate GFR in White European patients,®’ and by
the medical indications for which GFR measurements
were performed (we can hypotheses that some patients
were selected because of myopenia, for example). The
most important result of this study was to show that
when CKD-EPI ¢y001 and CKD-EPIy were concordant,
these two equations, like the CKD-EPIeyicys2021 €qua-
tion, had no significant bias, and accuracies close to 90%
in all three cases. But in the case of discordance between
CKD-EPI y¢a12021 and CKD-EPI, the equations based on
a single biomarker were biased in opposite directions,
with poor AW30%, whereas CKD-EPI eycys2021 had no
significant bias in these two groups, and AW30% close to
90%.>° The authors suggest the plausible explanation that
errors in the opposite direction of biomarkers, linked to
non-GFR determinants, compensate when the two bio-
markers are included in the same equation. However, we
must not forget that both biomarkers can also be wrong in
the same direction: in the group where CKD-EPI ;12001
and CKD-EPI are concordant, this was the case for the
almost 12% of patients for whom CKD-EPI caicys2021 WS
incorrect by more than 30%.°® Interestingly, in the study
by Fu et al., subgroup analyses showed that these conclu-
sions were valid for patients with severe obesity, a history
of cardiovascular disease, diabetes, heart failure, liver dis-
ease or cancer.”®

Similar analyses were conducted on the external vali-
dation data set of the 2021 CKD-EPI study.* The propor-
tion of patients with discordant eGFR was lower, probably
due to the patient selection criteria (GFRs were not mea-
sured for clinical indication), but the authors also found
that in the case of concordant eGFR ., and eGFR,
the three equations (CKD-EPI ;ey0051, CKD-EPIy and
CKD-Epiereat-cys2021) had equivalent accuracies and were
unbiased, whereas when eGFR ., and eGFR, were dis-
cordant, CKD-EPI .. cys2021 Performed best.

In summary, these data suggest that the combined use
of creatinine and cystatin C biomarkers is valuable, as it
is generally either more accurate than GFR estimation
based on a single biomarker (when creatinine and cystatin
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C are discordant), or as accurate as estimation based on
a single biomarker (when creatinine and cystatin C are
concordant). Further studies seem however necessary
to strengthen this conclusion. Notably, these statements
seem validated only with CKD-EPI equations. It would be
interesting to assess whether similar results are obtained
with EKFC equations.

6 | PROGNOSTIC IMPACT OF
CREATININE AND CYSTATIN C
DISCREPANCIES

Another advantage of using the two biomarkers together
is to identify patients at risk of adverse clinical events.
It has been established for many years that eGFR, pre-
dicts mortality, cardiovascular risk and end-stage kidney
disease better than eGFR_,.,.””"" This has recently been
re-demonstrated in over 80,000 Swedish individuals aged
over 65 in the general population.’® More recently, several
studies have focused on the clinical impact of a discrep-
ancy between creatinine and cystatin C. Among the 9092
participants in the Systolic Blood Pressure Intervention
Trial (SPRINT) study, the greater the difference between
CKD-EPleap2000 and CKD-EPI, the higher the frailty
index, and the greater the incidence of falls with injury,
hospitalizations, cardiovascular events and mortality.”®
In a multicentre South Korean cohort of 2096 CKD pa-
tients, patients with the greatest difference between CKD-
EPIrearn000 and CKD-EPL ¢ had increased risks of major
cardiovascular events, and of accelerated coronary artery
calcification progression.”* Chen et al confirmed in the US
multicentre Chronic Renal Insufficiency Cohort (CRIC)
cohort, in almost 5000 CKD patients, that a significant
difference between CKD-EPI ;¢,102; and CKD-EPL . was
associated with mortality and end-stage kidney disease,
and they also showed longitudinal changes over time of
this difference between the two eGFR equations were
associated with mortality.”” The authors made the same
demonstration, in the same population, using baseline dif-
ferences and time course of creatinine-based and cystatin
C-based eGFRs for risk of heart failure hospitalization.”
Recently, these results have been confirmed in the gen-
eral population: among 160,000 Swedish adults, patients
with the highest CKD-EPI/CKD-EPI ;¢q2051 ratios had
increased risks of acute kidney injury, end-stage kidney
disease, cardiovascular disease, heart failure and death.”’

There are many potential explanations for the delete-
rious prognostic impact of a low eGFRy;/eGFR ¢, ratio.
Such an abnormal ratio may be explained by creatinine
that would be abnormally low in relation to GFR, due to
myopenia, or severely reduced protein intake. The other
cause (either isolated or associated with the abnormal

WILEY-L22™

serum creatinine) of such an abnormal ratio may be due
to abnormally high cystatin C in relation to GFR. This ab-
normal elevation of cystatin C could be due to non-GFR-
related determinants of cystatin C, such as inflammation
obesity or diabetes, but we have seen that the impact of
these factors on serum cystatin C concentration, unlike
dysthyroidism and corticosteroid therapy, is controversial.

Another explanation for an abnormally high serum
cystatin C concentration would be the selective glomer-
ular hypofiltration syndrome (also called ‘the shrunken
pore syndrome’). In some pathological conditions, the
glomerular filtration of cystatin C, whose molecular
weight is 13kDa would be impaired compared to that
of creatinine, whose molecular weight is much lower
(.113kDa). The shrinking or elongation of endothe-
lial cell pores in glomerular capillaries may be respon-
sible for this impaired filtration of cystatin C.”® This
shrunken-pore syndrome (SPS) hypothesis is supported
by ultrastructural data: in a study of 17 patients with dia-
betic nephropathy and 12 patients with minimal change
disease, the eGFRy/eGFR ., ratio was 74% in the for-
mer group versus 98% in the latter, and glomerular mem-
brane thickness was strongly inversely correlated with
the eGFRys/€GFR  eq ratio.”” This hypothesis of SPS
would also explain the cardiovascular and mortality risk
associated with a lower eGFR/eGFR ., ratio: cystatin
C would not be the only molecule imperfectly filtered
in SPS. Other molecules with a molecular weight of be-
tween 5 and 30 kDa would also be affected, significantly
modifying the proteome.'® Proteome analysis in 156 pa-
tients divided into four groups of 39 patients defined as
having normal mGFR with SPS, normal mGFR without
SPS, decreased mGFR with SPS and decreased mGFR
without SPS, led to the identification of 30 SPS-specific
proteins, including 18 proteins reported to promote
atherosclerosis.'®! Selective glomerular hypofiltration
syndrome could therefore be another non-GFR determi-
nant of cystatin C and may explain, at least in part, the
higher morbidity and mortality risk associated with the

finding of a lowered eGFRy/eGFR ., ratio.

7 | ASSESSMENT OF GFR FROM
CREATININE AND/OR CYSTATIN
C IN THE KDIGO 2024 CLINICAL
PRACTICE GUIDELINES FOR THE
EVALUATION AND MANAGEMENT
OF CHRONIC KIDNEY DISEASE

The new 2024 KDIGO have adopted guidelines on the use of
biomarkers and equations to assess GFR.*® While previous
KDIGOs called for the primary use of the CKD-EPI_ ¢,2009
equation, this update recognizes the possibility of using
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other equations validated in given geographical areas, in-
cluding the CKD-EPI equations, but also the EKFC equa-
tions and their respective modifications in given regions.
These new guidelines also underscore that when the
cystatin C assay is available, the GFR category should be
determined on the basis of the eGFR ¢,y and that when
€GFR ¢y is prone to be less accurate, eGFR ey cys Should
be used if GFR will affect clinical decision-making. These
new KDIGO guidelines also remind us that when more
precise GFR determination will have an impact on thera-
peutic decisions, GFR measurement by plasma or urinary
clearance of an exogenous filtration marker is required.

8 | PRACTICAL RECOMMENDATIONS
FOR ASSESSING GFR IN CLINICAL
PRACTICE

Based on the evidence provided by this review, especially
the advantages and disadvantages of each of the two bio-
markers, which are summarized in Table 3, we propose
an algorithm for assessing GFR at the individual level, ac-
cording to the level of precision required (Figure 2). One of
the main features of the approach we are proposing is not
to include a step to assess the usefulness of dosing cystatin
C in addition to or instead of creatinine. Indeed, it may
be hazardous to attempt to predict in a patient whether
the creatinine-based eGFR will be erroneous or not. In
addition, equations combining creatinine and cystatin C
are more accurate than those based on a single biomarker,
and measuring both markers makes it possible to identify
patients at risk of adverse clinical events if biomarkers are
discordant. Finally, we are convinced that the cystatin C
assay will become increasingly accessible and more stand-
ardized in the near future.

We would also like to point out that GFR estimations,
whether based on creatinine, cystatin C, or both, remain
estimations, with risks of error. If a high degree of pre-
cision is required for a given patient in order to make a
clinical decision, the GFR should be measured by the
clearance of an exogenous tracer. Such situations may in-
clude, among others, assessing eligibility for living kidney
donation, adapting the dosage of drugs with narrow thera-
peutic margins, providing support for the decision to start
dialysis when a patient has clinical symptoms compatible
with a uremic syndrome but an eGFR that is still relatively
preserved.

9 | CONCLUSION

In conclusion, creatinine and cystatin C are two en-
dogenous GFR biomarkers, which each have non-GFR

TABLE 3 Advantages and limitations of creatinine and cystatin C.

Creatinine + cystatin C

Cystatin C

Creatinine

Non-GFR determinants of creatinine and

More diverse, possibly not all identified (dysthyroidism and

systemic corticosteroid therapy are well demonstrated.

Well known, few in number, and assessable in certain

Non-GFR

cystatin C may counterbalance each other
if they have an opposite impact on each

situations (muscle mass, protein intake, tubular secretion

of creatinine)

determinants of
biomarkers

Diabetes mellitus, obesity and inflammation are probably among

the factors causing abnormally high levels of cystatin C)

biomarker (e.g. sarcopenia and obesity)

The impact of race or population

Cystatin C concentration is not affected by race

It is overcome either by using a correction factor on the

eGFR result (e.g. CKD-EPIcreat-2019), or a correction
factor on creatinine (specific Q value in the EKFC

Impact of race

characteristics on serum creatinine is less
apparent than with equations based on

this biomarker alone

or population

characteristics on
estimated GFR

accuracy

equation), or by developing so-called race-free equations,

which are a compromise in terms of bias between several

populations (CKD-EPIcreat2021)

The costs of the two dosages add up

More expensive than creatinine assay

Very affordable and available worldwide

Cost of assay

The cost should decrease in the future with the large-scale

deployment of the assay

This means standardizing the assays for

each biomarker

Despite the existence of a reference material, ERM-DA471/IFCC

for cystatin C, there are still discrepancies between cystatin C

assays from one manufacturer to another

The goal of standardization has been achieved

Standardization

The vast majority of creatinine assays are traceable to the

IDMS reference assay

These discrepancies tend to become less apparent over time
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In case of use of
both biomarkers,
is cystatin C GFR

Estimate GFR with creatinine-based equation or
with creatinine and cystatin C-based equation if
cystatin C is available

Is a high degree
N 0 of precision

discrepant
compared to the
creatinine GFR?

needed for this
patient and/or
clinical situation?

Consider eGFR combining
creatinine an cystatin C

(eGFR based on a single marker
is also probably reliable)

Prefer eGFR combining
creatinine and cystatin C

Increased risk of morbidity
and mortality.

Measure GFR with a
reference method

FIGURE 2 Approach to assessing GFR at individual level. This algorithm is inspired by the one published in the article entitled

‘Diagnostic standard: assessing glomerular filtration rate’ (Nephrol Dial Transplant. 2023 Nov 9:gfad241. doi: 10.1093/ndt/gfad241). In this
new algorithm, we have removed the steps for deciding if measuring cystatin C in addition to creatinine is useful or not. Indeed, predicting
at an individual level whether the creatinine-based eGFR will be incorrect or not can be uncertain. In addition, the new 2024 KDIGOs state
that when the cystatin C assay is available, the GFR category should be determined on the basis of an estimate based on the combination of

the 2 biomarkers.

determinants accounting for the inaccuracies of single-
biomarker GFR estimation equations. Cystatin C-based
equations do not perform better than those based on cre-
atinine. The advantages of creatinine over cystatin C are
the low cost of the assay, and the almost perfect stand-
ardization of assays worldwide. Furthermore, the fact
that non-GFR-related determinants of serum creatinine
concentration are well identified (muscle mass, protein
intake, pharmacological inhibition of tubular creatinine
secretion) means that the clinician can predict in some
circumstances that the creatinine-based eGFR will be
aberrant or not, whereas with cystatin C this prediction
is impossible, except in rare cases of high-dose corticos-
teroid therapy or uncontrolled dysthyroidism. The com-
bined use of both biomarkers is the most advantageous
approach, as GFR estimates based on both creatinine and
cystatin C are generally more accurate than those based
on a single biomarker, notably when creatinine and cys-
tatin C are discordant. Moreover, the identification of
such a discrepancy between cystatin C-based eGFR and
creatinine-based eGFR is a well-established risk factor for
frailty, morbidity and mortality, especially of cardiovascu-
lar origin.

CONFLICT OF INTEREST STATEMENT
Both authors are members of the European Kidney
Function Consortium.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no datasets
were generated or analysed during the current study.

ORCID
Thomas Stehlé (2 https://orcid.org/0000-0001-9828-3245
REFERENCES

1. Watanabe CK, Oliver J, Addis T. Determination of the quan-
tity of secreting tissue in the living kidney. J Exp Med.
1918;28:359-376.

2. Heymsfield SB, Arteaga C, McManus C, Smith J, Moffitt S.
Measurement of muscle mass in humans: validity of the 24-hour
urinary creatinine method. Am J Clin Nutr. 1983;37:478-494.

3. Stehlé T, El Karoui K, Sakka M, et al. Creatinine clearance after
cimetidine administration in a new short procedure: compari-
son with plasma and renal clearances of iohexol. Clin Kidney J.
2020;13:587-596.

4. Garimella PS, Tighiouart H, Sarnak MJ, Levey AS, Ix JH.
Tubular secretion of creatinine and risk of kidney failure:

85UB017 SUOWILWIOD 3A 3810 3|qeoljdde sy} Aq pausenoB ke sopie O ‘88N JO S9INJ 10} AR1G1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLWLBHW0D" A8 | 1M ARIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S * [7202/20/20] U0 Areiqiautiuo AB|iIM ‘9B21719a 9¥SIeAIUN AQ 8/2FT 199/TTTT OT/I0P/LI00 43| IM Afeiq1jpul|uo//SdnY W14 papeo|umoq ‘0 ‘Z9E2S9ET


https://orcid.org/0000-0001-9828-3245
https://orcid.org/0000-0001-9828-3245
https://doi.org/10.1093/ndt/gfad241

120f 14
4|_Wl LEY

10.
11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

STEHLE and DELANAYE

the modification of diet in renal disease (MDRD) study. Am J
Kidney Dis. 2021;77:992-994.

Steinitz K, Tiirkand H. The determination of the glomerular
filtration by the endogenous creatinine clearance. J Clin Invest.
1940;19:285-298.

Ferro-Luzzi G. Die Nierenfunktion im Lichte moderner
Anschauungen: Studien iiber die Tubuliresorption. Z Ges Exp
Med. 1934;94:708-721.

Miller BF, Winkler AW. The renal excretion of endogenous cre-
atinine in man. Comparison with exogenous creatinine and in-
ulin. J Clin Invest. 1938;17:31-40.

Cockcroft DW, Gault MH. Prediction of creatinine clearance
from serum creatinine. Nephron. 1976;16:31-41.

Froissart M, Rossert J, Jacquot C, Paillard M, Houillier P.
Predictive performance of the modification of diet in renal dis-
ease and Cockcroft-Gault equations for estimating renal func-
tion. J Am Soc Nephrol. 2005;16:763-773.

Delanaye P, Bjork J, Courbebaisse M, et al. Performance of
creatinine-based equations to estimate glomerular filtration
rate with a methodology adapted to the context of drug dosage
adjustment. BrJ Clin Pharmacol. 2022;88:2118-2127.

Levey AS, Bosch JP, Lewis JB, et al. A more accurate method
to estimate glomerular filtration rate from serum creatinine: a
new prediction equation. Modification of Diet in Renal Disease
Study Group. Ann Intern Med. 1999;130:461-470.

Levey AS, Stevens LA, Schmid CH, et al. A new equa-
tion to estimate glomerular filtration rate. Ann Intern Med.
2009;150:604-612.

Stevens PE, Levin A, Kidney Disease: Improving Global
Outcomes Chronic Kidney Disease Guideline Development
Work Group Members. Evaluation and management of chronic
kidney disease: synopsis of the kidney disease: improving
global outcomes 2012 clinical practice guideline. Ann Intern
Med. 2013;158:825-830.

Inker LA, Eneanya ND, Coresh J, et al. New creatinine- and cys-
tatin C-based equations to estimate GFR without race. N Engl J
Med. 2021;385:1737-1749.

Delgado C, Baweja M, Crews DC, et al. A unifying approach for
GFR estimation: recommendations of the NKF-ASN task force
on reassessing the inclusion of race in diagnosing kidney dis-
ease. Am J Kidney Dis. 2022;79:268-288.e1.

Pottel H, Bjork J, Courbebaisse M, et al. Development
and validation of a modified full age spectrum creatinine-
based equation to estimate glomerular filtration rate: a
cross-sectional analysis of pooled data. Ann Intern Med.
2021;174:183-191.

Lofberg H, Grubb AO. Quantitation of y-trace in human bio-
logical fluids: indications for production in the central nervous
system. Scand J Clin Lab Invest. 1979;39:619-626.

Simonsen O, Grubb A, Thysell H. The blood serum concentra-
tion of cystatin C (gamma-trace) as a measure of the glomeru-
lar filtration rate. Scand J Clin Lab Invest. 1985;45:97-101.
Grubb A, Simonsen O, Sturfelt G, et al. Serum concen-
tration of cystatin C, factor D and beta 2-microglobulin as
a measure of glomerular filtration rate. Acta Med Scand.
1985;218:499-503.

Uchida K, Gotoh A. Measurement of cystatin-C and creatinine
in urine. Clin Chim Acta. 2002;323:121-128.

Jacobsson B, Lignelid H, Bergerheim US. Transthyretin and
cystatin C are catabolized in proximal tubular epithelial cells

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

and the proteins are not useful as markers for renal cell carci-
nomas. Histopathology. 1995;26:559-564.

Finney H, Newman DJ, Gruber W, Merle P, Price CP. Initial
evaluation of cystatin C measurement by particle-enhanced
immunonephelometry on the Behring nephelometer systems
(BNA, BN II). Clin Chem. 1997;43:1016-1022.

Kyhse-Andersen J, Schmidt C, Nordin G, et al. Serum cystatin
C, determined by a rapid, automated particle-enhanced turbi-
dimetric method, is a better marker than serum creatinine for
glomerular filtration rate. Clin Chem. 1994;40:1921-1926.
Grubb A, Nyman U, Bjork J, et al. Simple cystatin C-based pre-
diction equations for glomerular filtration rate compared with
the modification of diet in renal disease prediction equation for
adults and the Schwartz and the Counahan-Barratt prediction
equations for children. Clin Chem. 2005;51:1420-1431.

Hoek FJ. A comparison between cystatin C, plasma creat-
inine and the Cockcroft and Gault formula for the estima-
tion of glomerular filtration rate. Nephrol Dial Transplant.
2003;18:2024-2031.

Larsson A, Malm J, Grubb A, Hansson LO. Calculation of glo-
merular filtration rate expressed in mL/min from plasma cysta-
tin C values in mg/L. Scand J Clin Lab Invest. 2004;64:25-30.
Grubb A, Blirup-Jensen S, Lindstrdm V, Schmidt C, Althaus
H, Zegers I. First certified reference material for cystatin C
in human serum ERM-DA471/IFCC. Clin Chem Lab Med.
2010;48:1619-1621.

Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomeru-
lar filtration rate from serum creatinine and cystatin C. N Engl
J Med. 2012;367:20-29.

Pottel H, Bjork J, Rule AD, et al. Cystatin C-based equation to
estimate GFR without the inclusion of race and sex. N Engl J
Med. 2023;388:333-343.

Levin A, Stevens PE, Bilous RW, et al. Kidney Disease: Improving
Global Outcomes (KDIGO) CKD Work Group. KDIGO 2024
Clinical practice guideline for the evaluation and management of
chronic kidney disease. Kidney Int. 2024;2024(105):S117-S314.
Shemesh O, Golbetz H, Kriss JP, Myers BD. Limitations of
creatinine as a filtration marker in glomerulopathic patients.
Kidney Int. 1985;28:830-838.

Maillard N, Mehdi M, Thibaudin L, Berthoux F, Alamartine
E, Mariat C. Creatinine-based GFR predicting equations in
renal transplantation: reassessing the tubular secretion effect.
Nephrol Dial Transplant. 2010;25:3076-3082.

Prowle JR, Kolic I, Purdell-Lewis J, Taylor R, Pearse RM,
Kirwan CJ. Serum creatinine changes associated with critical
illness and detection of persistent renal dysfunction after AKI.
Clin J Am Soc Nephrol. 2014;9:1015-1023.

Groothof D, Post A, Polinder-Bos HA, et al. Muscle mass and
estimates of renal function: a longitudinal cohort study. J
Cachexia Sarcopenia Muscle. 2022;13:2031-2043.

Baxmann ACAA, Ahmed MS, Marques NAAGC, et al. Influence
of muscle mass and physical activity on serum and urinary
creatinine and serum cystatin C. Clin J Am Soc Nephrol.
2008;3:348-354.

Preiss DJ, Godber IM, Lamb EJ, Dalton RN, Gunn IR. The influ-
ence of a cooked-meat meal on estimated glomerular filtration
rate. Ann Clin Biochem. 2007;44:35-42.

Jacobsen FK, Christensen CK, Mogensen CE, Andreasen F,
Heilskov NS. Pronounced increase in serum creatinine concen-
tration after eating cooked meat. BMJ. 1979;1:1049-1050.

85UB017 SUOWILWIOD 3A 3810 3|qeoljdde sy} Aq pausenoB ke sopie O ‘88N JO S9INJ 10} AR1G1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLWLBHW0D" A8 | 1M ARIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S * [7202/20/20] U0 Areiqiautiuo AB|iIM ‘9B21719a 9¥SIeAIUN AQ 8/2FT 199/TTTT OT/I0P/LI00 43| IM Afeiq1jpul|uo//SdnY W14 papeo|umoq ‘0 ‘Z9E2S9ET



STEHLE and DELANAYE

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Shah KF, Stevens PE, Lamb EJ. The influence of a cooked-fish
meal on estimated glomerular filtration rate. Ann Clin Biochem.
2020;57:182-185.

Tong TYN, Perez-Cornago A, Bradbury KE, Key TJ. Biomarker
concentrations in White and British Indian vegetarians and
nonvegetarians in the UK biobank. J Nutr. 2021;151:3168-3179.
Bruin MAC, Korse CM, van Wijnen B, et al. A real or apparent
decrease in glomerular filtration rate in patients using olapa-
rib? Eur J Clin Pharmacol. 2021;77:179-188.

Berg KJ, Gjellestad A, Nordby G, et al. Renal effects of tri-
methoprim in ciclosporin- and azathioprine-treated kidney-
allografted patients. Nephron. 1989;53:218-222.

van Acker BA, Koomen GC, Koopman MG, et al. Creatinine
clearance during cimetidine administration for measurement
of glomerular filtration rate. Lancet. 1992;340:1326-1329.
Koteff J, Borland J, Chen S, et al. A phase 1 study to evaluate the
effect of dolutegravir on renal function via measurement of io-
hexol and para-aminohippurate clearance in healthy subjects.
BrJ Clin Pharmacol. 2013;75:990-996.

German P, Liu HC, Szwarcberg J, et al. Effect of cobicistat on
glomerular filtration rate in subjects with normal and impaired
renal function. J Acquir Immune Defic Syndr. 2012;61:32-40.
Vidal-Petiot E, Rea D, Serrano F, et al. Imatinib increases serum
creatinine by inhibiting its tubular secretion in a reversible
fashion in chronic myeloid leukemia. Clin Lymphoma Myeloma
Leuk. 2016;16:169-174.

Martin L, Birdsell L, MacDonald N, et al. Cancer cachexia
in the age of obesity: skeletal muscle depletion is a power-
ful prognostic factor, independent of body mass index. JCO.
2013;31:1539-1547.

Raynard B, Pigneur F, Di Palma M, et al. The prevalence of CT-
defined low skeletal muscle mass in patients with metastatic
cancer: a cross-sectional multicenter French study (the SCAN
study). Support Care Cancer. 2022;30:3119-3129.

Ravelli MN, Schoeller DA. Traditional self-reported dietary in-
struments are prone to inaccuracies and new approaches are
needed. Front Nutr. 2020;7:90.

Fricker M, Wiesli P, Brindle M, Schwegler B, Schmid C.
Impact of thyroid dysfunction on serum cystatin C. Kidney Int.
2003;63:1944-1947.

Risch L, Herklotz R, Blumberg A, Huber AR. Effects of glucocor-
ticoid immunosuppression on serum cystatin C concentrations
in renal transplant patients. Clin Chem. 2001;47:2055-2059.
Poge U, Gerhardt T, Stoffel-Wagner B, et al. Cystatin C-based
calculation of glomerular filtration rate in kidney transplant
recipients. Kidney Int. 2006;70:204-210.

Tsushita H, Tanaka R, Suzuki Y, Sato Y, Itoh H. Effects of dose
and type of corticosteroids on the divergence between esti-
mated glomerular filtration rates derived from cystatin C and
creatinine. J Clin Pharm Ther. 2020;45:1390-1397.

Stevens LA, Schmid CH, Greene T, et al. Factors other than glo-
merular filtration rate affect serum cystatin C levels. Kidney Int.
2009;75:652-660.

Young JA, Hwang S-J, Sarnak MJ, et al. Association of visceral
and subcutaneous adiposity with kidney function. Clin J Am
Soc Nephrol. 2008;3:1786-1791.

Akerfeldt T, Helmersson J, Larsson A. Postsurgical inflamma-
tory response is not associated with increased serum cystatin C
values. Clin Biochem. 2010;43:1138-1140.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wl LEY 13 of 14

Fu EL, Levey AS, Coresh J, et al. Accuracy of GFR estimating
equations in patients with discordances between creatinine and
cystatin C-based estimations. JASN. 2023;34:1241-1251.

Grubb A, Bjork J, Nyman U, et al. Cystatin C, a marker for suc-
cessful aging and glomerular filtration rate, is not influenced by
inflammation. Scand J Clin Lab Invest. 2011;71:145-149.

Jaffe M. Ueber den Niederschlag, welchen Pikrinsdure in
normalem Harn erzeugt und {iiber eine neue Reaction des
Kreatinins. Biol Chem. 1886;10:391-400.

Fossati P, Prencipe L, Berti G. Enzymic creatinine assay: a new
colorimetric method based on hydrogen peroxide measure-
ment. Clin Chem. 1983;29:1494-1496.

Tanganelli E, Prencipe L, Bassi D, Cambiaghi S, Murador E.
Enzymic assay of creatinine in serum and urine with creatinine
iminohydrolase and glutamate dehydrogenase. Clin Chem.
1982;28:1461-1464.

Toffaletti J, Blosser N, Hall T, Smith S, Tompkins D. An auto-
mated dry-slide enzymatic method evaluated for measurement
of creatinine in serum. Clin Chem. 1983;29:684-687.

Myers GL. Recommendations for improving serum creatinine
measurement: a report from the Laboratory Working Group of
the National Kidney Disease Education Program. Clin Chem.
2006;52:5-18.

Siekmann L. Determination of creatinine in human serum by
isotope dilution-mass spectrometry. Definitive methods in clin-
ical chemistry, IV. J Clin Chem Clin Biochem. 1985;23:137-144.
Welch MJ, Cohen A, Hertz HS, et al. Determination of serum
creatinine by isotope dilution mass spectrometry as a candidate
definitive method. Anal Chem. 1986;58:1681-1685.

Kiime T, Saglam B, Ergon C, Sisman AR. Evaluation and com-
parison of Abbott Jaffe and enzymatic creatinine methods:
could the old method meet the new requirements? Clin Lab
Anal. 2018;32:€22168.

Boutten A, Bargnoux A-S, Carlier M-C, et al. Enzymatic but not
compensated Jaffe methods reach the desirable specifications
of NKDEP at normal levels of creatinine. Results of the French
multicentric evaluation. Clin Chim Acta. 2013;419:132-135.
Jassam N, Weykamp C, Thomas A, et al. Post-standardization
of routine creatinine assays: are they suitable for clinical appli-
cations. Ann Clin Biochem. 2017;54:386-394.

den Elzen WPJ, Cobbaert CM, Klein Gunnewiek JMT,
et al. Glucose and total protein: unacceptable interference
on Jaffe creatinine assays in patients. Clin Chem Lab Med.
2018;56:€185-€187.

Mase H, Hamano N, Mizuhara R, et al. Falsely elevated serum
creatinine associated with IgM paraproteinemia. Kidney Int
Rep. 2020,5:377-381.

Hummel KM, von Ahsen N, Kihn R-B, et al
Pseudohypercreatininemia due to positive interference in en-
zymatic creatinine measurements caused by monoclonal IgM
in patients with Waldenstrom's macroglobulinemia. Nephron.
2000;86:188-189.

Rudofsky G, Villalobos M, Waldherr R, et al. The case: renal
failure in a male with Waldenstrom's macroglobulinemia.
Kidney Int. 2010;77:371-372.

Eckfeldt JH, Karger AB, Miller WG, Rynders GP, Inker LA.
Performance in measurement of serum cystatin C by laborato-
ries participating in the College of American Pathologists 2014
CYS Survey. Arch Pathol Lab Med. 2015;139:888-893.

85UB017 SUOWILWIOD 3A 3810 3|qeoljdde sy} Aq pausenoB ke sopie O ‘88N JO S9INJ 10} AR1G1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLWLBHW0D" A8 | 1M ARIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S * [7202/20/20] U0 Areiqiautiuo AB|iIM ‘9B21719a 9¥SIeAIUN AQ 8/2FT 199/TTTT OT/I0P/LI00 43| IM Afeiq1jpul|uo//SdnY W14 papeo|umoq ‘0 ‘Z9E2S9ET



140f 14
4|_Wl LEY

73.

74.

75.
76.

77.
78.
79.

80.

81.
82.
83.

84.

85.

86.

87.

88.

STEHLE and DELANAYE

Bargnoux A-S, Piéroni L, Cristol J-P, et al. Multicenter evalu-
ation of cystatin C measurement after assay standardization.
Clin Chem. 2017;63:833-841.

Karger AB, Long T, Inker LA, Eckfeldt JH, College of American
Pathologists Accuracy Based Committee and Chemistry
Resource Commiittee. Improved performance in measurement
of serum cystatin C by laboratories participating in the College
of American Pathologists 2019 CYS Survey. Arch Pathol Lab
Med. 2022;146:1218-1223.

Ebert N, Delanaye P, Shlipak M, et al. Cystatin C standardiza-
tion decreases assay variation and improves assessment of glo-
merular filtration rate. Clin Chim Acta. 2016;456:115-121.

Lee H-S, Bae G-E, Lee JE, Park HD. Effect of two cystatin C
reagents and four equations on glomerular filtration rate esti-
mations after standardization. Ann Lab Med. 2023;43:565-573.
Flamant M, Vidal-Petiot E, Metzger M, et al. Performance of
GFR estimating equations in African Europeans: basis for a
lower race-ethnicity factor than in African Americans. Am J
Kidney Dis. 2013;62:182-184.

Bukabau JB, Yayo E, Gnionsahé A, et al. Performance of cre-
atinine- or cystatin C-based equations to estimate glomerular
filtration rate in sub-Saharan African populations. Kidney Int.
2019;95:1181-1189.

Ku E, McCulloch CE, Adey DB, et al. Racial disparities in el-
igibility for preemptive waitlisting for kidney transplantation
and modification of eGFR thresholds to equalize waitlist time.
JASN. 2021;32:677-685.

Delgado C, Baweja M, Burrows NR, et al. Reassessing the in-
clusion of race in diagnosing kidney diseases: an interim report
from the NKF-ASN task force. Am J Kidney Dis. 2021;78:103-115.
Delanaye P, Vidal-Petiot E, Bjork J, et al. Performance of
creatinine-based equations to estimate glomerular filtration
rate in White and Black populations in Europe, Brazil and
Africa. Nephrol Dial Transplant. 2023;38:106-118.

Magudia K, Bridge CP, Bay CP, et al. Population-scale CT-based
body composition analysis of a large outpatient population
using deep learning to derive age-, sex-, and race-specific refer-
ence curves. Radiology. 2021;298:319-329.

Stehlé T, Ouamri Y, Morel A, et al. Development and valida-
tion of a new equation based on plasma creatinine and muscle
mass assessed by CT scan to estimate glomerular filtration rate:
a cross-sectional study. Clin Kidney J. 2023;16:1265-1277.

Hsu C-Y, Yang W, Parikh RV, et al. Race, genetic ances-
try, and estimating kidney function in CKD. N Engl J Med.
2021;385:1750-1760.

Delgado C, Powe NR, Chertow GM, Grimes B, Johansen KL.
Muscle mass and serum creatinine concentration by race and
ethnicity among hemodialysis patients. J Am Soc Nephrol.
2024;35:66-73.

Pottel H, Bjork J, Bokenkamp A, et al. Estimating glomerular
filtration rate at the transition from pediatric to adult care.
Kidney Int. 2019;95:1234-1243.

Delanaye P, Rule AD, Schaeffner E, et al. Performance of the
European Kidney Function Consortium (EKFC) creatinine-
based equation in United States cohorts. Kidney Int.
2024;105:629-637.

Ma'Y, Wei L, Yong Z, et al. Validation of the European Kidney
Function Consortium equation in Chinese adult population: an
equation standing on the shoulders of predecessors. Nephron.
2024;148:63-73.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Wang Y, Adingwupu OM, Shlipak MG, et al. Discordance be-
tween creatinine-based and cystatin C-based estimated GFR:
interpretation according to performance compared to mea-
sured GFR. Kidney Med. 2023;5:100710.

Shlipak MG, Matsushita K, Arnldv J, et al. Cystatin C versus
creatinine in determining risk based on kidney function. N Engl
J Med. 2013;369:932-943.

Menon V, Shlipak MG, Wang X, et al. Cystatin C as a risk fac-
tor for outcomes in chronic kidney disease. Ann Intern Med.
2007;147:19.

Fu EL, Carrero J-J, Sang Y, et al. Association of low glomerular
filtration rate with adverse outcomes at older age in a large pop-
ulation with routinely measured cystatin C. Ann Intern Med.
2024;177:269-279.

Potok OA, Ix JH, Shlipak MG, et al. The difference between cys-
tatin C- and creatinine-based estimated GFR and associations
with frailty and adverse outcomes: a cohort analysis of the sys-
tolic blood pressure intervention trial (SPRINT). Am J Kidney
Dis. 2020;76:765-774.

Kim H, Park JT, Lee J, et al. The difference between cystatin
C- and creatinine-based eGFR is associated with adverse car-
diovascular outcome in patients with chronic kidney disease.
Atherosclerosis. 2021;335:53-61.

Chen DC, Shlipak MG, Scherzer R, et al. Association of intra-
individual difference in estimated glomerular filtration rate by
creatinine vs cystatin C and end-stage kidney disease and mor-
tality. JAMA Netw Open. 2022;5:€2148940.

Chen DC, Shlipak MG, Scherzer R, et al. Association of intra-
individual differences in estimated GFR by creatinine ver-
sus cystatin C with incident heart failure. Am J Kidney Dis.
2022;80:762-772.el.

Carrero J-J, Fu EL, Sang Y, et al. Discordances between creat-
inine- and cystatin C-based estimated GFR and adverse clin-
ical outcomes in routine clinical practice. Am J Kidney Dis.
2023;82:534-542.

Grubb A, Lindstrom V, Jonsson M, et al. Reduction in glomeru-
lar pore size is not restricted to pregnant women. Evidence for
a new syndrome: ‘Shrunken pore syndrome’. Scand J Clin Lab
Invest. 2015;75:333-340.

Oberg CM, Lindstrém M, Grubb A, Christensson A. Potential
relationship between eGFR ygatin ¢/ €GFR reatinine-Tatio and glo-
merular basement membrane thickness in diabetic kidney dis-
ease. Physiol Rep. 2021;9:e14939. d0i:10.14814/phy2.14939
Christensson A, Ash JA, DeLisle RK, et al. The impact of the
glomerular filtration rate on the human plasma proteome.
Proteomics Clin Appl. 2018;12:1700067.

Almén MS, Bjork J, Nyman U, et al. Shrunken pore syndrome
is associated with increased levels of atherosclerosis-promoting
proteins. Kidney Int Rep. 2019;4:67-79.

How to cite this article: Stehlé T, Delanaye P.
Which is the best glomerular filtration marker:
Creatinine, cystatin C or both? Eur J Clin Invest.
2024;00:€14278. doi:10.1111/eci.14278

85UB017 SUOWILWIOD 3A 3810 3|qeoljdde sy} Aq pausenoB ke sopie O ‘88N JO S9INJ 10} AR1G1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLWLBHW0D" A8 | 1M ARIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S * [7202/20/20] U0 Areiqiautiuo AB|iIM ‘9B21719a 9¥SIeAIUN AQ 8/2FT 199/TTTT OT/I0P/LI00 43| IM Afeiq1jpul|uo//SdnY W14 papeo|umoq ‘0 ‘Z9E2S9ET


https://doi.org//10.14814/phy2.14939
https://doi.org/10.1111/eci.14278

	Which is the best glomerular filtration marker: Creatinine, cystatin C or both?
	Abstract
	1|INTRODUCTION
	2|NON-­GFR DETERMINANTS OF SERUM CREATININE AND CYSTATIN C
	3|BIOMARKER ASSAYS: STANDARDIZATION AND COST
	4|ACCURACY OF GFR ESTIMATION WITH THE TWO DIFFERENT BIOMARKERS
	5|PERFORMANCE OF eGFR EQUATIONS WHEN CREATININE AND CYSTATIN C ARE DISCORDANT
	6|PROGNOSTIC IMPACT OF CREATININE AND CYSTATIN C DISCREPANCIES
	7|ASSESSMENT OF GFR FROM CREATININE AND/OR CYSTATIN C IN THE KDIGO 2024 CLINICAL PRACTICE GUIDELINES FOR THE EVALUATION AND MANAGEMENT OF CHRONIC KIDNEY DISEASE
	8|PRACTICAL RECOMMENDATIONS FOR ASSESSING GFR IN CLINICAL PRACTICE
	9|CONCLUSION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


