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Abstract

The recent campaign for standardization of creatinine meas-
urements has been promoted to allow the widespread use of
formulas for estimating the glomerular filtration rate (GFR).
However, studies on trueness verification and measurement
interferences still show disappointing interassay variation of
serum creatinine results. Creatinine recalibration has major
clinical consequences. In particular, in pediatrics where ref-
erence ranges for serum and plasma creatinine are low, cal-
culation of the GFR is problematic when based on alkaline
picrate methods because of method non-specificity and the
lack of appropriate GFR estimating formulas. Therefore,
enzymatic creatinine assays are preferred. In the near future,
cystatin C might offer an interesting alternative for GFR esti-
mation. For the calculation of drug doses, the Modification
of Diet in Renal Disease study formula generally offers reli-
able data. However, attention has to be paid to the elderly.
Also, the calculation of the Model for End-Stage Liver Dis-
ease score, which is used to prioritize patients for liver trans-
plantation, may significantly be influenced by recalibration
of creatinine assays. Creatinine restandardization may also
affect the current guidelines for referral of chronic kidney
disease patients to nephrologists.
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Introduction

Efforts to improve the identification and management of
patients with chronic kidney disease (CKD) are based on the
implementation of more accurate means for assessing kidney
function and kidney damage at an early clinical stage (1). In
this respect, standardization of serum creatinine measure-
ments is very important because of the central role of this
biomarker in the assessment of renal function we.g., for the
calculation of creatinine clearance, a parameter largely deter-
mined by glomerular filtration rate (GFR), and the use of
creatinine values for estimation of GFR (2)x. Accurate and
precise estimations of GFR can be obtained using equations
that empirically combine all of the average effects from bio-
logical factors that affect serum creatinine concentrations in
serum, apart from GFR (3). The currently recommended esti-
mation equation for identifying and monitoring patients with
CKD has been developed from the Modification of Diet in
Renal Disease (MDRD) Study (4, 5). Assays not calibrated
to be in agreement with the kinetic alkaline picrate method,
used in this study, introduce a source of error into GFR esti-
mates. More recently, a new formula, named the CKD Epi-
demiology Collaboration (CKD-EPI) has also been intro-
duced (6) which provides a more accurate GFR estimation
for patients with GFR values between 60 and 90 mL/min.

Analytical issues

The European In Vitro Diagnostics directive (7) requires
traceability for about 80 analytes, including creatinine.
Industry should make their methods traceable to the refer-
ence methods and materials. The National Kidney Disease
Education Program (NKDEP), the College of American
Pathologists (CAP), and the National Institute for Standard
and Technology (NIST) have collaborated to prepare a
serum-creatinine reference material (NIST 967) with dem-
onstrated commutability with native clinical specimens
in routine methods. These materials are value-assigned with
the gas chromatography-isotope dilution mass spectrometry
(GC-IDMS) and liquid chromatography (LC)-IDMS refer-
ence measurement procedures (8). Nearly all clinical labo-
ratory methods are now expected to have calibration trace-
able to an IDMS reference measurement procedure. The
MDRD Study equation used for estimating GFR in adults
has been updated to use coefficients appropriate for such
methods (9). Routine reporting of estimated GFR (eGFR) for
adults based on an IDMS-traceable creatinine is becoming
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the clinical standard for patient care (10). However, varia-
bility in creatinine results may still contribute to substantial
uncertainty in estimating GFR (11).

Since Jaffe (12) only observed complex formation bet-
ween picric acid and creatinine in an alkaline environment,
and never described an analytical method, variation amongst
Jaffe methods is broad (13). In particular for lower creatinine
concentrations, values may differ significantly from the tar-
get value for the Jaffe and the dry chemistry methods (11).
The total error budget was mainly consumed by the bias, and
to a much lesser extent by within-laboratory variation. Dis-
appointing results were obtained for the analytical bias of
current creatinine methods. This bias is due to the analytical
interference by pseudo-chromogens for the Jaffe group (14)
and the calibration used in the dry chemistry method (11).

In the earliest methods, serum creatinine was assayed by
reactions based on alkaline picrate after deproteinization or
dialysis, which eliminated the pseudo-chromogen effect of
proteins (2). Today, however, analyzers use untreated serum
or plasma, making creatinine assays using alkaline picrate
reaction prone to the so-called ‘‘protein error’’ (14). On aver-
age, this effect produces a positive difference of 27 mmol/L
creatinine compared with enzymatic methods (14). Because
urine contains relatively little or no protein, the protein error
affects only creatinine determinations in serum or plasma.
Therefore, creatinine clearance is underestimated when crea-
tinine methods affected by protein error are used. The dis-
appointing results of studies investigating interlaboratory
variation for serum creatinine using commutable serum sam-
ples (15, 16) prove that, notwithstanding the stricter regula-
tions, between-laboratory variation of Jaffe based methods has
not decreased over the last decade, despite technical progress
in laboratory automation. Despite the known limitations,
methods based on the Jaffe reaction are still extensively used
for measuring serum creatinine.

Clinical implications of creatinine

standardization

Implementing traceability of serum creatinine assays to GC-
or LC-IDMS leads to changes in clinical decision-making
criteria currently used for serum creatinine concentrations
and creatinine clearance, since calibration to an IDMS ref-
erence produces a decrease in serum creatinine values by
10%–30% for most methods. Particularly, the calibration
changes may have a broad spectrum of clinical consequences
because of the key role of creatinine values in many derived
calculations and nomograms applied in routine clinical prac-
tice. In the present review, the clinical critical issues and the
remaining problems due to creatinine restandardization are
discussed.

Drug dose calculation

Estimation of creatinine clearance is a key element in the
calculation of the correct dose of many drugs that are char-
acterized by a narrow therapeutic index and renal elimination
(17). The implementation of eGFR reporting and standardi-

zation of creatinine measurements has created some uncer-
tainty and confusion concerning the assessment of kidney
function for drug dosing adjustment (10). For many years
pharmaceutical manufacturers have used the Cockcroft–
Gault (CG) equation to estimate creatinine clearance as the
basis for drug dose adjustment recommendations. There is
no modified CG equation available for use with the IDMS-
traceable creatinine results. Consequently, creatinine clear-
ance estimated from the CG equation will be increased upon
restandardization. Although CG estimation has been the tra-
ditional means of assessing kidney function, it has been sub-
ject to the variation in creatinine values that occurred before
standardization. However, some experimental studies have
demonstrated that creatinine clearance values obtained using
restandardised values are closer to the gold standard for GFR
determination (e.g., insulin, Cr51-EDTA clearance) compared
with previous values obtained by uncompensated Jaffe meth-
ods (14). Moreover, the original publication by Cockroft and
Gault does not contain detailed information regarding stan-
dardization of the creatinine assay used. One should not
ignore that the CG formula estimates creatinine clearance,
which is not synonymous for GFR, since creatinine clearance
is partly influenced by tubular secretion of the compound.
In contrast, the MDRD and CKD-EPI formulas provide an
estimate for GFR. Because the MDRD Study equation is
relatively new, eGFR data is not part of drug safety infor-
mation or package inserts approved by notified bodies. There
is concern about dosing toxic drugs with narrow therapeutic
indices, particularly the antineoplastic agent carboplatin.
Some clinicians request back-calculation to a non-standard-
ized creatinine which can then be used in the CG equation.
However, the MDRD Study equation is superior to the CG
equation in predicting kidney function in most people (18).
CG equation estimates vary depending on the creatinine
method used, which does not allow use of a single correction
factor to back-calculate to the non-standardized value. Con-
sequently, back-calculation appears to be unnecessary (19).
Concordance for drug dosing recommendations based on
measured GFR for renally cleared drugs was best for MDRD
(88%) compared to the CG equation adjusted for ideal body
weight (CGIBW) (82%) and CG (85%). Of the three esti-
mating methods, the CG equation was the most likely to
generate higher recommended drug dosages, and CGIBW
was most the likely to generate lower recommended drug
dosages. Overall concordance of recommended drug dosing
was high (10). The MDRD produced recommendations that
were lower than CG in 9% of the study population and high-
er in 10% when the CGIBW was used. Reliance on the CG
as the sole method of estimating kidney function for drug
dosing purposes does not appear to be supported by these
data (19). Narva encourages the use of the MDRD equation
for drug dosing adjustment in adults (10). However, some
authors have argued that the use of factors and exponents
for the mathematical transformation of serum creatinine
results increases uncertainty, and therefore the MDRD-
derived GFR values cannot be recommended as the basis for
administration of drugs excreted by the kidneys (20). In con-
trast, implementation of the CKD-EPI formula (6) in place
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of the MDRD formula will not have much clinical impact
on this specific application since drug dose adjustment is
rarely needed in patients with GFR)60 mL/min.

However, special attention should be paid to the elderly.
The MDRD formula has only been validated for patients
between 18 and 70 years of age. The MDRD formula over-
estimates renal function as age increases. While the opti-
mized CG equation underestimates renal function, this was
of a smaller magnitude, consistent across age, and thus better
suited for dose calculations in the elderly (21). Larger-scale
studies using gold standard markers of renal function esti-
mation are needed to determine the accuracy of MDRD in
elderly patients. Patients with )50% discrepancies between
MDRD and gentamicin clearance were, on average, 23 years
older, 16 kg lighter, 5 cm shorter, and with serum creatinine
113 mmol/L lower than the population used to develop the
MDRD equation (21). It is unreasonable to expect MDRD
to accurately predict renal function in patients who possess
markedly different characteristics compared with the popu-
lation it was developed in. With the background of an ageing
population in the developed healthcare systems, it is essential
that the elderly are studied as a group within their own right
(22). Therefore, it is important not to extend the use of
MDRD to the age groups for which the formula has not been
validated. The new CKD-EPI formula has been validated in
a wider range of ages, and also seems to be more accurate
in elderly patients (23, 24).

The NKDEP (25) has recently published an educational
advisory on estimating kidney function for drug dosing pur-
poses. The advisory encourages the use of MDRD or CG
estimating equations and, when there is concern that esti-
mated kidney function is not adequate for patient safety or
there is a distinct difference in recommended dose between
the two methods, suggests consideration of measured crea-
tinine clearance or assessment of GFR by the clearance of
exogenous compounds.

Recombinant erythropoietin is used as a supportive drug
in the treatment of CKD. Reimbursement of erythropoietin
for anemia in renal sufficiency depends on residual GFR
(26), when anemia in patients with an eGFR -60 mL/min/
1.73 m2 is certified by a nephrologist as being of renal origin.
It is clear that regulations should match with appropriate
GFR calculating formulas in order to achieve proper deci-
sion-making processes.

GFR estimation in pediatrics

Creatinine restandardization should be a major concern in
pediatrics due to the lower reference ranges for serum cre-
atinine in infants and children (27, 28). For calculating GFR,
this systematic positive bias has been greatly compensated
by overestimation attributable to tubular secretion of creati-
nine, which is relatively more important in children (14).
Although some Jaffe method manufacturers try to correct for
the protein error through the use of a fixed compensation
factor for the protein content in adults (14), this procedure
overcorrects with pediatric samples because of the lower
serum protein concentrations in children. This overcorrection
produces inaccurate GFR estimates, especially in neonates

and children. Compensating calibration in Jaffe assays to
IDMS standards results in a underestimation of serum or
plasma creatinine due to the lower reference values for total
protein in younger children.

A recent specificity study has updated the non-specificity
information for current creatinine assays (29). The interfer-
ence by bilirubin and adult hemoglobin (Hb A) on serum
creatinine measurements was -10% for most of the Jaffe
and enzymatic methods. Children, particularly younger chil-
dren, have lower albumin and IgG concentrations compared
with adults. The small interference observed for the enzy-
matic methods supports the earlier statement from the Inter-
national Federation of Clinical Chemistry and Laboratory
Medicine (IFCC) Scientific Division recommending that
more specific creatinine methods be adopted (30). Manufac-
turers have been successful in minimizing bilirubin and Hb
A interference in most Jaffe and enzymatic methods (29).
Updating the currently used estimation formulas for calcu-
lating creatinine clearance and GFR is far from easy.

For adults, an improved GFR-estimating equation based
on serum creatinine values traceable to IDMS reference
measurement procedures has been recently presented (9). In
enzymatic creatinine methods, analytical non-specificity is
largely eliminated (11). The lower enzymatic creatinine
result (when the result has not been adjusted to Jaffe-like
results) leads to a marked increase in creatinine clearance
estimations because of the increased effect of tubular secre-
tion on test results. The use of enzymatic assays emphasizes
the relative proportion of tubular secretion of creatinine
which makes serum or plasma creatinine lesser suited as a
GFR marker in children. Thus, paradoxically, the analytical
improvement makes creatinine less suited as a GFR marker
in pediatric medicine (28). In individuals who have been
administered cimetidine (a blocker of tubular secretion of
creatinine), this effect on tubular secretion can be corrected.
However, the cimetidine protocol (31) cannot be used on a
wide scale.

For estimating GFR in children and infants, the Schwartz
(32–34) and the Counahan–Barratt equations (35) are used.
Both provide GFR estimates based on a constant multiplied
by the child’s height divided by the measured serum creati-
nine concentration. The values (SI units) for the constant
used in both equations differ considerably: ks38 (Couna-
han) and ks48.7 (Schwartz) (28). Since these formulas were
validated 30 years ago, reassessment of classical formulas
for estimating creatinine clearance and GFR using modern
creatinine assays is necessary. This will be difficult; com-
pensated Jaffe results will be less suited than enzymatic
methods as a basis of these calculations. The expression kL/
wcreatininex (in which k is a constant and L the child’s length)
could theoretically be replaced by kL/w(creatinine; IDMS
calibrated)qnon-specificity correctionx when using the new
IDMS calibrated assays. However, this non-specificity cor-
rection shows variation (14) which increases the uncertainty
of the estimation. As a result of restandardization, the for-
merly published Schwartz formula overestimates GFR. Like
the original equation, the revised equation is based on height
and creatinine measurements: with height measured in cm, a
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calculation of 0.413=(height/serum creatinine) (convention-
al units) or 46.67=(height/serum creatinine) when creatinine
is given in mmol/L, provides a good approximation to the
eGFR formula. A newly developed chronic kidney disease
in children (CKiD) study equation uses serum creatinine
(Scr), blood urea expressed as nitrogen (BUN), and cystatin
C (Cys C), plus height and gender, to eGFR, yielding the
equation (36): GFR(mL/min/1.73 m2)s39.1 wheight (m)/Scr
(mg/dL)x0.516=w1.8/Cys C (mg/L)x0.294w30/BUN mg/dL)x0.169

w1.099x(male)wheight (m)/1.4x0.188. The new equation gave bet-
ter agreement with measured GFR than the updated Schwartz
equation. Alternatively, the Lund-Malmö equation has been
proposed, which was validated for both adults and children
(37). It should, however, be taken into account that these
formulas are only valid in combination with enzymatic meth-
ods with calibration traceable to an IDMS reference proce-
dure. This updated Schwartz equation is theoretically suitable
for use with methods for measuring creatinine that have sim-
ilar performance and calibration traceability. However, as the
majority of in vitro diagnostics manufacturers will choose
for general solution based on a recalibration setup at the
upper reference limit of an adult population, there is a risk
for overcompensation in view of the differences in serum
matrix. The updated Schwartz formula is the first pediatric
GFR-estimating equation with coefficients suitable for use
with IDMS-traceable creatinine methods. The Counahan
equation was found to have nearly the same performance as
the updated Schwartz equation (38).

Cys C has been proposed as a marker of renal function
(27). However, advantages of Cys C over creatinine are not
universally accepted (39). Cys C offers a promising alter-
native for calculating GFR in children, as only measurement
in serum or plasma is required and better performance is
observed in the blind range of creatinine (28). Formulas have
been developed that allow reliable estimation of GFR based
on Cys C (40). Unlike creatinine, serum Cys C reflects renal
function in children independent of age, gender, height, and
body composition (28). However, extra-renal conditions
(e.g., upregulation in certain tumors, thyroid dysfunction)
and pharmacological factors (e.g., glucocorticoid treatment)
may influence the concentrations of serum Cys C (28).
Moreover, international standardization for Cys C is still
lacking. An IFCC working group is addressing Cys C stan-
dardization (41). GFR-estimating equations based on Cys C
are currently limited to the laboratory method that was used
to derive the equation. Current estimating equations will
need to be revised to conform to standardized method cali-
bration and to be validated in multicenter investigations.

Transplantation medicine

In transplantation medicine, the Model for End-Stage Liver
Disease (MELD) Score has been shown to be the best predictor
of short-term mortality for patients on the liver transplant wait-
ing list (42). Consequently, the MELD Score (in which serum
creatinine is one of the contributing parameters) is nowadays
widely used to prioritize patients for liver transplantation:
MELD Scoresw0.957=ln(serum creatinine; mg/dL)q0.378=
ln(serum bilirubin; mg/dL)q1.120=ln(International Nor-

malized Ratio)q0.643)=10 (if hemodialysis, value for crea-
tinine is automatically set to 4.0 mg/dL).

Substantial and clinically relevant interlaboratory variation
in the MELD Score has been reported (43). The mean dif-
ference in the MELD Score between the highest- and the
lowest-scoring laboratory was 4.8. This variation was pri-
marily caused by the INR. Also, the variation in creatinine
measurements resulted in differences of up to three MELD
points in a single patient (43). Thus, standardization of cre-
atinine measurements with changes in the parameter results
may affect the MELD Score calculation. Moreover, since
albumin concentrations are usually low in these patients and
bilirubin concentrations are very high, a considerable bias in
the creatinine results may occur due to bilirubin and albumin
interference (29, 44), depending on the compensation meth-
ods used for adjusting results to the IDMS reference standard
method.

Epidemiological studies

As a result of creatinine restandardization, measured and cal-
culated creatinine clearance values will increase, and the cor-
responding reference interval will be different. In an attempt
to reduce late referral and to improve the care of patients
with CKD, different organizations have issued guidelines on
when to refer patients to the nephrologist (45). Most suggest
referral of patients with a GFR below 60 mL/min/1.73 m2,
and demand referral if the GFR is below 30 mL/min/1.73 m2.
Important differences in classifications were obtained when
different correction formulas for creatinine (the basis for
GFR calculation) were used. Implementation of the current
guidelines for referral of CKD patients to nephrologists may
lead to overload of nephrology care capacities. Standardi-
zation of serum creatinine assays is an important issue before
guidelines can be implemented in clinical practice (46).

Conclusions

Creatinine recalibration has major clinical consequences. In
particular, in pediatrics where reference ranges for serum and
plasma creatinine are low, calculation of GFR is problematic
when based on alkaline picrate methods because of method
non-specificity and the lack of appropriate GFR estimating
formulas. Therefore, enzymatic creatinine assays are pre-
ferred. Implementing traceability of serum creatinine results
to IDMS may need to change clinical decision-making cri-
teria currently used for evaluation of serum creatinine and
creatinine clearance values. When introducing serum creati-
nine calibration traceable to IDMS, laboratories need to com-
municate the following to healthcare providers:

1. the serum creatinine reference interval will change to
lower values, calculations of eGFR to adjust drug dosages
will be affected by decreased creatinine values;

2. limitations of the formulas for calculating GFR have to
be taken into account. This effort must involve cooper-
ation among laboratorians, clinicians, pharmaceutical
companies, and professional organizations.
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3. calculations of eGFR or creatinine clearance to adjust
drug dosages may be affected by standardization of cre-
atinine values.
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creatinine-based glomerular filtration rate prediction equation
for adults also performs well in children. Scand J Clin Lab
Invest 2008;68:568–76.

38. Miller WG. Estimating equations for glomerular filtration rate
in children: laboratory considerations. Clin Chem 2009;55:
402–3.

39. Dalton RN. Serum creatinine ad glomerular filtration rate: per-
ception and reality. Clin Chem 2010;56:687–9.
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