
Recommendations for Improving Serum Creatinine
Measurement: A Report from the Laboratory

Working Group of the National Kidney Disease
Education Program

Gary L. Myers,1* W. Greg Miller,2 Josef Coresh,3 James Fleming,4 Neil Greenberg,5

Tom Greene,6 Thomas Hostetter,7 Andrew S. Levey,8 Mauro Panteghini,9

Michael Welch,10 and John H. Eckfeldt11 for the
National Kidney Disease Education Program Laboratory Working Group

Background: Reliable serum creatinine measurements
in glomerular filtration rate (GFR) estimation are critical
to ongoing global public health efforts to increase the
diagnosis and treatment of chronic kidney disease
(CKD). We present an overview of the commonly used
methods for the determination of serum creatinine,
method limitations, and method performance in con-
junction with the development of analytical performance
criteria. Available resources for standardization of serum
creatinine measurement are discussed, and recommenda-
tions for measurement improvement are given.
Methods: The National Kidney Disease Education Pro-
gram (NKDEP) Laboratory Working Group reviewed
problems related to serum creatinine measurement for
estimating GFR and prepared recommendations to stan-
dardize and improve creatinine measurement.

Results: The NKDEP Laboratory Working Group, in col-
laboration with international professional organizations,
has developed a plan that enables standardization and
improved accuracy (trueness) of serum creatinine measure-
ments in clinical laboratories worldwide that includes the
use of the estimating equation for GFR based on serum
creatinine concentration that was developed from the
Modification of Diet in Renal Disease (MDRD) study.
Conclusions: The current variability in serum creatinine
measurements renders all estimating equations for GFR,
including the MDRD Study equation, less accurate in the
normal and slightly increased range of serum creatinine
concentrations [<133 �mol/L (1.5 mg/dL)], which is the
relevant range for detecting CKD [<60 mL � min�1 � (1.73
m2)�1]. Many automated routine methods for serum creat-
inine measurement meet or exceed the required precision;
therefore, reduction of analytical bias in creatinine assays
is needed. Standardization of calibration does not correct
for analytical interferences (nonspecificity bias). The bias
and nonspecificity problems associated with some of the
routine methods must be addressed.
© 2006 American Association for Clinical Chemistry

Chronic kidney disease (CKD)12 is a major public health
problem in the United States. The incidence and preva-
lence of end-stage renal disease, kidney failure treated by
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dialysis, and transplantation have more than quadrupled
over the last 2 decades (1 ). The estimated number of
people with earlier stages of CKD is �19 million, includ-
ing �8 million people with a reduced glomerular filtra-
tion rate (GFR) �60 mL � min�1 � (1.73 m2)�1 and another
�11 million with a GFR �60 mL � min�1 � (1.73 m2)�1 but
an abnormally high albumin excretion (urine albumin-to-
creatinine ratio �30 mg/g) (2 ).

The National Kidney Foundation Kidney Disease Out-
comes Quality Initiative (K/DOQI) and the National
Kidney Disease Education Program (NKDEP) within the
National Institute of Diabetes and Digestive and Kidney
Diseases recently defined CKD as either kidney damage
or a GFR �60 mL � min�1 � (1.73 m2)�1 for 3 months or
more, irrespective of cause, and classified stages of CKD
severity based on GFR (3 ). GFR is traditionally considered
the best overall index of kidney function (4 ). The thresh-
old of GFR �60 mL � min�1 � (1.73 m2)�1 was selected as
the definition of CKD because at this value approximately
one half of an adult’s normal kidney function is lost,
leading to several possible complications (3 ).

Understanding by laboratorians worldwide of the im-
portance of reliable serum creatinine measurements in
GFR estimation and of factors that may affect creatinine
measurement is critical to ongoing global public health
efforts to increase the diagnosis and treatment of patients
with CKD. The NKDEP Laboratory Working Group, in
collaboration with international professional organiza-
tions, has developed a plan that enables standardization
and improved accuracy (trueness) of serum creatinine
measurements in clinical laboratories worldwide.

Materials and Methods for Estimating GFR
GFR cannot be measured by direct means, but it can be
assessed by measuring the urinary clearance of exogenous
filtration markers such as inulin, iohexol, or iothalamate
(5–7). However, because of difficulty in use, expense,
radiation exposure, and radionuclide regulatory require-
ments, these methods have limited use in the routine
laboratory and are typically confined to the research
setting.

GFR is often estimated clinically from serum concen-
trations of endogenous creatinine (8 ) or cystatin C (9, 10).
Serum cystatin C has not yet been adequately evaluated
as an index of GFR (11 ), however, and serum creatinine
alone should not be used to assess the GFR or to detect the
presence of CKD because it is affected by the GFR and by
factors independent of GFR, including age, sex, race, body
size, diet, certain drugs, and laboratory analytical meth-
ods (12, 13). More accurate and precise estimations of
GFR can be obtained with equations that empirically
combine all of the average effects from factors that affect
serum creatinine other than GFR (14 ). The currently
recommended estimating equation was developed from
the Modification of Diet in Renal Disease (MDRD) Study
(15 ) and is based on GFR values measured by iothalamate
clearance in 1628 adults and subsequently validated in

another 1775 adults in the African American Study of
Kidney Disease (AASK) (16 ). The “four-variable” MDRD
Study equation (Eq. 1) uses age, sex, race (African-Amer-
ican vs non–African-American), and serum creatinine
(sCr) (17 ):

GFR [mL � min�1 � (1.73 m2)�1] � 186 � (sCr)�1.154

� (age)�0.203 � (0.742 if female) �

(1.210 if African-American) (1)

The MDRD Study equation does not require a body
weight variable because it normalizes GFR for a standard
body surface area of 1.73 m2. The MDRD Study equation
has been demonstrated to be useful for CKD patients and
performs similarly in diabetic vs nondiabetic individuals
(18 ), but its use is unclear for healthy individuals and is
not recommended for hospitalized patients (19 ).

Because of the current variability in calibration of
serum creatinine assays, assays not calibrated in agree-
ment with the kinetic alkaline picrate assay used in the
MDRD Study introduce a source of error into GFR esti-
mates. This calibration error is relatively greater and
contributes to larger uncertainty in GFR estimates at
lower creatinine values near the upper limit of the refer-
ence interval (20 ). The progressively larger effect on
estimated GFR of different calibration biases of creatinine
methods is shown in Fig. 1 (21 ), and the progressively
larger effect of measurement imprecision at lower creati-
nine values is shown in Fig. 2. Thus, calibration bias and
measurement imprecision for serum creatinine have a
much larger impact on the uncertainty in estimated GFR
when serum creatinine is close to the reference value,

Fig. 1. Effect of creatinine calibration bias on estimated GFR.
Lines represent estimated GFR values with no bias and with the indicated
amount of bias in serum creatinine measurements for a 60-year-old non–African-
American female for whom the estimated GFR is 60 mL � min�1 � (1.73 m2)�1 at
a creatinine of 88.4 �mol/L (1.00 mg/dL). The biases shown represent the
minimum, maximum, and frequently observed values for 50 different method
groups assaying a fresh-frozen serum specimen in the 2003 CAP survey (126).
For an estimated GFR of 60 mL � min�1 � (1.73 m2)�1, a calibration difference of
11 �mol/L (0.12 mg/dL) is associated with an error in GFR estimate of �12%.
The error in GFR estimates over the range of biases observed is from �7.5% to
�27%. Fig. 1 was derived from Murthy et al. (21), but is updated here to the
biases observed in the 2003 CAP survey.
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which is the relevant range for detecting early CKD [GFR
�60 mL � min�1 � (1.73 m2)�1]. This limitation applies to
all estimating equations based on serum creatinine, not
just the MDRD Study equation (22 ). For this reason, the
NKDEP currently recommends that GFR estimates above
60 mL � min�1 � (1.73 m2)�1 be reported simply as “�60
mL � min�1 � (1.73 m2)�1” rather than as a discrete numeric
value (3, 18). Variability in creatinine calibration and
measurement imprecision also contributes to substantial
uncertainty in estimating GFR in children, who usually
have lower serum creatinine concentrations than do
adults. For estimating GFR in children, the Schwartz and
the Counahan–Barratt equations are recommended (23–
26). Both provide GFR estimates based on a constant
multiplied by the child’s height divided by the measured
serum creatinine concentration.

Sources of Variability in Estimating GFR
Sources of variability in GFR estimates include underly-
ing biological variability in GFR, biological variability in
serum creatinine, and errors in the measurement of serum
creatinine and in the estimating equation.

GFR may vary in response to meals, exercise, posture,
changes in blood pressure, and other conditions. GFR is
also affected by pregnancy, glucose control in diabetes,
extracellular fluid volume, antihypertensive medications,
and acute and chronic kidney disease (27 ). Error may
occur in measurement of serum and urine filtration mark-
ers or of urine flow rate, or in techniques for urine
collection. Variability among clearance periods during
GFR measurement may also lead to error (28 ). Median
intraindividual CVs reported for measured GFR ranged
from 6.3% to 7.5% (6, 29). These GFR measurements were
made in controlled studies; consequently, the intraindi-

vidual variability was likely lower than would be ob-
served in a typical clinical setting.

In 2 published studies, the mean intraindividual CVs
for serum creatinine were 4.1% and 4.3%, respectively
(30, 31). Neither of these studies included patients with
CKD.

Analytical Performance Specifications for GFR Estimates
Percentile distribution of the differences between esti-
mated and measured GFR is a useful measure to assess
the accuracy of GFR estimates. The K/DOQI reported that
for an independent sample of 1070 participants evaluated
in the GFR range �90 mL � min�1 � (1.73 m2)�1, �90% of
GFR estimates calculated by use of the MDRD Study
equation were within 30% of the measured GFR (3 ). This
overall measure of clinical performance included error
components from several sources: measurement of serum
creatinine, including specimen nonspecificity effects and
the effects on determinants of serum creatinine other than
GFR, including generation, secretion, and elimination;
and from measurement of GFR as iothalamate clearance,
including physiologic differences in renal function and
various comorbid conditions.

Considering the various types of error, an estimated
GFR within 30% of a measured GFR was considered
acceptable by K/DOQI for clinical interpretation to iden-
tify individuals with CKD as defined by GFR �60
mL � min�1 � (1.73 m2)�1 for 3 months or more and to
follow subsequent progression of the disease. For exam-
ple, at a GFR of 60 mL � min�1 � (1.73 m2)�1, the range of
GFR values would be 42–78 mL � min�1 � (1.73 m2)�1.

Analytical Performance Specifications for
Serum Creatinine Measurement

Serum creatinine measurements must have a small
enough total error that the impact on the total uncertainty
of estimated GFR remains within clinically acceptable
limits. The critical serum creatinine concentration corre-
sponding to a GFR of 60 mL � min�1 � (1.73 m2)�1 varies
with the age, sex, and race of the patient (3 ). Typical
values for serum creatinine at this critical GFR are 88.4
�mol/L (1.00 mg/dL) for a 60-year-old non–African-
American female, 99 �mol/L (1.18 mg/dL) for a 60-year-
old African-American female, 114 �mol/L (1.30 mg/dL)
for a 60-year-old non–African-American male, and 135
�mol/L (1.53 mg/dL) for a 60-year-old African-American
male. Thus, creatinine values within or very close to many
published reference intervals are consistent with substan-
tial reduction in GFR in some patients. For the same
demographic groups at an estimated GFR of 30
mL � min�1 � (1.73 m2)�1, the serum creatinine values are
162, 190, 209, and 247 �mol/L (1.83, 2.15, 2.37, and 2.79
mg/dL), respectively. Because of the dramatic increase in
the impact of creatinine bias and imprecision on the error
of an estimated GFR as the serum creatinine value gets
smaller (Figs. 1 and 2), the laboratory measurement
performance goal is currently targeted at a creatinine

Fig. 2. Effect of creatinine measurement imprecision on estimated
GFR.
Solid lines represent the upper and lower limits of the 95% confidence interval for
estimated GFR for a 60-year-old non–African-American female for whom the
estimated GFR is 60 mL � min�1 � (1.73 m2)�1 at a creatinine of 88.4 �mol/L
(1.00 mg/dL), using a value of 5.3 �mol/L (0.06 mg/dL) as the measurement
SD. This SD was the median SD observed for 50 different method groups
assaying a fresh-frozen serum specimen with a creatinine value of 80 �mol/L
(0.90 mg/dL) in the 2003 CAP survey (126). The dashed lines represent the
upper and lower limits of the 95% confidence interval for estimated GFR based
on the largest peer-group SD, 12 �mol/L (0.13 mg/dL), observed in the survey.
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concentration of 88.4 �mol/L (1.00 mg/dL), which is
consistent with a GFR of 60 mL � min�1 � (1.73 m2)�1 for
some adult demographic groups and is at the lower range
of measurement, where the impact of bias and impreci-
sion will be greater than at higher values.

The 2 primary components of measurement error in
serum creatinine are systematic bias, a consistent error
typically resulting from calibration differences between
measurement procedures, and random measurement er-
ror, including within-laboratory effects, between-labora-
tory random variability in day-to-day calibration, and
specimen-specific effects. In a simulation study, gaussian-
distributed random errors and increasing systematic bi-
ases were added to the baseline serum creatinine mea-
surements of 491 patients in the MDRD Study validation
subset who had serum creatinine measurements between
88.4 and 132 �mol/L (1.00 and 1.50 mg/dL). The increase
in root mean square error in the estimated GFR, compared
with an iothalamate-measured GFR, was calculated for
each increment in added bias and imprecision.

The upper bounds for combinations of systematic bias
and imprecision in a serum creatinine measurement that
would increase the root mean square error in estimating
GFR by no more than 10% [an arbitrary modest increase
consistent with previous recommendations for the impact
of measurement error on clinical utility of laboratory
results (32 )] are shown in Fig. 3. The serum creatinine
measurements obtained in the MDRD Study were as-
sumed to have zero bias; thus, the bias increments should
be interpreted as a difference from a zero bias condition.
The SD increments were added to the underlying SD in
the MDRD Study [2.65 �mol/L (0.03 mg/dL) for creati-
nine in the 88.4–133 �mol/L (1.00–1.50 mg/dL) range].
The line in Fig. 3 represents combinations of added bias
and SD at which the root mean square error was �12.22
mL � min�1 � (1.73 m2)�1 (a 10% increase). Under the con-
ditions of the simulation analysis, the method perfor-
mance parameters in Fig. 3 should generalize to other
settings. A more detailed description of the simulation
analysis can be found in the online Data Supplement that
accompanies this report at http://www.clinchem.org/
content/vol52/issue1/.

The required laboratory measurement performance for
serum creatinine can also be estimated based solely on the
underlying biological variability (33 ). Any approach must
consider both imprecision and bias in making an estimate
of analytical performance required to meet a clinical
interpretation goal. A desirable imprecision goal has been
proposed as one-half the intraindividual biological vari-
ability because this will not increase the total error more
than 12% (32 ). A more recent recommendation for ana-
lytical performance goals based on intra- and interindi-
vidual biological variability has included both impreci-
sion and bias and has empirically proposed tiered
recommendations in categories consistent with minimum,
desirable, and optimal method performance to support
clinical interpretation of a result (33 ). The desirable im-

precision is consistent with the previous maximum 12%
increase in total error, and the other categories for impre-
cision and bias are arbitrary extensions to allow categori-
zation of method performance to identify those that may
need improvement. The analytical goals for serum creat-
inine measurement using this approach are summarized
in Table 1. The minimum total error goal is estimated at
11.4% and the desirable total error goal at 7.6%.

Clinical Laboratory–Based Analytical Systems for
Measuring Serum Creatinine to Assess GFR

The methods most widely used to measure serum creat-
inine are alkaline picrate methods, enzymatic or partially
enzymatic assays, and HPLC methods. Isotope-dilution
mass spectrometry (IDMS) high-order reference methods
have been developed for assignment of reference materi-
als but are available in only a few highly specialized
laboratories worldwide.

Because no systematic differences between serum and
plasma measurements have been reported, we consider
serum and plasma results as equivalent (34 ). Serum
creatinine has been found to remain stable during long-
term storage and after repeated thawing and refreezing
(35 ) and for up to 24 h in clotted whole blood at room
temperature (36 ).

alkaline picrate methods
The method of Jaffe (37 ) is commonly used to measure
serum creatinine in routine laboratories. The presence of
interfering substances, particularly proteins, in serum can
lead to the overestimation of serum creatinine by as much
as 15%–25% by various Jaffe methodologic applications.
Many endogenous and exogenous interfering substances
contribute to the lack of analytical specificity in the Jaffe
method (38–76). Interferences from glucose (65–67) and
acetoacetate (58 ) are particularly important because dia-
betic persons are a high-risk population to develop CKD.
Several modifications, including optimization of kinetic

Fig. 3. Total error budget for creatinine measurements in the range
88.4–133 �mol/L (1.00–1.50 mg/dL).
The line represents the limit of systematic biases and random imprecisions that
produce a relative increase of �10% in the root mean square error when
estimating GFR using the MDRD Study equation.
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assays, have been made to improve method specificity
and minimize susceptibility to interfering substances
(38, 77–81).

In a study to evaluate the effect of a compensated Jaffe
method on estimated GFR, the MDRD Study equation
overestimated GFR by �50% in individuals with serum
creatinine concentrations �155 �mol/L (1.75 mg/dL)
(82 ). In another study, serum creatinine was measured by
a new modified kinetic Jaffe reaction and a modified
version of the established enzymatic creatinine p-amino-
phenazone (PAP) method to determine reference intervals
for serum creatinine (83 ). The enzymatic assay was stan-
dardized against the IDMS method, and the calibrator set
point for the Jaffe method was established by measuring
several hundred serum pools by gas chromatography
(GC)-IDMS and the Jaffe method. Results indicated that to
get agreement with the enzymatic method, an offset of 21
�mol/L (0.234 mg/dL) was necessary to further correct
the modified Jaffe method for noncreatinine Jaffe-reaction
compounds. Thus, even if the imprecision is low and the
assay is standardized to an IDMS reference measurement
procedure, if analytical nonspecificity bias remains, then
errors in estimated GFR for individual patients will occur.

enzymatic methods
Inorganic chemical–based methods (84, 85) that have
been developed as alternatives to the alkaline picrate
methods have not been widely implemented clinically
because they have not demonstrated improved perfor-
mance compared with the various adaptations of the Jaffe
method. The only alternative methods that have been
widely adopted for routine clinical laboratory use are
enzymatic creatinine methods (86–89). Although the en-
zymatic methods have been reported to have generally
fewer interferences than the Jaffe methods, there have
been reports of various substances that do interfere (90–
98).

hplc procedures
Early reports suggested that HPLC was a fairly sensitive
and analytically specific method for measuring serum
creatinine (99, 100). More than 50 methods for the analysis of
creatinine have been described, including cation-exchange,
normal-phase, reversed-phase, and reversed-phase ion-pair
chromatography (101). Sample deproteinization improves

the specificity of creatinine measurement by HPLC by
removing many protein-bound endogenous and exogenous
compounds without altering the quantification of creatinine
(101–111). Several authors have described direct column
injection techniques without the deproteinization step
(99, 112, 113).

Interference studies have demonstrated that HPLC
methods have greater analytical specificity than conven-
tional methods (101, 103, 106, 107, 109–111, 114–117).
Sample deproteinization combined with the selectivity of
HPLC mobile-phase conditions make it unlikely that
many substances will interfere; thus, HPLC appears to
provide an excellent designated comparison method for
in-house use by manufacturers.

ms-based procedures
GC-IDMS is considered the method of choice for estab-
lishing the true concentration of creatinine in serum
because of its excellent specificity and relative SD �0.3%
(118–120). In this procedure, creatinine must be derivat-
ized before GC analysis because of its polarity. In addi-
tion, a cation-exchange clean-up step before GC analysis
is also necessary because creatine (a compound similar to
creatinine) is derivatized into the same chemical species
as creatinine. More recently, a method coupling HPLC
with IDMS for the direct quantification of creatinine was
reported (121). This procedure offers simplicity and speed
of analysis with the potential for much quicker turn-
around of highly accurate serum creatinine results be-
cause only a simple protein precipitation without deriva-
tization is required. A blind international interlaboratory
comparison study demonstrated that the liquid chroma-
tography (LC)-IDMS method is comparable to the GC-
IDMS method, with an observed bias �0.2% and an
expanded uncertainty �0.3% (k � 2) (121).

Performance of Current Routine Methods for
Creatinine Measurement

Several proficiency testing (PT) providers offer external
quality assessment schemes (EQAS) for assessing accu-
racy of serum creatinine measurements. Unfortunately,
the materials typically used for most interlaboratory PT
programs do not give the same numeric relationship
between 2 methods as that observed for native clinical
samples (i.e., noncommutable) for the majority of routine

Table 1. Analytical performance goals for creatinine measurements based on biological variability.
CVia CVgb CVa goalc Bias goal TE goald

4.3% 12.9% Minimum (0.75 CVi), 3.2% Minimum �0.375 (CVi2 � CVg2)1/2	, 5.1% Minimum acceptable performance, 11.4%
Desirable (0.50 CVi), 2.2% Desirable �0.25 (CVi2 � CVg2)1/2	, 3.4% Desirable performance, 7.6%
Optimum (0.25 CVi), 1.1% Optimum �0.125 (CVi2 � CVg2)1/2	, 1.7% Optimum performance, 3.8%

a CVi, mean intraindividual biological variation (136).
b CVg, mean interindividual biological variation (136).
c CVa, analytical imprecision. When the minimum acceptable imprecision goal is achieved, the contribution of analytical variability to total variability is at most 25%.

When the desirable imprecision goal is achieved, the contribution of analytical variability to total variability is �12%. When the optimum imprecision goal is achieved,
the contribution of analytical variability to total variability is a maximum of 3% (33).

d TE, total error. Goal was calculated as: bias goal � (1.96 � CVa goal).
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methods, including creatinine, used by clinical laborato-
ries (122–125). A recent study by the College of American
Pathologists (CAP) found that conventional PT specimens
were not commutable with a fresh-frozen serum specimen
for 69% of creatinine methods (126). This limitation
prevents use of PT results from conventional specimens to
evaluate accuracy for an individual laboratory or trueness
for a method peer group compared with a reference
measurement procedure such as GC-IDMS.

PT and EQAS programs that used carefully collected
frozen off-the-clot serum pools, presumably commutable
with native clinical sera, and used GC-IDMS as the
reference measurement procedure have reported results
for evaluation of creatinine (122, 125–128). Collectively,
these observations from PT/EQAS programs suggest that
a large number of routine methods for serum creatinine
are biased high [range, �5.3 to 27 �mol/L (�0.06 to 0.31
mg/dL) at a concentration of �80 �mol/L (0.90 mg/dL)]
and that a standardization program traceable to a high-
order reference measurement procedure would allow
manufacturers to achieve substantially improved trueness
in creatinine results with routine methods.

PT data from a method peer group also provide useful
information on the interlaboratory SD, representing total
imprecision and including contributions from calibration
uniformity within a method group and from within-
laboratory imprecision, for measuring the dispersion of
routine method results, which affects the total error for
creatinine measurement. The 2 largest studies that used a
commutable serum sample reported similar method
group SDs [0.088–12 �mol/L (0.001–0.131 mg/dL) with a
median SD of 5.1 �mol/L (0.058 mg/dL) (126) and �2.6
to 11 �mol/L (0.03–0.12 mg/dL) (128)] and median CVs
[6.4% at a creatinine concentration of 80 �mol/L (0.90
mg/dL) (126) and �5% at a creatinine concentration of 74
�mol/L (0.84 mg/dL) (128)]. Shown in Fig. 4 are the bias
and interlaboratory SD for 50 method peer groups from
the CAP study (126) superimposed on the total error

budget obtained from the simulation study and shown in
Fig. 3. Correction of bias would achieve method perfor-
mance within the limits consistent with a maximum
contribution of 10% to the error of estimated GFR for 41 of
50 peer groups.

Within-laboratory imprecision can be determined from
internal daily quality-control data. On the basis of data
submitted to an interlaboratory quality-control monitor-
ing program (G Cooper, Bio-Rad Laboratories Inc, Quality
Systems Division, Irvine, CA., personal communication),
intralaboratory CVs correspond to SDs ranging from 1.8
to 7.5 �mol/L (0.02 to 0.085 mg/dL) at the critical
creatinine concentration of 88.4 �mol/L (1.00 mg/dL).
These data suggest that intra- and interlaboratory error
are of similar magnitude and must be controlled to allow
method performance within the desired total error goals.

Resources for Standardization of Serum
Creatinine Measurement

To universally implement GFR estimations based on
serum creatinine measurements, a unified effort to stan-
dardize routine serum creatinine measurements is re-
quired. Establishing measurement traceability is an im-
portant tool to achieve the needed comparability in serum
creatinine measurement results regardless of the method
used and/or the laboratory where the analyses are per-
formed. This effort must involve international coopera-
tion among the in vitro diagnostic (IVD) manufacturers,
clinical laboratories, professional organizations, govern-
ment agencies, and EQAS/PT providers.

Achieving traceability of clinical laboratory serum cre-
atinine measurements through IVD manufacturers would
be considerably more efficient than doing so through each
of the tens of thousands of clinical laboratories interna-
tionally that perform serum creatinine measurements
[e.g., in the United States, 97% of participants in the 2003
CAP survey used instruments from 5 manufacturers
(126)]. To achieve improved accuracy of creatinine results
requires that the values assigned by manufacturers to
calibrators and control materials are traceable to high-
order reference measurement procedures and reference
materials. The International Organization for Standard-
ization (ISO) has developed a written standard that de-
tails a pathway for establishing traceability of clinical
laboratory measurement results (129).

The only exception to this intervention at the level of
the IVD manufacturer is for laboratories that elect to use
a nonhomogeneous system, in which a reagent from one
manufacturer is used with an instrument or a calibrator
from another manufacturer. In these situations, the labo-
ratory must assume primary responsibility and be able to
document the accuracy of the reported serum creatinine
values.

To address the global need for standardization and
traceability of clinical laboratory measurements, the Joint
Committee on Traceability in Laboratory Medicine
(JCTLM) was created. The JCTLM recently completed the

Fig. 4. Performance of routine methods compared with the total error
limit for serum creatinine.
The data points represent the bias vs a GC-IDMS reference measurement
procedure and the interlaboratory SD for 50 routine method peer groups for
assay of a fresh-frozen serum pool with creatinine 80 �mol/L (0.90 mg/dL) in
the 2003 CAP survey (126) superimposed on the total error budget for creatinine
measurements from Fig. 3.
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task of critically reviewing reference materials and refer-
ence measurement procedures that were submitted for
consideration using criteria set forth in ISO Standards
15194 (130) and 15193 (131), which define the character-
istics of higher order reference materials and reference
measurement procedures, respectively. A first list of ap-
proved reference materials and reference measurement
procedures is now available through the Bureau Interna-
tional des Poids et Mesures website (http://www.
bipm.org/en/committees/jc/jctlm). These materials and
procedures are tools that the IVD industry can use to
demonstrate an unbroken chain of traceability back to the
SI unit.

reference materials
The NIST Standard Reference Material (SRM) 914a, crys-
talline creatinine, is intended for use in calibration of
reference measurement procedures. Calibrator solutions
of SRM 914a, prepared by dissolving crystalline creatinine
in aqueous buffer, are intended primarily for use in
high-order reference measurement procedures (e.g., GC-
IDMS and LC-IDMS) and are not generally suitable for
direct assay by routine clinical analyzers.

NIST (SRM 909b-1 and -2) and the Institute for Refer-
ence Materials and Measurements (IRMM; BCR 573, 574,
and 575) offer multilevel lyophilized human serum–
based certified reference materials with GC-IDMS–
assigned values. These materials are intended as trueness
control products for high-order reference measurement
procedures. Although these are human serum–based ma-
terials, the matrix has been altered by converting plasma
to serum and by lyophilization, potentially altering the
recovery of creatinine in these fluids by routine methods.
Because the commutability of these materials with native
clinical sera has not been established for routine methods,
caution should be exercised when using them as reference
materials for calibration purposes or as trueness controls.
Reference material that is noncommutable with native
clinical serum samples can cause significant error in
method calibration.

commutable reference materials
The NKDEP, CAP, and NIST have collaborated to prepare
a human serum-creatinine reference material with accept-
able commutability with native clinical specimens in
routine methods. This material is a fresh-frozen human
serum pool prepared according to Clinical and Labora-
tory Standards Institute (CLSI) guideline C-37A (132).
Two concentrations, �71 and 354 �mol/L (0.8 and 4.0
mg/dL), have been prepared by supplementation with
crystalline creatinine to achieve a material with increased
concentration. These materials will be value-assigned by
NIST with the GC-IDMS and LC-IDMS reference mea-
surement procedures. The materials will be designated
NIST SRM 967, are expected to be commutable with
native human sera, and will be validated for commutabil-
ity with a variety of routine methods. NIST plans to

submit this new reference material to JCTLM for inclusion
in the approved list.

commutable pt/eqa materials
EQAS and PT providers should make available commut-
able materials for regularly recurring assessment of serum
creatinine measurement performance in routine clinical
laboratories. CAP, in collaboration with NKDEP and
NIST, has introduced a Calibration Verification/Linearity
Survey (LN-24) for serum creatinine [see page 87 in
the 2005 Surveys and Educational Anatomic Pathology
Programs catalog (http://www.cap.org/apps/docs/
proficiency_testing/Surveys_catalog_05.pdf)]. This new
proficiency testing survey was initiated in 2004 and
covers the range needed to detect early stages of CKD,
44–354 �mol/L (0.50–4.00 mg/dL). Target values are
assigned by NIST, using IDMS. This external PT program
uses frozen off-the-clot human serum pools prepared
according to CLSI C-37A (132). NIST, in collaboration
with CAP and NKDEP, will evaluate the commutability of
LN-24. EQA and PT surveys will provide IVD manufac-
turers and individual clinical laboratories an excellent
way to validate the traceability of their clinical measure-
ment procedures.

reference measurement procedures
Three GC-IDMS methods, nominated by the University of
Ghent (Belgium), the German Society of Clinical Chemis-
try and Laboratory Medicine (DGKC), and NIST, have
been approved by the JCTLM as reference measurement
procedures for serum creatinine (118–120). All 3 of these
methods require a separation step to remove creatine,
which gives the same derivatization product as creatinine,
before derivatization of the creatinine or the GC step and
are therefore very time-consuming procedures with lim-
ited sample throughput. An alternative approach to stan-
dardizing results and establishing traceability to a refer-
ence measurement procedure, particularly when the
commutability of reference materials is not known, is for
IVD manufacturers to split samples with a laboratory
performing a reference measurement procedure. An LC-
IDMS method has been developed for serum creatinine
and nominated in the JCTLM cycle II for consideration as
a reference measurement procedure (121). LC-IDMS
methods have much simpler and faster sample prepara-
tion than do GC-IDMS methods and would be much more
amenable to split-sample comparisons on a more timely
basis.

Implementation of Estimated GFR Calculated from Serum
Creatinine by Use of the Current MDRD Study Equation

The NKDEP recommends immediate implementation of
GFR estimation with the MDRD Study equation, before
creatinine standardization is implemented. A routine
method in a central laboratory was used to develop and
validate the MDRD Study equation, but not unexpectedly
this method had a small positive bias compared with the
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GC-IDMS reference measurement procedure. The differ-
ence between the calibration bias for this method and that
of most current routine methods is relatively small. Con-
sequently, the impact of bias on the uncertainty in esti-
mated GFR, although not meeting the desirable goals, is
still thought to provide substantial clinical benefit in
identifying patients with early stages of CKD.

In implementing estimated GFR calculated with the
MDRD Study equation, laboratories must address several
issues. The equation is applicable to adults 18 years and
older. The impact of creatinine measurement error in-
creases dramatically at higher GFRs (lower creatinine);
therefore, for an estimated GFR �60 mL � min�1 � (1.73
m2)�1, reporting of numeric values is not recommended.
Reporting of two values for estimated GFR is recom-
mended: one if the patient is African-American and a
second if the patient is not African-American, because the
equation does not address mixed ethnicity. The computer
implementation must not compute a value if there is any
missing information. Finally, the implementation must
correct the estimated GFR if there is a correction made to
the serum creatinine, to the birth date (age), or to the sex.

When creatinine method standardization and trace-
ability to IDMS are introduced, a clear understanding of
the clinical impact is necessary. A systematic program to
inform laboratories of the clinical ramifications of a
change in calibration of serum creatinine needs to be
developed in collaboration with method manufacturers.
Because most current routine serum creatinine measure-
ment procedures have a small positive bias, recalibration
will decrease the numeric value of the serum creatinine
concentration. Because the creatinine method used to
develop and validate the MDRD Study equation was not
traceable to IDMS, the appropriate changes in the MDRD
equation coefficients must be coordinated with the change
in creatinine calibration traceability. An improved GFR-
estimating equation based on serum creatinine values
traceable to IDMS reference measurement procedures will
be presented in the fall of 2005 (133).

When introducing revised serum creatinine calibration
to be traceable to IDMS, laboratories will need to commu-
nicate the following to healthcare providers: the serum
creatinine reference interval will change to lower values,
calculations of estimated GFR used by pharmacies or
other groups to adjust drug dosages will be affected by
the decreased creatinine values, measured and calculated
creatinine clearance values will increase, and the corre-
sponding reference interval will be different. Note that
estimated GFR obtained with the MDRD Study equation
is more accurate than creatinine clearance (3 ), and use of
creatinine clearance should be discouraged in patients
with normal body size. The magnitude and impact of this
calibration change must be carefully established for each
creatinine routine method so that after standardization, if
an adjustment in decision-making criteria is required, a
quantitative link with the current criteria will be available.

Recommendations from Australia (134) and the United
Kingdom (135) have recently been published.

Limitations of the MDRD Study Equation
There are limitations to use of the MDRD Study equation:

• The performance of the MDRD Study equation in
healthy individuals or in patients with CKD and a GFR
�90 mL � min�1 � (1.73 m2)�1 is unclear.

• The MDRD Study equation has not been tested in
children, the elderly �75 years, pregnant women, pa-
tients with serious comorbid conditions, or persons
with extremes of body size, muscle mass, or nutritional
status. Application to these patient groups may lead to
errors in GFR estimation.

• Variability in serum creatinine measurement renders all
estimating equations for GFR, including the MDRD
Study equation, substantially less accurate in the refer-
ence (normal) and slightly increased range of serum
creatinine concentrations [�133 �mol/L (1.50 mg/dL)],
which is the relevant range for detecting CKD [GFR �60
mL � min�1 � (1.73 m2)�1] in adults.

• The majority of routine methods meet the required
precision performance; however, current bias perfor-
mance of routine methods for serum creatinine is sub-
optimal for meeting the total error goal for estimating
GFR using the MDRD Study equation.

• Analytical nonspecificity biases found in individual
patient samples can significantly affect the accuracy of
GFR estimates computed from serum creatinine.

• Standardization of calibration does not correct for ana-
lytical interferences (nonspecificity bias). Nonspecificity
issues must be addressed by IVD manufacturers.

• Implementing traceability of serum creatinine assays to
GC- or LC-IDMS will lead to changes in the clinical
decision-making criteria currently used for serum cre-
atinine and creatinine clearance and will compromise
any clinical decisions based on the estimated GFR
unless the estimated GFR is calculated by use of the
new MDRD equation based on creatinine values trace-
able to an IDMS reference method (to be presented in
the fall of 2005).

• Adjustment of routine method calibration to be trace-
able to GC- or LC-IDMS will impact clinical interpreta-
tion of creatinine results and will require the following:
communication of reference interval changes; commu-
nication to pharmacies of the change in creatinine
values that will impact drug dose adjustment; commu-
nication of change in creatinine clearance values and the
corresponding reference intervals; and adjustment of
coefficients in the equation used to calculate estimated
GFR.

Recommendations of the NKDEP Laboratory Working Group
For both IVD Manufacturers and clinical laboratories, the
NKDEP Laboratory Working Group is making the follow-
ing recommendations:
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• Implement estimated GFR now, using the MDRD Study
equation for routine methods that have not been reca-
librated to be traceable to IDMS until a revised MDRD
Study equation and routine methods traceable to IDMS
are ready for use.

• IVD manufacturers should recalibrate serum creatinine
methods to be traceable to IDMS and should coordinate
the introduction of recalibrated serum creatinine meth-
ods with the introduction of a revised GFR-estimating
equation appropriate for use with zero-biased routine
methods. If coordination cannot be accommodated, IVD
manufacturers should collaborate with the NKDEP and
other professional organizations to communicate to
customers the clinical issues associated with recalibrat-
ing serum creatinine (see the fourth recommendation
for NKDEP in collaboration with other professional
organizations).

• Report estimated GFR values above 60
mL � min�1 � (1.73 m2)�1 as “�60 mL � min�1 � (1.73
m2)�1” and not as an exact number. For values �60
mL � min�1 � (1.73 m2)�1, the report should give the
numeric estimate rounded to the nearest whole number,
such as “35 mL � min�1 � (1.73 m2)�1”.

• Report serum creatinine values as mg/dL to 2 decimal
places (e.g., 0.92 mg/dL instead of 0.9 mg/dL). Serum
creatinine values reported as �mol/L should be re-
ported as the nearest whole number (e.g., 109 �mol/L
instead of 109.3 �mol/L).

• After recalibration to IDMS, a realistic total error goal
for creatinine measurement is a maximum 10% increase
in the relative error of the estimated GFR. Routine
methods could achieve this total error goal if analytical
imprecision (including between-laboratory calibration
variability) is �8% and analytical bias (compared with
an IDMS reference measurement procedure) is �5% at
all serum creatinine concentrations �88.4 �mol/L (1.00
mg/dL).

for ivd manufacturers and laboratory
information system vendors

• IVD manufacturers should ensure optimal perfor-
mance at 88.4 �mol/L (1.00 mg/dL) for existing and
new methods, and ensure that comparable trueness
and imprecision extend throughout the analytical
measurement range.

• IVD manufacturers need to improve imprecision at
creatinine concentrations �88.4 �mol/L (1.00 mg/
dL) to allow extension of estimated GFR to values
�60 mL � min�1 � (1.73 m2)�1 and to reduce the un-
certainty in estimated GFR for pediatric populations.

• IVD manufacturers must address analytical non-
specificity bias in current routine serum creatinine
methods.

• Software provided by laboratory information system
vendors and IVD manufacturers should change the
equation used to estimate GFR to use the MDRD

Study equation. Software should be updated to use
the revised GFR-estimating equation when it is avail-
able and in coordination with standardization of
routine method traceability to IDMS.

for nkdep in collaboration with other
professional organizations

• Determine the differences in clinical decision criteria
that may result from establishing traceability of
serum creatinine methods to IDMS.

• Develop a replacement for the MDRD Study equa-
tion to estimate GFR using serum creatinine mea-
surements that are traceable to IDMS, taking care to
ensure that any modification is quantitatively linked
to decision outcomes made with the current MDRD
Study equation.

• Work with IVD manufacturers and clinical laborato-
ries to coordinate introduction of method traceability
to IDMS with introduction of a revised GFR-estimat-
ing equation.

• Develop guidelines to help manufacturers commu-
nicate to clinical laboratories the best approach to
coordinate the introduction of serum creatinine
traceability to IDMS with the simultaneous introduc-
tion of a new GFR-estimating equation and the
resulting changes in clinical interpretation of serum
creatinine. The following will need to be addressed:
change in the serum creatinine reference intervals;
changes in creatinine clearance values and reference
intervals; communication to pharmacies of the
change in creatinine values that will impact drug
dose adjustment; adjustment of coefficients in the
equation used to calculate the estimated GFR.

• Coordinate introduction of traceability of serum cre-
atinine to IDMS with PT/EQAS providers to ensure
that appropriate participant grading adjustments are
made during the transition between calibration
schemes.

• Establish a small group of reference laboratories, in
the United States and other countries, that can per-
form high-throughput reference measurement pro-
cedures for serum creatinine and provide �1 month
turnaround time at reasonable cost such that IVD
manufacturers, PT providers, and other interested
parties can obtain creatinine results that are accurate
and traceable to a high-order reference method. The
IFCC has convened a Working Group on GFR that
will establish a reference laboratory network for
serum creatinine.

• If, in the future, an alternative filtration marker
replaces serum creatinine or is used in addition to
serum creatinine to estimate GFR, a similar program
for assay standardization should be developed. A
working group on the standardization of cystatin C
is already active in IFCC.

• Professional organizations should implement pro-
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grams to educate their memberships regarding the
need for reliable serum creatinine measurements and
the proper use of the MDRD Study equation to assess
CKD risk. The IFCC Working Group on GFR, in
collaboration with NKDEP, will coordinate the
global introduction of standardized creatinine to-
gether with new GFR-estimating equations as well as
education of laboratory professionals regarding the
importance of assessing CKD risk.

for national metrology institutes, reference
laboratories, and organizational members of
jctlm

• Provide tools to assist IVD manufacturers to reduce
analytical bias because many automated routine
methods can meet or exceed the imprecision goal
(less than �8%) necessary to meet the maximum 10%
impact on estimated GFR.

• Develop readily available reference materials for
serum creatinine with demonstrated commutability
to individual patient sera with a wide variety of
routine methods and submit them to JCTLM for
review and acceptance. NIST SRM 967 [two concen-
trations, �71 �mol/L (0.80 mg/dL) and 354 �mol/L
(4.00 mg/dL)] is expected to fulfill this need when
available.

• Make available a high-order reference measurement
procedure (e.g., LC-IDMS) with high throughput
and validated to have little or no bias relative to
GC-IDMS. Such a high-order, high-throughput ref-
erence measurement procedure can assist IVD man-
ufacturers in validating the trueness of their methods
and can assist in validating commutability of refer-
ence materials. Additional reference laboratories will
be needed to meet the anticipated demand for ana-
lytical services to establish and validate traceability
to the reference method.

for pt and eqas providers

• Introduce a regularly recurring program that uses
commutable serum materials with target values
traceable to IDMS reference measurement proce-
dures, so that IVD manufacturers can, on an ongoing
basis, use routine method results to assess the per-
formance of clinical laboratories and the success of
their accuracy transfer processes.
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J Clin Lab Anals 2001;15:116–21.

76. Dick JB, Bartlett WA, Ibrahim U, Coleiro JA. Interference of
fluorescein with creatinine assays. Ann Clin Biochem 1991;28:
311–3.

77. Hare RS. Endogenous creatinine in serum and urine. Proc Soc
Exp Biol Med 1950;74:148–51.

78. Fabiny DL, Ertingshausen G. Automated reaction-rate Method for
determination of serum creatinine with the Centrifichem. Clin
Chem 1971;17:696–700.

79. Swain RR, Briggs SL. Positive interference with the Jaffé reaction
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