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GFR is the best indicator of renal function in children and adolescents and is critical for diagnosing acute and chronic kidney
impairment, intervening early to prevent end-stage renal failure, prescribing nephrotoxic drugs and drugs cleared by a failing
kidney, and monitoring for side effects of medications. Renal inulin clearance was the gold standard for GFR but is
compromised by lack of availability, difficult assays, and problems of collecting timed urine samples, especially in children
with vesicoureteral reflux or bladder dysfunction. Creatinine clearance-based estimates of GFR are often used in pediatrics.
The addition of cimetidine to eliminate creatinine secretion permits accurate measurement of GFR in those who can
completely empty their bladders to provide timed urine collections. Radioisotopes are used in plasma disappearance GFR
determinations; however, these are not ideal for use in children, especially for repeated studies. The plasma disappearance of
iohexol serves as a promising alternative GFR marker, because it is safe and not radioactive, easily measured, not metabolized
or transported by the kidney, and excreted primarily by glomerular filtration. GFR estimating equations, based on serum
concentrations of creatinine or cystatin C, are popular clinically and in research studies. Efforts are ongoing to improve these
estimating equations for children and make the results readily available to clinicians obtaining standard chemistry profiles,
as is being done for adults. However, at this time, there is no dependable substitute for an accurately determined GFR, and
iohexol plasma disappearance offers the best combination of safety, accuracy, and reproducible precision.
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I n children and adolescents with early chronic kidney dis-
ease (CKD) and a well-maintained fluid and electrolyte
balance, the urinalysis may be entirely normal. Therefore,

a reduced GFR may serve as the only clinical sign of kidney
damage in these individuals. Having an accurate means of
determining GFR is critical for determining optimal doses of
fluids and medications, monitoring for nephrotoxicity caused
by antibiotics and chemotherapeutic agents, and assessing pro-
gression of renal disease. Early intervention in the course of
renal impairment offers the best chance of preventing ESRD in
children, adolescents, and young adults.

Determination of GFR
The level of GFR is the product of the single-nephron GFR

multiplied by the number of functioning nephrons in both
kidneys. In the case of CKD, GFR can be decreased because of
a reduction in filtration rate of each nephron and/or a drop in
nephron number. Factors leading to decreased renal perfusion
may cause a drop in the single nephron GFR. The total GFR
serves as the most reliable marker of functioning renal mass.

The most common method of measuring GFR is based on the

concept of clearance. The renal clearance of substance x (Cx) is
calculated as:

Cx � UxV/Px

where V is the urine flow rate (ml/min), Ux is urine concen-
tration of substance x, and Px is the plasma concentration of
substance x. Cx is expressed in milliliters per minute. If the
substance is freely permeable across the glomerular capillary
and is not synthesized, transported, or metabolized by the
kidney, Cx is equal to GFR.

To compare GFR measurements among infants, children, and
adults of different sizes, it is necessary to scale for a standard of
reference. Although kidney weight would be the most direct,
such data are not available. However, kidney weight does bear
a rather constant relation to body surface area (BSA) in humans
and in a variety of animal species (1). In addition, the measure-
ment of BSA has a small coefficient of variation, and scaling
GFR to BSA shows that infants reach adult GFR values by 6 to
24 mo of age (2–5). Because absolute GFR is strongly correlated
with BSA (1) and the regression coefficient for BSA was not
significantly different from 1, adjusting GFR for BSA essentially
removes the variability of GFR that is caused by the variation in
pediatric body size (6). BSA in children and adolescents can be
determined from the formula of Haycock et al. (7):

BSA(m2) � 0.024265 � Weight0.5378 � Height0.3964,
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where weight is measured in kilograms and height in centime-
ters. GFR is scaled to a BSA of 1.73 m2 with unit of measure-
ment milliliters per minute per 1.73 m2.

The renal clearance of a substance is essentially equal to the
plasma clearance of that substance provided that its nonrenal
clearance is negligible. When this is the case, GFR can be
calculated using a single-injection clearance technique by mon-
itoring the substance’s rate of disappearance from the plasma
after the injection (8). Some examples of agents used in single
injection plasma disappearance curves to measure GFR include
radioisotopes such as 96mTc-DTPA (diethylene triamine penta-
acetic acid), 51Cr-EDTA (ethylene diamine tetraacetic acid), and
125I-iothalamate, as well as nonradioactive iothalamate, inulin,
and iohexol.

Inulin Clearance and Measurement of GFR
in Children

The renal clearance of inulin remains the gold standard for
the evaluation of GFR in children and adults. Inulin is not
protein bound and is freely filtered by the glomerulus. It is not
secreted, metabolized, or reabsorbed by the renal tubules, mak-
ing this exogenous substance an ideal GFR marker (1). Table 1
shows normal values of GFR determined by inulin clearance in
infants, children, adolescents, and young adults.

Classic (standard) inulin clearance requires an intravenous
priming dose of inulin followed by a constant infusion to
establish a steady-state inulin plasma concentration. The pro-
cess requires the maintenance of a steady-state concentration
for about 45 min, followed by serial urine samples collection
every 10 to 20 min (10). Urine can be collected with a urinary
catheter or voluntarily. In children who have not yet mastered
toilet training or have conditions such as neurogenic bladder,
dysfunctional voiding, or vesicoureteral reflux (11), the collec-
tion of timed urine specimens will not be accurate (G. J.
Schwartz, unpublished observations). Winterborn et al. (12)
found that in children with vesicoureteral reflux, there is a
significant reduction in the correlation of inulin clearance with

single injection 51Cr-EDTA plasma disappearance compared
with individuals without vesico-ureteral reflux disease.

Inulin clearance can also be determined by a constant infu-
sion technique measuring plasma clearance, without collecting
urine (13). After the inulin reaches equilibrium in its distribu-
tion space, the excretion rate equals the infusion rate and the
clearance of inulin can be calculated:

CIn � IIn � R/SIn

where IIn is the infusion concentration of inulin, R is the infu-
sion rate (ml/min), SIn is the serum concentration of inulin, and
CIn is the clearance of inulin in milliliters per minute per 1.73
m2. There is a great deal of technical difficulty associated with
this method, primarily because it is difficult to obtain constant
inulin plasma or serum concentrations during intravenous in-
fusion (14). In addition, inulin has a high molecular weight, and
this takes time to fully equilibrate. If the steady state is not
reached, unequilibrated samples will show lower concentra-
tions, and this would lead to an apparent overestimation of
GFR (14).

In an effort to simplify GFR determination using inulin
plasma clearance, it would be important to optimize the blood
sampling, particularly in children. Swinkels et al. (15) aimed to
optimize the method for calculating GFR in children through
the use of serum inulin clearance by using the least number of
possible blood samples. The study analyzed 117 serum inulin
time-decay curves in 59 children with renal disease. The two-
compartment exponential inulin plasma disappearance model
was compared with the one-compartment model. According to
the two-compartment model, the initial rapid fall in plasma
inulin is caused by the distribution of inulin from the intravas-
cular to the interstitial fluid, and the more gradual fall occur-
ring later is mainly caused by the renal excretion of inulin. The
optimum number of sampling points needed was found to be
seven (at times 0, 10, 20, 30, 65, 120, and 240 min) to maintain
a good fit to the plasma disappearance curve using the two-
compartment model (15). That is, four points were needed to
describe the distribution phase and two points to describe the
renal elimination phase; a blank is routinely obtained at time
zero. In general, the distribution phase did not contribute sig-
nificantly to the elimination phase more than 65 to 90 min after
injection (15). We recently confirmed these findings for the
plasma disappearance of iohexol (16), but we concluded that
only five sampling points were needed (at times 0, 10, 30, 120,
and 300 min), such that two points each were used to describe
the distribution and renal excretion curves without any signif-
icant loss of accuracy.

Whereas plasma disappearance of most GFR markers is bet-
ter modeled with three to four exponential functions (17–19),
particularly with sampling times beyond 4 h, two compart-
ments simplify the analysis, reduce the number of blood sam-
plings, and provide reasonable accuracy (8,20,21). For iohexol
and 51Cr-EDTA, two-compartment plasma disappearance
models seem to correlate well with renal clearance data (22,23).
The one-compartment model examines only renal excretion. As
expected, the GFR found by Swinkels et al. using the one-

Table 1. Glomerular filtration rate in normal children
and young adults without renal disease determined by
inulin clearance

Age (yr)
GFR

(ml/min/1.73 m2)
(mean � SD)

3–4 111.2 � 18.5
5–6 114.1 � 18.6
7–8 111.3 � 18.3
9–10 110.0 � 21.6

11–12 116.4 � 18.9
13–15 117.2 � 16.1
2.7–11.6 127.1 � 13.5

9–12 116.6 � 18.1
16.2–34 112 � 13

Data compiled from references 2 and 9.
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compartment model was higher than that obtained using the
two-compartment model, reflecting the smaller area under the
curve obtained using only the single compartment curve.

Brochner-Mortensen (17) published a similar result with
51Cr-EDTA plasma disappearance. By curve fitting, he showed
that the one-compartment clearance exceeded the three to four
exponential plasma clearance, and the relative difference in-
creased with increasing clearance values. His correction for
plasma clearance in adults based on the renal excretion curve
was:

Plasma clearance � GFR � 0.990778 C1 � 0.001218 C1
2,

where C1 is the one-compartment model clearance or renal
excretion curve.

Chantler et al. (24) compared the monoexponential plasma
disappearance of 51Cr-EDTA with the renal clearance of inulin
and found a relatively constant correction factor of 0.93 should
be multiplied by the one-compartment plasma disappearance
to yield an accurate measure of GFR. This factor would reduce
the overestimation of GFR by the one-compartment plasma
disappearance curve but, unlike Brochner-Mortensen (17) and
Brochner-Mortensen et al. (25), they found the correction was
relatively constant through the whole range of GFR. In any
case, because of the delay in equilibration with the extravascu-
lar fluid space, one-compartment plasma disappearance curves
should not be used in patients with significant edema or ascites
(24,26).

Recently, by measuring GFR in children using a two-com-
partment iohexol plasma disappearance curve (16), we found
that the plasma clearance could be well approximated by gen-
erating coefficients according to the method of Brochner-
Mortensen (17):

GFR � 0.9950 C1 � 0.001159 C1
2.

These coefficients are remarkably similar to those generated
by Brochner-Mortensen (see above), thereby validating iohexol
as an excellent marker for determination of GFR.

Whereas the single injection method is much less technically
difficult and time consuming, the continuous infusion method
is generally thought to be more accurate. Van Rossum et al. (20)
compared the plasma clearance of inulin using a single injection
method with the continuous infusion method in 24 pediatric
patients with a median GFR of 42 ml/min per 1.73 m2. The
advantage of the single injection method is that it takes about
4 h compared with a much longer period of time to reach a
complete equilibrium of inulin when using a continuous infu-
sion (27). Using the single injection method (20), inulin was
infused, and blood samples were taken at 0, 10, 30, 90, and 240
min after injection. For the continuous infusion method, inulin
was infused overnight, and three capillary blood samples were
taken the next day. The results of the study showed an inulin
plasma clearance that was on average 9.7 ml/min per 1.73 m2

higher than that determined by the use of a continuous infu-
sion, a statistically significant difference. Moreover, this differ-
ence was found to decrease for individuals with GFR values
less than 50 ml/min per 1.73 m2 and to increase for those with

GFR values greater than 50 ml/min per 1.73 m2. The study did
not compare either plasma method with the renal (urinary)
clearance of inulin, which remains the gold standard for GFR
determination.

Hellerstein et al. (27) showed that the infusion clearance of
inulin (after appropriate time for equilibration) consistently
exceeded the renal inulin clearance by 13.8 ml/min per 1.73 m2.
The reason for this difference was probably that the inulin
infusion rate exceeded the inulin excretion rate, although
plasma inulin levels were constant, suggesting that full equili-
bration of inulin had not yet occurred, even after an overnight
infusion. The issue of the timing of equilibration, plus the
inequality with renal clearances, has prevented infusion clear-
ances from becoming the gold standard measure of GFR. In-
deed, given the lack of availability, the difficulty in measuring
its concentrations, and the slow rate of equilibration, the gen-
eral use of inulin in pediatric nephrology is currently limited.

Iohexol Clearance
The use of iohexol clearance serves as a promising alternative

to inulin for accurate GFR determination. Iohexol is a nonionic
low osmolar contrast agent that is used intravenously at much
higher doses for radiologic procedures even in the presence of
renal disease and is not reabsorbed, metabolized, or secreted by
the kidney (22,28,29). Ioxehol is excreted completely unmetabo-
lized in the urine (22,28,30,31). There is close agreement be-
tween GFR values obtained with iohexol clearance compared
with inulin clearance (14,22,28,32,33). Iohexol may equilibrate
faster than inulin within the various body compartments based
on its smaller size. Iohexol has been found to have an extremely
low toxicity even when used in radiographic doses which are
10 to 50 times higher than those used for GFR determination
(32,34,35). Indeed, no serious adverse events have been noted in
more than 15 yr of experience in Scandinavia (34) or in more
than 900 GFR determinations performed in the NIH-supported
North American Chronic Kidney Disease in Children (CKiD)
cohort study (6).

To test the use of iohexol in advance of recruiting subjects for
the CKiD study, we used an HPLC method to assay sera for
iohexol concentration and performed a pilot study (16) at the
University of Rochester Medical Center and at Johns Hopkins
Hospital. We showed that GFR could be measured accurately
by collecting, in addition to a zero-time blank, nine blood
samples at 10, 20, 30, 60, 120, 180, 240, 300, and 360 min after a
single injection of iohexol. When the concentration of iohexol
was plotted as a function of time, the GFR could be calculated
from the iohexol dose and the area under the curve as a func-
tion of time in a two-compartment model. Furthermore, we
found that the two compartments could be well described from
only four points, at 10, 30, 120, and 300 min, resulting in a high
correlation with the nine point plasma disappearance curve
(r � 0.999). The clearance of iohexol could also be determined
from the slow (renal) curve using the mono-exponential (Brochner-
Mortensen) method (r � 0.986). In the CKiD pilot study, it was
found that the one-compartment clearance overestimated the
GFR compared with the two-compartment model. However,
the coefficients that were generated to correct for this overes-
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timation were very similar to the quadratic equation published
previously by Brochner-Mortensen (17), thus showing the (1)
usefulness and overall applicability of a one-compartment
model of iohexol disappearance, (2) similarity of iohexol
plasma disappearance to that of 51Cr-EDTA, and (3) adequacy
of the two-compartment model to describe iohexol disappear-
ance over a 5-h observation period.

Although single injection clearances lead to an equilibrated
state more quickly than infusion studies, adequate time must be
taken to monitor this disappearance. In children, because of the
lower absolute GFR compared with adults, an accurate plasma
disappearance curve should be based on blood samples taken
over at least 5 h (31,36). In the setting of CKD and severely
reduced GFR, or in premature infants, late sampling should be
performed 8 to 24 h after injection (36,37).

In an effort to use plasma disappearance as an epidemiologic
tool, Niculescu-Duvaz et al. (38) compared fingerprick blood
sampling with standard intravenous blood draws for determin-
ing GFR measurements. Excellent agreement was found be-
tween clearances based on blood spots collected on filter paper
after fingerpricks and those based on serum samples. This
finding suggests that subjects could be injected in a treatment
center and then sent home with a timer, filter paper, and lancets
to obtain the blood samples at home. Longer time sampling
could be used to improve accuracy of the mono-exponential
slope clearance. With iohexol being stable for at least 1 wk at
room temperature (G. J. Schwartz, B. Erway, and T. Kwong,
unpublished observations), the blood spots on filters can be
sent back to the laboratory by mail for analysis without the
need for specialized shipping or handling. We believe this
fingerprick approach will facilitate the use of iohexol-based
GFR measurements in epidemiologic studies and elective out-
patient renal screening tests.

Use of Radioisotopes
Because of the ease of assaying concentrations, radioisotopes

are commonly used for the determination of GFR. The most
frequently used radioisotope in the United States is 99mTc-DTPA.
GFR can be determined by measuring the uptake of 99mTc-DTPA
by each kidney with a scintillation camera or, more accurately,
through the use of a single intravenous injection with subse-
quent monitoring of timed serum samples (39). Although the
plasma clearance of 99mTc-DTPA has been shown to correlate
well with the renal clearance of inulin (40), the accuracy of
99mTc-DTPA has been shown to differ depending on the com-
mercial source used, which may be caused by variabilities in
protein binding (41).

51Cr-EDTA and 125Iothalamate are two other radioisotopes
used to measure GFR. The plasma clearance of 51Cr-EDTA has
been shown to correlate well with the renal clearance of inulin
(40); however, it is not available in the United States. Table 2
shows normal values for 51Cr-EDTA clearance in infants and
children. 125Iothalamate has been used extensively to measure
GFR in children (43–45), both by standard renal clearance and
by constant infusion and plasma disappearance; however, there
are problems with this agent. The use of renal iothalamate
clearances with the collection of urine result in major inaccu-

racies, especially in children, because of the inability to assure
quantitative emptying of the bladder (43,46,47). Indeed, urine
collection adds to the uncertainty of measuring GFR in children
and adults (16,48–51). Our pilot study with iohexol (16) showed
that collection of multiple samples of urine resulted in a median
coefficient of variation of the renal clearance of 24% in the
measurement. More importantly, Odlind et al. (52) studied the
renal clearance of unlabeled iothalamate in six healthy volun-
teers. It was found that the renal clearance of iothalamate
equaled that of creatinine but exceeded that of inulin by 38%
(P � 0.01). When the plasma clearance of 51Cr-EDTA was
compared with iothalamate using the single injection technique
in 19 patients, the average plasma clearance of iothalamate was
13% higher than that of EDTA (P � 0.001). This difference was
reduced by pretreatment of the patients with probenecid. This
study showed that iothalamate is subject to significant tubular
secretion by renal proximal tubular cells, making it an inferior
marker for measuring GFR.

Creatinine-Based Measurement of GFRs
Because of the expense and time needed to use exogenous

markers for the determination of a true GFR, the estimation of
GFR from the renal clearance of creatinine has been used fre-
quently in the pediatric patient population. Creatinine is se-
creted by renal tubular cells and filtered by glomerular capil-
laries. The extrarenal clearance of creatinine in people with
normal kidney function is relatively small. However, in pa-
tients with CKD, as much as two thirds of total daily creatinine
excretion can occur by extrarenal elimination (53). Therefore,
falsely elevated GFR values can be associated with the use of
creatinine clearance, especially in individuals with chronic re-
nal failure (54).

Cimetidine, a histamine receptor antagonist, has been found
to inhibit tubular creatinine secretion in patients with renal
disease, leading to a creatinine clearance value more represen-
tative of the true GFR (46,55). To evaluate the reproducibility of
timed-urine collections for renal clearance studies, Hellerstein
et al. (46) examined 222 cimetidine creatinine clearance studies
done on 32 pediatric patients from 4.8 to 21 yr of age. According
to the protocol, cimetidine was taken twice daily for 2 d before
the study and once in the morning on the day of the study. The

Table 2. Plasma 51Cr-EDTA clearance in normal infants
and children

Age (mo) Mean GFR � SD
(ml/min/1.73 m2)

�1.2 52.0 � 9.0
1.2–3.6 61.7 � 14.3
3.6–7.9 71.7 � 13.9
7.9–12 82.6 � 17.3
12–18 91.5 � 17.8
18–24 94.5 � 18.1
�24 104.4 � 19.9

Data from reference 42.
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total daily dose of cimetidine was 20 mg/kg for individuals
with a previously measured clearance of 75 ml/min per 1.73 m2

or greater, with a maximum daily dose of 1600 mg. A sliding
scale dose reduction was applied to patients with a decreased
GFR. To ensure that residual urine was less than 10 to 15 ml,
bladder scans were done before and after a 2-h urine collection
period. The coefficient of variation of the rate of creatinine
excretion was found to be approximately 10%. Note that the use
of any renal clearance method for the determination of GFR is
problematic in many children because it requires, in addition to
toilet training, complete bladder emptying. Bladder scans are
not routinely available. The use of bladder catheters for per-
forming such clearances is not routinely recommended for
clinical use and is contraindicated for research studies.

Estimation of GFR without Urine Collection
To estimate GFR without collecting urine, we advanced the

concept of height, as a measure of muscle mass, divided by
serum creatinine as being a strong surrogate marker of GFR in
children (56). Taking into account the relationship between
creatinine production and muscle mass, we derived a formula
(56), which has become popularized as the Schwartz formula
and used to estimate GFR: eGFR � k � L/Scr, where eGFR is
estimated GFR in milliliters per minute per 1.73 m2, L is height
in centimeters, Scr is serum creatinine in milligrams per decili-
ter, and k is an empirical constant determined by comparing
the L/Scr ratio against measured GFR (57). The value of k is 0.45
for term infants throughout the first year of life (58), 0.55 for
children and adolescent girls (56), and 0.7 for adolescent boys
(59), using Jaffe creatinine methodology (Table 3). Much of the
success of this approach depended on the precision of the
creatinine assay, which is difficult to maintain at values less
than 1 mg/dl but was very precise when coupled with a
dialysis step and using blanks spaced between samples, as
described for our renal laboratory at Albert Einstein College of
Medicine (57,60,61).

Creatinine values determined by enzymatic creatinine assays
are more specific and thus differ from the Jaffe method in
which serum creatinine is measured by a colorimetric reaction
with alkaline picrate. Especially at low levels of serum creati-
nine, enzymatic creatinine values tend to run lower than those
determined by the Jaffe method (57,62), resulting in overesti-
mation of GFR if used with the same “k” values as described
above. Indeed, in our pilot study, the original Schwartz formula
overestimated iohexol-based GFR by approximately 20%. Up-
dated values for “k” must be determined to estimate GFR with
enzymatic serum creatinine assays measured using isotope di-
lution mass spectrometry–based reference standards (63,64). It
is likely that the revised values for “k” would be 20 to 30%
lower using such an approach (see below).

Whereas the Schwartz formula is the most popular formula
for the estimation of GFR in children, the Modification of Diet
in Renal Disease (MDRD) formula is the most widely used
estimate for adults (65):

eGFR (ml/min/1.73 m2) � 186 � SCr
�1.54 � age�0.203

� 1.21African-American � 0.742female.

However, several studies have shown that this formula is
grossly inaccurate in children (66–68).

The Counahan-Barratt formula (69) has been used in chil-
dren, primarily in Europe.

eGFR (ml/min/1.73m2 � 0.43 � (L)/Scr (see Table 3).

This formula has the same format as the Schwartz formula,
and the “k” is reduced by 31% because “true” creatinine con-
centration was determined using the Jaffe reaction after adsorp-
tion onto an ion-exchange resin to remove noncreatinine chro-
mogen. This approximated a “true” creatinine in the 1970s,
before the advent of enzymatic creatinine analyzers. To gener-
ate this formula, GFR was measured using a single exponential
51Cr-EDTA plasma disappearance with a linear correction for
computing GFR (23), which may be a less accurate determina-
tion compared with the Brochner-Mortensen equation (17).

The Cockroft-Gault equation is a formula used in adults (70):

eGFR (ml/min) � [140 � age (yr)] � [weight (kg)/72

� serum creatinine (mg/dl)] � 0.85female.

The Cockroft-Gault equation has been shown to give an
appropriate estimate of creatinine clearance in children older
than 12 yr of age (67). However, the use of a weight-based
formula that does not take into account BSA presents a major
problem in growing children. Filler et al. (66) showed the un-
suitability of the Cockroft-Gault formula for use in children.
The study compared GFR values determined by 99mTc-DTPA in
262 children 1 to 18 yr of age with renal disease to GFR values
found by using a cystatin C–based formula, the Cockroft-Gault
formula, and the Schwartz formula. The Cockroft-Gault for-
mula showed the greatest amount of bias compared with the
other two formulas. Of note, although the formula determined
by the MDRD study has been found to be more accurate than
the Cockroft-Gault formula, this formula has not been vali-
dated in individuals less than 18 yr of age (65).

To improve the precision of creatinine-based estimates of
GFR, Leger et al. (71) sought to determine the most appropriate
equation to relate 51Cr-EDTA, body weight, height, and plasma
creatinine in 64 children with renal disease by using the Non-
linear Mixed Effects Model program. This is a program used in
drug development for studying pharmacokinetic parameters
and patient covariates. The determined equation was validated
in 33 additional children. The most predictive equation was
GFR (ml/min) � [55.5 � body weight (kg) � 0.147 � length
(cm)2]/plasma creatinine (�M) (see Table 3, in which the equa-
tion is rewritten for creatinine in mg/dl units). The correlation
between the GFR determined through the use of 51Cr-EDTA
and the estimated GFR from the above equation was 0.83.

When using creatinine-based estimating formulas, it is im-
portant to know which creatinine assay is being used, because
the coefficients of each equation are critically dependent on
assay methodology (see Table 3) (6). As the effort spreads
across the United States to reference all creatinine methods to
isotope dilution mass spectroscopy standards, it may become
possible to generate more universal equations. Clearly in pedi-
atric screening equations, assay instruments must be capable of
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reproducibly measuring down to the 0.2- to 0.3-mg/dl range,
and universal standards in that range need to be developed
(63).

Improving Creatinine-Based Estimates of
GFR: Cystatin C

The inaccuracies of creatinine-based estimates of GFR in
children are well known, especially in children with reduced
muscle mass (45). Recent studies have addressed the use of
other endogenous markers, such as cystatin C, a ubiquitous
nonglycosylated cysteine protease inhibitor protein that is pro-
duced at a relatively constant rate and is freely filtered by the
kidneys (72). This constancy of production is apparently inde-
pendent of inflammatory conditions, muscle mass, sex, body
composition, and age (after 12 mo) (73,74). Because cystatin C is
catabolized and almost completely reabsorbed by renal proxi-
mal tubular cells, little is excreted in the urine, so that it cannot
be used to measure GFR by standard urinary clearance tech-
niques (75). In healthy individuals, a blood level of cystatin C is
approximately 0.8 to 1 mg/L (76,77), and men and whites may
show slightly higher levels than women and blacks, respec-
tively (76). Finney et al. (73) measured cystatin C and creatinine
in 291 children 1 d to 17 yr of age and found that cystatin C
concentrations in children reached adult levels by 1 yr of age,
implying that a single reference range for plasma cystatin C
could be used from 1 yr of age and beyond. They also found
that in premature infants, cystatin C was significantly elevated
with concentrations between 1.10 and 2.06 mg/L.

Interindividual variations of cystatin C account for 25% of its
biologic variability compared with 93% for creatinine (78).
Thus, the upper limit of the population reference interval for
cystatin C is seldom more than 3 to 4 SD from the mean value
of any healthy individual (compared with 13 SD for creatinine).
However, there are also discrepancies in the determination of
cystatin C in the same blood samples between the Dako turbi-
dimetric (light absorbing) method and the Dade-Behring neph-
elometric (automated light scattering) method (79), suggesting
differential sensitivities to the assay conditions and different
reactivities to the antibodies against the cystatin C molecule.

In children, the concentration of serum cystatin C in some
studies is better correlated with GFR than is serum creatinine
(73,80). Moreover, subtle decrements in GFR are more readily
detected by changes in serum cystatin C than by serum creat-
inine (80), in part because of the shorter half-life of cystatin C.
Thus, although cystatin C is not a conventional marker of GFR,
reciprocal values of serum cystatin C levels are reasonably well
correlated with GFR in adults (81,82) and in children (62,83–
85).

In some studies, the serum concentration of cystatin C may
be superior to serum creatinine in distinguishing normal from
abnormal GFR (86), and a definitive numerical estimated GFR
has been derived from its plasma concentration (79,83,87) (see
Table 3). However, cystatin C levels may underestimate GFR in
renal transplant patients, which may be a result of inflamma-
tion or the use of immunosuppressive therapy (88). Other fac-
tors, such as high C-reactive protein, smoking status (89),
steroids (90), diabetes with ketonuria (91), and thyroid dysfunc-

tion (92), may influence serum cystatin C levels. Therefore,
caution must be used when estimating GFR in these situations
(89). In view of the recent findings of cystatin C being found in
the urine during glomerular injury with heavy proteinuria
(93,94), there is some doubt as to whether serum cystatin C
alone can accurately estimate GFR.

Stickle et al. (83) measured plasma cystatin C, serum creati-
nine, and inulin clearance in a population of pediatric patients
with renal disease 4 to 19 yr of age. For estimating GFR in this
patient population, these investigators showed that cystatin C
concentration was reciprocally related to GFR and was broadly
equivalent to serum creatinine for estimation of GFR in pedi-
atric patients. Bouvet et al. (95) generated equations combining
serum cystatin C and creatinine and measured GFR by
51Cr-EDTA plasma disappearance. The results of this study
showed a more precise estimate of GFR when cystatin C was
added to serum creatinine- and demographic-based formulas
(see Table 3). Zappitelli et al. (45) generated two cystatin
C–based estimating equations incorporating serum creatinine,
height and weight, and diagnosis against 125Iothalamate renal
clearances (see Table 3). The equations were less biased and
more precise than other serum creatinine based estimates for
patients with kidney transplants or spina bifida and compara-
ble to these equations for other forms of renal disease. These are
the first studies to incorporate both cystatin C and creatinine in
GFR estimating equations for children.

One of the main objectives of the NIH-sponsored CKiD study
was to develop an equation to estimate GFR using demo-
graphic variables and endogenous biochemical markers of re-
nal function including creatinine, cystatin C, and blood urea
nitrogen (BUN) (6). The subjects recruited for the study in more
than 40 participating sites around the United States and Canada
were between the ages of 1 and 16 yr of age and had known
mild to moderate kidney disease as shown by an estimated
GFR of 30 to 90 ml/min per 1.73 m2 based on the original
Schwartz formula. The median iohexol-based double exponen-
tial plasma disappearance GFR in 349 children was 41.3 ml/
min per 1.73 m2 (95% of the values were between 21.1 and 75.9)
and median serum creatinine was 1.3 mg/dl. The original
Schwartz formula was found to overestimate the GFR by ap-
proximately 12 ml/min per 1.73 m2 (29%) compared with the
GFR determined by the plasma disappearance of iohexol. BSA,
weight, and height were most strongly correlated with iohexol
plasma disappearance. Height/serum creatinine was highly
correlated with measured GFR (r � 0.81), as was cystatin C (r �

0.69) and BUN (r � 0.62). Using multiple linear regression
analyses of log-transformed variables, we generated several
estimate formulas (see Table 3). The CKiD study is the first
multicentered study to generate estimating equations in chil-
dren. The best equation was:

eGFR � 39.1 � [height (m2)/Scr(mg/dl)]0.516

� [1.8/cystatin C (mg/L)]0.294 � [30/BUN (mg/dl)]0.169 � [1.099male]

� [height (m)/1.4]0.188.
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This formula yielded 87.7% of estimated GFR within 30% of
the iohexol-based GFR, and 45.6% within 10%. Interestingly,
the formulas by Bouvet et al. (95) and Zappitelli et al. (45), when
applied to this dataset, required the generation of coefficients
that differed from those published by these authors, probably
reflecting different assays of the endogenous variables and/or
different measurements of GFR. When this equation was ap-
plied to a test group of 168 children being studied 1 yr later, it
showed the highest accuracy and correlation and the narrowest
95% limits of agreement with measured GFR compared with
the other published cystatin C– and creatinine-based equations,
using original coefficients or those derived from the CKiD
population.

We also found, when height is measured in centimeters, that
a bedside calculation of 0.41 � ht/Scr provides a good approx-
imation (and a continuation of the same format as the original
Schwartz formula; see below and Table 3) of the estimated GFR
based on enzymatic serum creatinine determinations refer-
enced to isotope dilution mass spectroscopy standards (63).

Further studies need to be done that also take into account
serum creatinine, cystatin C, and BUN in children with more
normal kidney function and body habitus before such equa-
tions can be applied universally to pediatric patients. Because
cystatin C is presently not readily available at many clinical
laboratories, it cannot be used to routinely estimate GFR; mak-
ing this test readily available to clinicians should help reduce
kidney and cardiovascular morbidity. In the interim, and in
keeping with the NKF recommendations to stage CKD (96), it is
important for clinicians to have a ready estimate of GFR from
the standard Basic Metabolic Profile or Chem 8 laboratory
panel, which includes a BUN and creatinine in addition to
electrolytes, glucose, and calcium. Indeed, two of our model
equations are available for this purpose and should be able to
distinguish children with CKD 1 from those with CKD 2 or 3,
because they have been generated from GFRs ranging from 21
to 76 ml/min per 1.73 m2 (6) (see Table 3):

eGFR � 40.7 � [height (m)/Scr (mg/dl)]0.640 � [30/BUN (mg/dl)]0.202

or

eGFR � 0.41 � height (cm)/Scr (mg/dl)

[updated Schwartz “bedside” formula].

Indeed the equation incorporating BUN and Scr showed in
the original training set (6) that 83.7% of values were within
30% of measured GFR and 38.4% were within 10% with a root
mean squared error of 0.196. When applied to the test data set,
the correlation was 0.85 and the bias was �1.60 ml/min per
1.73 m2 (Figure 1). The updated Schwartz ht/Scr “bedside”
formula showed 79.4% of values within 30% of measured GFR
and 37.0% within 10%, with a root mean squared error of 0.223.
When the updated Schwartz formula was applied to the test
data set, the correlation was 0.84 and the bias was �1.75 ml/
min per 1.73 m2 (Figure 2).

These two foregoing equations may be used to estimate GFR.
For example, if the clinician specifies a measured height, the

laboratory computer can be programmed to calculate an esti-
mated GFR from the child’s age, height, and Basic Metabolic
Profile or Chem 8 analytes. If there is no specification of the
child’s height, we suggest that estimated GFRs be presented by
the laboratory for the age-related height percentiles (3rd, 50th,
and 97th). The spread of height from the 3rd to 97th percentile
is approximately 15 to 20%, and this critically affects the GFR
estimate. That is, for the same BUN and serum creatinine in an
11-yr-old girl (Table 4) or boy (Table 5), the ratio of eGFR for the
97th height percentile is 12% higher than that for the 3rd
percentile (as seen in the rightmost column of each table). The
influence of height percentile on GFR using the updated

Figure 1. Bland-Altman analysis of comparison of eGFR � 40.7
� [height (m)/Scr (mg/dl)]0.640 � [30/BUN (mg/dl)]0.202 com-
pared with iohexol-based plasma disappearance GFR in 168
children in the CKiD study comprising the test data set. The
estimate formula appears to underestimate measured GFR by
1.6 ml/min per 1.73 m2 at the mean GFR. Note also that the
overestimation appears to be larger at higher GFR.

Figure 2. Bland-Altman analysis of comparison of eGFR � 0.413
� [height (cm)/Scr (mg/dl)] compared with iohexol-based
plasma disappearance GFR in 168 children in the CKiD study
comprising the test data set. The estimate formula underesti-
mate measured GFR by 1.75 ml/min per 1.73 m2 at the mean
GFR, and there does not appear to be any additional underes-
timation at higher GFR.
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Schwartz formula would be by as much as 20%. In our prelim-
inary experience, both equations work well within the limits of
15 to 75 ml/min per 1.73 m2, but the updated ht/Scr formula
seems to be more accurate for GFR values greater than 90
ml/min per 1.73 m2 (unpublished observations; compare Fig-
ures 1 and 2). However, because these equations were gener-
ated in children with most GFR values less than 75 ml/min per
1.73 m2, estimated values falling above that range should be
specified as “greater than 75 ml/min per 1.73 m2,” at least until
data are generated for GFRs measured above this level.

Conclusion
In clinical practice, having an accurate yet practical means to

monitor renal function is extremely important to protect the
kidneys from toxic damage and to prescribe adequate fluid,
antibiotic, and chemotherapeutic regimens. GFR cannot be ac-
curately measured using timed urine collections in children
who are not toilet trained or have conditions such as vesi-
coureteral reflux, bladder dyssynergia, or neurogenic bladder.
The use of iohexol plasma disappearance serves as a promising
alternative to inulin for precise, accurate, and relatively rapid
determination of GFR. In addition to repeatedly measuring the
GFR of each subject, one of the goals of the CKiD study is to
eventually provide clinicians with a means to estimate GFR in
the children who have a serum chemistry panel performed.
GFR estimating equations need to be adapted to correct for
differences in body habitus, sex, puberty, infancy, and prema-
turity. As a result of recent studies, the utility of estimated GFR
formulas continues to improve with the addition of previously
unmeasured endogenous markers. There currently exists no
equation for monitoring acute changes in GFR. However, the
equations developed in the CKiD study (6) may be able to
determine longitudinal changes in GFR over time. Thus, in the

near future, it may be possible to predict subsequent GFR
values in children through the use of serum biomarkers with-
out the need for formal plasma disappearance clearances. Mul-
ticenter studies in healthy children, as well as those with CKD,
are needed to generate such widely applicable estimation equa-
tions.
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Table 4. Age-related height percentiles for girls

Age
(yr)

Height at
3rd Percentile

(m)

Height at
50th Percentile

(m)

Height at
97th Percentile

(m)

Ratio of eGFR
for Height in the

97th:3rd Percentiles

3 0.88 0.96 1.04 1.11
7 1.13 1.22 1.34 1.12

11 1.33 1.47 1.59 1.12
15 1.51 1.62 1.76 1.10

Height percentile data from reference 98.

Table 5. Age-related height percentiles for boys

Age
(yr)

Height at
3rd Percentile

(m)

Height at
50th Percentile

(m)

Height at
97th Percentile

(m)

Ratio of eGFR
for Height in the

97th:3rd Percentiles

3 0.89 0.97 1.05 1.11
7 1.13 1.23 1.35 1.12

11 1.32 1.45 1.57 1.12
15 1.56 1.71 1.86 1.12

Height percentile data from reference 98.
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merular filtration rate via plasma iohexol disappearance:
Pilot study for chronic kidney disease in children. Kidney
Int 69: 2070–2077, 2006

17. Brochner-Mortensen J: A simple method for the determi-

nation of glomerular filtration rate. Scand J Clin Lab Invest
30: 271–274, 1972

18. Orlando R, Floreani M, Padrini R, Palatini P: Determina-
tion of inulin clearance by bolus intravenous injection in
healthy subjects and ascitic patients: Equivalence of sys-
temic and renal clearances as glomerular filtration mark-
ers. Br J Clin Pharmacol 46: 605–609, 1998

19. Odeh YK, Wang Z, Ruo TI, Wang T, Frederiksen MC,
Pospisil PA, Atkinson AJ, Jr: Simultaneous analysis of in-
ulin and 15N2-urea kinetics in humans. Clin Pharmacol Ther
53: 419–425, 1993

20. van Rossum LK, Cransberg K, de Rijke YB, Zietse R, Lin-
demans J, Vulto AG: Determination of inulin clearance by
single injection or infusion in children. Pediatr Nephrol 20:
777–781, 2005

21. Guadino M: Kinetics of distribution of inulin between two
body water compartments. Proc Soc Exp Biol Med 68: 672–
675, 1949

22. Gaspari F, Perico N, Ruggenenti P, Mosconi L, Amucha-
stegui CS, Guerini E, Daina E, Remuzzi G: Plasma clear-
ance of nonradioactive iohexol as a measure of glomerular
filtration rate. J Am Soc Nephrol 6: 257–263, 1995

23. Chantler C, Barratt TM: Estimation of glomerular filtration
rate from plasma clearance of 51-Chromium edetic acid.
Arch Dis Childh 47: 613–617, 1972

24. Chantler C, Garnett ES, Parsons V, Veall N: Glomerular
filtration rate measurement in man by the single injection
method using 51Cr-EDTA. Clin Sci 37: 169–180, 1969

25. Brochner-Mortensen J, Haahr J, Christoffersen J: A simple
method for accurate assessment of the glomerular filtration
rate in children. Scand J Clin Lab Invest 33: 139–143, 1974

26. Garnett ES, Parsons V, Veall N: Measurement of glomer-
ular filtration-rate in man using a 51Cr/EDETIC-acid com-
plex. Lancet i: 818–819, 1967

27. Hellerstein S, Berenbom M, Alon U, Warady B: The renal
clearance and infusion clearance of inulin are similar, but
not identical. Kidney Int 44: 1058–1061, 1993

28. Olsson B, Aulie A, Sveen K, Andrew E: Human pharma-
cokinetics of iohexol: A new nonionic contrast medium.
Invest Radiol 18: 177–182, 1983

29. Back SE, Krutzen E, Nilsson-Ehle P: Contrast media as
markers for glomerular filtration: A pharmacokinetic com-
parison of four agents. Scand J Clin Lab Invest 48: 247–253,
1988

30. Krutzen E, Back SE, Nilsson-Ehle I, Nilsson-Ehle P: Plasma
clearance of a new contrast agent, iohexol: A method for
the assessment of glomerular filtration rate. J Lab Clin Med
104: 955–961, 1984

31. Nilsson-Ehle P, Grubb A: New markers for the determina-
tion of GFR: Iohexol clearance and cystatin C serum con-
centration. Kidney Int 46: S-17-S-19, 1994

32. Brown SCW, O’Reilly PH: Iohexol clearance for the deter-
mination of glomerular filtration rate in clinical practice:
Evidence for a new gold standard. J Urol 146: 675–679, 1991

33. Erley CM, Bader BD, Berger ED, Vochazer A, Jorzik JJ,
Dietz K, Risler T: Plasma clearance of iodine contrast me-
dia as a measure of glomerular filtration rate in critically ill
patients. Crit Care Med 29: 1544–1550, 2001

34. Nilsson-Ehle P: Iohexol clearance for the determination of
glomerular filtration rate: 15 years’ experience in clinical
practice. J Int Fed Clin Chem Lab Med 13: 1–5, 2001

35. Sterner G, Frennby B, Hultberg B, Almen T: Iohexol clear-

Clin J Am Soc Nephrol 4: 1832–1843, 2009 GFR in Children and Adolescents 1841



ance for GFR-determination in renal failure—single or
multiple plasma sampling? Nephrol Dial Transplant 11: 521–
525, 1996

36. Stake G, Monn E, Rootwelt K, Monclair T: The clearance of
iohexol as a measure of the glomerular filtration rate in
children with chronic renal failure. Scand J Clin Lab Invest
51: 729–734, 1991

37. Brion LP, Fleischman AR, McCarton C, Schwartz GJ: A
simple estimate of glomerular filtration rate in low birth
weight infants during the first year of life: Noninvasive
assessment of body composition and growth. J Pediatr 109:
698–707, 1986

38. Niculescu-Duvaz I, D’Mello L, Maan Z, Barron JL, New-
man DJ, Dockrell ME, Kwan JT: Development of an out-
patient finger-prick glomerular filtration rate procedure
suitable for epidemiological studies. Kidney Int 69: 1272–
1275, 2006

39. Piepsz A, Denis R, Ham HR, Dobbeleir A, Schulman C,
Erbsmann MS: A simple method for measuring separ-
ate glomerular filtration rate using a single injection of
99mTc-DTPA and the scintillation camera. J Pediatr 93: 769–
774, 1978

40. Rehling M, Moller ML, Thamdrup B, Lund JO, Trap-Jensen
J: Simultaneous measurement of renal clearance and
plasma clearance of 99mTc-labelled diethylenetriamine-
penta-acetate, 51Cr-labelled ethylenediaminetetra-acetate
and inulin in man. Clin Sci 66: 613–619, 1984

41. Carlsen JE, Moller ML, Lund JO, Trap-Jensen J: Compari-
son of four commercial Tc-99m(Sn)DTPA preparations
used for the measurement of glomerular filtration rate:
Concise communication. J Nucl Med 21: 126–129, 1980

42. Piepsz A, Tondeur M, Ham H: Revisiting normal (51)Cr-
ethylenediaminetetraacetic acid clearance values in chil-
dren. Eur J Nucl Med Mol Imaging 33: 1477–1482, 2006

43. Silkalns GI, Jeck D, Earon J, Edelmann CM Jr, Chervu LR,
Blaufox MD, Spitzer A: Simultaneous measurement of glo-
merular filtration rate and renal plasma flow using plasma
disappearance curves. J Pediatr 83: 749–757, 1973

44. Bajaj G, Alexander SR, Browne R, Sakarcan A, Seikaly MG:
125Iodine-iothalamate clearance in children. A simple
method to measure glomerular filtration. Pediatr Nephrol
10: 25–28, 1996

45. Zappitelli M, Parvex P, Joseph L, Paradis G, Grey V, Lau S,
Bell L: Derivation and validation of cystatin C-based pre-
diction equations for GFR in children. Am J Kidney Dis 48:
221–230, 2006

46. Hellerstein S, Berenbom M, Alon US, Warady BA: Creati-
nine clearance following cimetidine for estimation of glo-
merular filtration rate. Pediatr Nephrol 12: 49–54, 1998

47. Hellerstein S, Berenbom M, Erwin P, Wilson N, DiMaggio
S: Timed-urine collections for renal clearance studies. Pe-
diatr Nephrol 21: 96–101, 2006

48. Schwartz GJ: Clinical assessment of renal function. In: Clin-
ical Pediatric Nephrology, 2nd ed., edited by Kher KK,
Schnaper HW, Makker SP, Abingdon, Oxon, UK, Informa
Healthcare, 2006, pp 71–93

49. Waller DG, Fleming JS, Ramsay B, Gray J: The accuracy of
creatinine clearance with and without urine collection as a
measure of glomerular filtration rate. Postgrad Med J 67:
42–46, 1991

50. Levey AS, Greene T, Schluchter MD, Cleary PA, Teschan
PE, Lorenz RA, Molitch ME, Mitch WE, Siebert C, Hall PM,

Steffes MW: Glomerular filtration rate measurements in
clinical trials. J Am Soc Nephrol 4: 1159–1171, 1993

51. Greenblatt DJ, Ransil BJ, Harmatz JS, Smith TW, Duhme
DW, Koch-Weser J: Variability of 24-hour urinary creati-
nine excretion by normal subjects. J Clin Pharmacol 16:
321–328, 1976

52. Odlind B, Hällgren R, Sohtell M, Lindström B: Is 125I
iothalamate an ideal marker for glomerular filtration? Kid-
ney Int 27: 9–16, 1985

53. Mitch WE, Walser M: A proposed mechanism for reduced
creatinine excretion in severe chronic renal failure. Nephron
21: 248–254, 1978

54. Levey AS, Perrone RD, Madias NE: Serum creatinine and
renal function. Annu Rev Med 39: 465–490, 1988

55. van Acker BAC, Koomen GCM, Koopman MG, De Waart
DR, Arisz L: Creatinine clearance during cimetidine ad-
ministration for measurement of glomerular filtration rate.
Lancet 340: 1326–1329, 1992

56. Schwartz GJ, Haycock GB, Edelmann CM Jr, Spitzer A: A
simple estimate of glomerular filtration rate in children
derived from body length and plasma creatinine. Pediatrics
58: 259–263, 1976

57. Schwartz GJ, Brion LP, Spitzer A: The use of plasma cre-
atinine concentration for estimating glomerular filtration
rate in infants, children, and adolescents. Pediatr Clin North
Am 34: 571–590, 1987

58. Schwartz GJ, Feld LG, Langford DJ: A simple estimate of
glomerular filtration rate in full-term infants during the
first year of life. J Pediatr 104: 849–854, 1984

59. Schwartz GJ, Gauthier B: A simple estimate of glomerular
filtration rate in adolescent boys. J Pediatr 106: 522–526,
1985

60. Schwartz GJ, Haycock GB, Chir B, Spitzer A: Plasma cre-
atinine and urea concentration in children: normal values
for age and sex. J Pediatr 88: 828–830, 1976

61. Clermont MJ, Brion LP, Schwartz GJ: Reliability of plasma
creatinine measurement in infants and children. Clin Pedi-
atr 25: 569–572, 1986

62. Filler G, Priem F, Lepage N, Sinha P, Vollmer I, Clark H,
Keely E, Matzinger M, Akbari A, Althaus H, Jung K:
�-Trace protein, cystatin C, �2-microglobulin, and creati-
nine compared for detecting impaired glomerular filtration
rates in children. Clin Chem 48: 729–736, 2002

63. Schwartz GJ, Kwong T, Erway B, Warady B, Sokoll L,
Hellerstein S, Dharnidharka V, Furth S, Munoz A: Valida-
tion of creatinine assays utilizing HPLC and IDMS trace-
able standards in sera of children. Pediatr Nephrol 24: 113–
119, 2009

64. Myers GL, Miller WG, Coresh J, Fleming J, Greenberg N,
Greene T, Hostetter T, Levey AS, Panteghini M, Welch M,
Eckfeldt JH: Recommendations for improving serum cre-
atinine measurement: a report from the Laboratory Work-
ing Group of the National Kidney Disease Education Pro-
gram. Clin Chem 52: 5–18, 2006

65. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers NL, Roth
D: A more accurate method to estimate glomerular filtra-
tion rate from serum creatinine: a new prediction equation.
Ann Intern Med 130: 461–470, 1999

66. Filler G, Foster J, Acker A, Lepage N, Akbari A, Ehrich JH:
The Cockcroft-Gault formula should not be used in chil-
dren. Kidney Int 67: 2321–2324, 2005

67. Pierrat A, Gravier E, Saunders C, Caira M-V, Ait-Djafer Z,

1842 Clinical Journal of the American Society of Nephrology Clin J Am Soc Nephrol 4: 1832–1843, 2009
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74. Bökenkamp A, Domanetzki M, Zinck R, Schumann G,
Brodehl J: Reference values for cystatin C serum concen-
trations in children. Pediatr Nephrol 12: 125–129, 1998

75. Tenstad O, Roald AB, Grubb A, Aukland K: Renal han-
dling of radiolabelled human cystatin C in the rat. Scand
J Clin Lab Invest 56: 409–414, 1996

76. Groesbeck D, Kottgen A, Parekh R, Selvin E, Schwartz GJ,
Coresh J, Furth S: Age, gender, and race effects on cystatin
C levels in US adolescents. Clin J Am Soc Nephrol 3: 1777–
1785, 2008

77. Grubb A: Diagnostic value of analysis of cystatin C and
protein HC in biological fluids. Clin Nephrol 38: S20–S27,
1992

78. Keevil BG, Kilpatrick ES, Nichols SP, Maylor PW: Biolog-
ical variation of cystatin C: Implications for the assessment
of glomerular filtration rate. Clin Chem 44: 1535–1539, 1998

79. Flodin M, Hansson LO, Larsson A: Variations in assay
protocol for the Dako cystatin C method may change pa-
tient results by 50% without changing the results for con-
trols. Clin Chem Lab Med 44: 1481–1485, 2006

80. Dworkin LD: Serum cystatin C as a marker of glomerular
filtration rate. Curr Opin Nephrol Hypertension 10: 551–553,
2001

81. Coll E, Botey A, Alvarez L, Poch E, Quintó L, Saurina A,
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