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Table 2 Performance of GFR-estimating equations in all 131 subjects

Variable and equation All (n = 131) Aged <12 years (n = 76) Aged >12 years (n = 55)
Bias (ml/min/1.73 m?)
New polynomial formula 13.4 £ 10.7 129 + 104 142 + 11.1

15.8 & 12.9%%*
21.6 £ 14.8%%*
14.9 £ 11.2%%%

13.3 & 10.5%%*
14.4 &£ 11.1%%*
15.8 & 15.3%%*

14.4 £ 11.6%**
17.4 & 13.2%%*
15.5 £ 15.5%%*

Simple linear formula

Original Schwartz’s formula

Updated Schwartz’s formula
P30 (%)

New polynomial formula 84 (77-90) 84 (74-92) 84 (76-90)
Simple linear formula 82 (75-89)" 83 (73-91)™ 82 (74-89)™
Original Schwartz’s formula 60 (51-68)**= 67 (55-77)* 60 (51-69)#**

Updated Schwartz’s formula 69 (61-77)** 66 (54-76)** 69 (60-77)"

Root mean square error (ml/min/1.73 mz)

New polynomial formula 17.3 16.7 18.2
Simple linear formula 18.1 17.1 . 18.5
Original Schwartz’s formula 17.6 16.2 16.5
Updated Schwartz’s formula 18.1 17.1 18.5

Bias is the absolute value of mGFR minus eGFR and is reported as mean % standard deviation; Psq refers to percentage of GFR estimates that
are within 30 % of the mGFR, with 95 % confidence intervals given in parentheses

The new polynomial formula is the following equations: eGFR = 110.2 x (reference serum Cr/patient’s serum Cr) + 2.93, and reference serum
Cr levels () are shown by the following two equations of body length (x (m)): males: y = —1.259x° + 7.815x* — 18.57x + 21.39x* —
11.71x + 2.628, and females: y = —4.536x° + 27.16x* — 63.47x° + 72.43x% — 40.06x + 8.778

The simple linear formula is the following equation: eGFR = 0.35 x body length (cm)/serum Cr level (mg/dl)

The original Schwartz’s formula is the following equations: eGFR = k x body length (cm)/serum Cr level (mg/dl). The coefficient & is 0.55 in
children 212 years old and 0.55 and 0.70 in females and males over 12 years old, respectively

The updated Schwartz’s formula is the following equations: eGFR = 0.413 x body length (cm)/serum Cr level (mg/dl)
eGFR estimated glomerular filtration rate, mGFR glomerular filtration rate measured by the inulin clearance method
ns Not significant; * P < 0.05, ** P < 0.01, and *** P < 0.001 show the statistical significance of the difference from our new formula

We reported that the new bedside Schwartz formula  subjects [6], showing a gradual significant decrease of

cannot be used when estimating GFR in Japanese children,
especially between 1 and 16 years old, including the ado-
lescent period, for reference serum Cr levels of our 1,074

@ Springer

eGFR with age [16]. There seems to be a large problem in
that the ranges of the reference value for boys >12 years
old and girls >14 years old overlap with the range for CKD
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Fig. 4 Correlation between the estimated and measured maximum
inulin GFR in CKD patients aged between 2 and 16 years old. Left
Measured maximum inulin GFR versus the estimated GFR obtained

stage 2. Our results indicated that the eGFR value derived
by the new bedside Schwartz formula decreased gradually
with age in children with normal renal function. We doubt
that the new “bedside” Schwartz formula cannot be used to
estimate the GFR in Japanese pediatric CKD patients as
well as in children with normal renal function.

When we performed the nationwide, population-based
survey of children with pre-dialysis CKD in Japan, we used
the new diagnostic criteria for CKD in children [17]. Then
stage 3—5 CKD was classified as serum Cr more than twice,
four times, and eight times the median reference serum Cr
levels matched for age and sex, which were previously
determined in Japanese children [6]. However, with those
diagnostic criteria, we were not able to determine the
numerical eGFR in a CKD patient. In a similar way of
thinking, Pottel et al. [18] reported the simple height-
independent eGFR equation in children.

At any rate, the new bedside Schwartz formula has an
inherent problem in that it uses the same coefficient
between the ages of 1 and 16 years old. In addition, we
assumed that renal function and muscle mass show ethnic
differences. Therefore, it is necessary to establish a spe-
cialized estimated GFR equation for use in Japanese chil-
dren and adolescents.

We developed an estimated GFR equation for use in
Japanese children aged between 2 and 11 years old whose
reference serum creatinine levels were thought to be pro-
portional to body length as follows: eGFR (ml/min/
1.73 m?) = 0.35 x body length (cm)/serum Cr level (mg/
dl) [€]. In the present study, we presented the complex
estimated GFR equation using polynomial formulae for
reference serum creatinine levels with body length in
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using our polynomial formula. Right Measured maximum inulin GFR
versus estimated GFR obtained using the updated Schwartz formula.
Smoothed lines show the fit of the data

Japanese children aged between 2 and 18 years old, i.e., all
children and adolescents except infants.

Our polynomial formula had lower bias (P < 0.001)
than our simple linear formula [8] as well as the original
[—4] and updated [5] Schwartz’s formula in all 131 sub-
jects and each age category, such as <12 and >12 years
old. In addition, the % accuracy of our polynomial formula
was superior to the original and updated Schwartz’s for-
mula (P < 0.001 and P < 0.01, respectively). Ultimately,
our new formula derived from the body length and serum
Cr in Japanese children aged between 2 and 18 years old will
be useful for estimating their renal function despite the
complicated formula as computerization of medical care
simplifies their application. Although the polynominal eGFR
equation seems complex, we use the quintic equation to
estimate the GFR of children of all ages except infants by one
expression. Especially the equation will be useful because we
were able to use it even in adolescents. Limitations of our
study include the small number of subjects, especially
females, and having no other data set to validate the equations.
Actually, the prevalence of pre-dialysis stage 3—5 CKD was
about 3 cases/100000 Japanese children, which was lower
than that reported in the ItalKid [19] and REPIR II Projects
[20], and the number of Japanese children with stage 3-5CKD
was estimated to be about 500 [17]. Therefore, further studies
are required to validate our equations using a different data
set. However, we consider that the new polynomial eGFR
formula showing the relationship with the body length and
serum Cr level may be applicable for clinical screening of
renal function in Japanese children and adolescents aged
between 2 and 18 years, and these methods of evaluation of
renal function in children will be useful worldwide.

@ Springer
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Abstract

Background Renal inulin clearance is the gold standard
for evaluation of kidney function, but is compromised by
problems of collecting urine samples in children, especially
those <6 years or with a bladder dysfunction. Therefore,
we should utilize the serum cystatin C (cysC)-based esti-
mated glomerular filtration rate (eGFR) for measuring
serum cysC. The purpose of the present study is to deter-
mine the applicability of the new serum cysC-based eGFR
in Japanese children and adolescents, including infants
with chronic kidney disease (CKD), for evaluation of renal
function.

Methods Inulin clearance and standardized serum cysC
level determined by the colloidal gold immunoassay were
measured in 135 pediatric CKD patients between the ages
of 1 month and 18 years with no underlying disease that
affects renal function except CKD, to determine serum
cysC-based eGFR in Japanese children and adolescents.
Results We showed the inulin clearance by expression of
1/serum cysC in pediatric CKD patients, which resulted in
the equation: inulin GFR (mL/min/1.73 m?) = 104.1 x 1/
serum cysC (mg/L) — 7.80. We also validated the cysC-
based eGFR formula for Japanese adults. eGFR values
obtained with the adult formula significantly underesti-
mated GFR by approximately 8 % in children with CKD.
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Conclusion We determined the new cysC-based eGFR
formula is useful for clinical screening of renal function in
Japanese children and adolescents, including infants.

Keywords Estimated glomerular filtration rate -
Japanese children - Cystatin C-based equation -
Chronic kidney disease

Introduction

A single measurement of the serum concentration of
cystatin C (cysC), a 13-kDa non-glycosylated low-molec-
ular-weight protein [1] and a proteinase inhibitor involved
in the intracellular catabolism of proteins [2], has com-
monly been used to determine kidney function. CysC is
produced at a constant rate in the body, freely filtered by
the glomeruli, not secreted or reabsorbed by kidney
tubules, and is excreted mainly by the kidneys.
Glomerular filtration rate (GFR) is universally used as a
measure of kidney function. Renal inulin clearance to
measure GFR directly is compromised by problems of
collecting urine samples in children, and therefore the
estimated GFR (eGFR) should be utilized in such cases.
We developed a serum creatinine (Cr)-based eGFR equa-
tion for use in children aged between 2 and 11 years as
follows—eGFR (mL/min/1.73 m?) = 0.35 x body length
(cm)y/serum Cr level (mg/dL) [3], and complex eGFR
equations using polynomial formulas for reference serum
Cr levels with body length in Japanese children aged
between 2 and 18 years, i.e., all children and adolescents
except infants [4]. However, we use reference serum Cr
levels with body length in the formulas and GFR varies to
some extent among children, increasing from approxi-
mately 30—100 % of the level in adults during the 2 years

@_ Springer

— 269 —



Clin Exp Nephrol

after birth. Therefore, the serum Cr-based formulas cannot
be used in children under 2 years. Here, we present the
serum cysC-based eGFR equation for use in all children
and adolescents, including infants, in Japan.

Materials and methods
Study population

A total of 174 children (113 males and 61 females)
between the ages of 1 month and 18 years with chronic
kidney disease (CKD) presenting at the facilities of the
members for the Committee of Measures for Pediatric
Chronic Kidney Disease between 2008 and 201! were
included in this study. Excluding the cases described
below, a total of 135 cases (88 males and 47 females) were
included in formulating the new eGFR. The study was
approved by the local ethics boards of each institution, and
written informed consent was obtained from the parents of
each child. The ethics committee approval number in Aichi
Children’s Health and Medical Center is 200810.

GFR and serum cysC measurements

Data regarding serum cysC values and renal inulin clear-
ance (Cin) measured at the same time were reviewed.
The GFR was measured with inulin [5, 6] and adjusted
to body surface area and was standardized to 1.73 m?. Cin
was measured from samples taken twice over 2 h under
fasting and hydrated conditions by the continuous infusion
method (Fig. 1), which was performed as reported previ-
ously [3, 4]. To calculate inulin loss, GFR was estimated
from serum Cr by the Schwartz formula [7—10]. Therefore,

the patients received an inulin load of 0.7 x eGFR mL/m%/
h with calculation of the body surface area by the Haycock
method [11].

The standardized method of cysC measurement trace-
able to ERM-DA471/IFCC became available in 2011. A
project team for verification of immunoassay standardiza-
tion for serum cysC from the Japan Society of Clinical
Chemistry, including investigators from 15 manufacturers,
analyzed the performance of the 15 serum cysC immuno-
assays available in Japan. Transfer factors from ERM-
DA471/IFCC to calibrators of the participating immuno-
assays were obtained. Standardization was achieved among
most of the assays. Further improvement and development
were needed for precision and accuracy in the performance
of a few immunoassays [12]. The colloidal gold immuno-
assay (Alfresa Pharma Corporation, Osaka, Japan) is one of
the immunoassays in which standardization was achieved,
and the correction factor is 0.96 using the regression
model. In the present study, serum cysC values of 174
samples were measured by the colloidal gold immunoassay
before 2011, and calibrated to the standardized value using
this correction factor, similar to the method of Horio et al.
[13].

Serum samples were stored at —70 °C until serum cysC
was measured by SRL Inc. (Tokyo, Japan). The serum
cysC level was determined using a cysC assay (Nescaute
GC cystatin C; Alfresa Pharma Corporation) on a Bio-
Majesty JCA-BM8020 (JEOL Ltd., Tokyo, Japan). Urine
and serum samples were stored at 4 °C until urine and
serum inulin were measured by SRL Inc. The urine and
serum levels of inulin were determined by an enzymatic
method using an automated analyzer (Hitachi 7170; Hit-
achi Ltd., Tokyo, Japan) with Dia-color-inulin (Toyobo
Co., Ltd., Tokyo, Japan).

Fig. 1 Inulin clearance method
standardized according to the Ringer 40 ml/kg/h 5 ml/kg/h
Committee of Measures for (Max 1 I/h) (Max 120 ml/h)
Pediatric CKD. Inulin was given
intravenously to achieve Inulin 8 ml/kg/h 0.7 x eGFR ml/m?h
extracellular fluid levels of (Max 300 ml/h) (Max 100 ml/h)
20 mg/dL in testing. For this
purpose, the rates of inulin -60 -30 0 30 60 90 120
infusion must equal the rates of 2
loss in the urine, which were
calculated using the Schwartz
formulas based on serum Cr Blank Blood 1 Blood 2
level S-Cr S-Inu S-Inu
S-Inu
Urlou Bladder Urine 1 Urine 2
empty U-Inu U-Inu
eGFR : calculated by the old Schwartz’s formula
BSA : calculated by the Haycock method
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Examination for the appropriateness of the correction
factor

Serum cysC values of 86 frozen samples of 174 children
were measured by colloidal gold immunoassay, which was
traceable to ERM-DA471/IFCC in 2012. We compared the
standardized values using the correction factor to the val-
ues obtained by this standardized method in these 86 cases.

eGFR based on serum cysC

The equation for eGFR was determined using univariate
linear regression. The dependent variable is measured
GFR, and the independent variable is 1/cysC.

Exclusion criteria and cases that were excluded

The exclusion criteria in this study were (a) severe obstructive
uropathy, (b) infection during treatment, (c) inflammatory
disease, (d) dehydration, (¢) myopathy, (f) severe cardiac,
hepatic, or pancreatic disease, (g) pregnancy or the possibility
of pregnancy, (h) nursing, and (i) refusal or inability to give
informed consent. Two cases with myopathy were excluded
because of violation of the protocol. In this study, doses of
intravenous inulin administration were decided as blood
concentrations were constant during testing by calculating
the eGFR by the Schwartz formula. Therefore, cases in which
the ratios of urine inulin excretion and intravenous inulin
administration were <0.5 or >1.5 were excluded from this
study, because there may have been failure to collect all urine.
As we were interested in determining eGFR of cases with
GFR <120 mL/min/1.73 m?, we excluded cases with GFR
>150 mL/min/1.73 m? to increase reliability.

Application of the serum cysC-based eGFR formulas
for Japanese adults to our materials

Horio et al. [13] reported the serum cysC-based eGFR
formulas in Japanese adults—eGFR = (104 x cysCHO1
0.996*¢) — 8 in males and (104 x cysC™ x
0.996° x 0.929) — 8 in females. It is desirable that the
same estimation equations can be used in both children and
adults. Therefore, we compared the values obtained with
application of Horio’s formula for adults to pediatric CKD
patients with their Cin values.

Statistical analyses

All analyses were conducted using Microsoft Excel 2010
and the JMP 8 statistical software package (SAS Institute

Table 1 Characteristics of 135 children included in this study

Characteristics Median (IQR) n
Total 135
Age (years) 10.6 (7.0-13.7)

<6 years 21

>6 and <12 years 60

>12 years 54
Gender

Male 88

Female 47
Renal abnormality

Congenital anomalies of the kidney 57

and urinary tract

Reflux nephropathy 16

Idiopathic nephrotic syndrome 13

Renal transplant 7

Chronic glomerulonephritis 5

Nephronophthisis 5

Neurogenic bladder 4

Polycystic kidney disease 3

Alport’s syndrome 3

Miscellaneous 22
Height (cm) 1334 (111.4-151.1)

<6 years 94.4 (84.5-101.7)

>6 and <12 years 123.5 (110.6-132.0)

>12 years 153.4 (145.4-162.8)
Weight (kg) 29.2 (18.9-41.6)

<6 years 13.6 (11.7-16.4)

>6 and <12 years 23.2 (18.8-28.9)

>12 years 46.5 (37.9-50.7)
Body surface area (m?) 1.03 (0.77-1.30)

<6 years 0.60 (0.53-0.67)

>6 and <12 years 0.89 (0.76-1.03)

>12 years 1.41 (1.23-1.51)
Serum cystatin C (mg/dL) 1.29 (0.99-1.61)

<6 years 1.42 (1.08-1.67)

>6 and <12 years 1.21 (0.97-1.51)

>12 years 1.29 (0.99-1.57)
Average inulin GFR (mL/min/1.73 m?)  66.3 (46.1~93.3)

<6 years 51.4 (33.1-73.0)

>6 and <12 years 68.3 (50.0-95.5)

>12 years 69.2 (52.4-91.9)
Maximum inulin GFR (mL/min/ 71.0 (52.9-97.2)

1.73 m?)

<6 years 55.3 (34.1-74.4)

>6 and <12 years 77.9 (55.5-106.5)

>12 years 76.2 (53.9-93.6)
IOR interquartile range
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Inc, Cary, NC, USA). Linear regression analyses were
performed to evaluate relationships between the ratios of
1/serum cysC and Cin. In all analyses, P < 0.05 was taken
to indicate statistical significance.

Results
Characteristics of the study population

Of the 174 children studied, 2 cases with violation of
protocol, 32 cases with ratios of urine inulin excretion and
intravenous inulin administration <0.5 or >1.5, and 5 cases
with GFR >150 mL/min/1.73 m? were excluded from this
study. Therefore, a total of 135 cases (88 males; 65 %)
were included in the study (Table 1); 42 % had congenital
anomalies of the kidney and urinary tract, 5 % were post-
transplant patients, and only 4 % had chronic glomerulo-
nephritis. The median age was 10.6 years, median height
was 1334 cm, and median weight was 29.2 kg. The
median values of serum cysC, average inulin GFR, and
maximum inulin GFR were 1.29 mg/dL, 66.3 mL/min/
1.73 m?, and 71.0 mL/min/1.73 m?, respectively. As it was
suspected that urine collection became insufficient in
children, we decided to use maximum inulin GFR in the
present study.

Correlation of the values obtained
from the standardized methods and the standardized
values using the correction factor of serum cysC

Figure 2 shows scatter plots of the values obtained from
the standardized methods versus the standardized values
using the correction factor of serum cysC in the specimen
of 86 cases whose frozen serum could be used. The stan-
dardized values using the correction factor (y) are shown as
the values obtained from the standardized methods (x) as
follows—y = 1.02x — 0.01, with a correlation coefficient
of 0.99, showing a good degree of concordance.

Correlation of 1/serum cysC and maximum inulin GFR

Figure 3 shows scatter plots of maximum inulin GFR
versus 1/serum cysC ratio in pediatric CKD patients,
including infants and adolescents, which resulted in the
equation:

maximum inulin GFR = 104.1
x 1/serum cysC (mg/L) — 7.80

with a correlation coefficient of 0.869 (P < 0.01). The 95%

confidence intervals for the slope and intercept were (94.0,
114.3) and (—16.5, 0.9), respectively.

@ Springer

Application of serum cysC-based eGFR formulas
for Japanese adults to our materials

Figure 4 shows scatter plots of maximum inulin GFR
versus the values obtained with the adult formulas reported
by Horio et al. [13] in pediatric CKD patients, including
infants and adolescents, which resulted in the equation:

maximum inulin GFR
= 1.081 x cysC-based eGFR values with the adult formula
+ 0.398

with a correlation coefficient of 0.770 and root mean
square error (RMSE) of 17.5. We can say with 95 %
confidence that the slope and the intercept lie between
0.979 and 1.182, and between —7.241 and 8.037, respec-
tively. We also calculated a regression line with zero
intercept. The slope was 1.086 (95 % confidence interval
1.049 10 1.123), and significantly different from 1.0. The
eGFR and measured GFR were 70.1 & 27.6 and
76.2 £ 34.0, respectively, indicating that eGFR values
obtained with the adult formula significantly underesti-
mated GFR by approximately 8 % in children with CKD.

Performance of our new eGFR formula in three age
groups, and by gender

Table 2 shows the performance of our new eGFR formula
in three age groups, <6 years, 6—11 years, and 12-18 years,
and by gender. Bias is the absolute value of measured GFR
by the inulin clearance method minus eGFR and is reported
as mean =+ standard deviation, Pj refers to percentage of
GFR estimates that are within 30 % of measured GFR,
with 95 % confidence intervals given in parentheses, and
the RMSE is calculated to show differences between our
new eGFR and actual measured GFR values. Figure 5
shows the RMSE among measured maximum inulin GFR
and eGFR obtained using our new formula in CKD patients
aged <6 years, 6-11 years, and 12-18 years, showing
males by rhombus and females by square. RMSE was
slightly higher in children aged 12-18 years than in those
aged <6 or 6-11 years.

Discussion

GEFR reflects kidney function and is measured by assess-
ment of renal clearance. Although inulin clearance is the
gold standard for evaluation of kidney function, it cannot
be measured easily. Therefore, other methods have been
used to assess kidney function, including measurements of
cysC concentration. Factors such as renal transplantation,
glucocorticoid use, and malignancy, may affect serum
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Fig. 2 Correlation of the values obtained from the standardized
methods and the standardized values using the correction factor of
serum cysC. Standardized values using the correction factor (y) are
shown as the values obtained from the standardized methods (x) as
follows—y = 1.02x — 0.01, with a correlation coefficient of 0.99,
showing a good degree of concordance
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Fig. 3 Analysis of 1/serum cysC and maximum inulin GFR in
pediatric CKD patients, including infants and adolescents. The
regression equation was y = 104.12x — 7.80. A significant positive
correlation was observed in 135 children and adolescents with CKD,
with a correlation coefficient of 0.869

cysC concentration independent of GFR [14-18] Never-
theless, cysC concentration is regarded as more accurate
than the measurement of serum Cr for determining kidney
function, because serum Cr level shows a significant
positive correlation with body length in children [19, 20],
and because low serum Cr concentrations have been
reported in selected populations of children with low
muscle mass. In contrast, cysC concentration was found not
to vary with age, height, or gender [21-23]. Moreover,
cysC-based equations may more precisely estimate GFR
than Cr-based equations in pediatric patients, [14, 24-26]

160.0
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y = 1.081x + 0.398
Ay R2=0.770
2004 2.0 RMSE =175

0.0
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Fig. 4 Analysis of the cysC-based eGFR values obtained with the
adult formula and maximum inulin GFR in pediatric CKD patients,
including infants and adolescents. Dashed lines show the fit of the
data. The regression equation was y = 1.081x + 0.398. The eGFR
values obtained with Horio’s adult formula in children with CKD
were slightly different from the inulin GFR values

although these equations may be cumbersome to use in
clinical practice because of their complicated formulas and/
or the need for logarithmic transformation of variables.
However, these formulas are not designed for the Japanese
population, and because of ethnic differences in renal
function it is necessary to establish a specialized cysC-
based eGFR equation for use in Japanese children.

We reported previously that the new Schwartz ‘bedside’
Cr-based formula cannot be used to estimate GFR in Jap-
anese children [27], and we developed simple and com-
plicated eGFR equations for use in Japanese children aged
2-11 years [3] and 2-18 years [4]. However, these equa-
tions must be adjusted to parameters of body length, and
have the limitation complication of muscle mass. Con-
versely, serum cysC concentrations do not require adjust-
ments for body length, are not complicated by muscle
mass, and estimate GFR as a single-sample measurement.
In addition, the serum Cr-based formulas cannot be used in
children <2 years because GFR varies to some extent
among children, increasing from approximately 30—100 %
of the level in adults during the first 2 years after birth.
However, the serum cysC-based formula can be used, thus
making serum cysC measurement a more attractive marker
for GFR for use in clinical practice.

We reported reference serum cysC values in Japanese
children obtained by four different assays [28]. The serum
cysC was measured using 4 different assays in 1,133 Jap-
anese children aged 1 month to 16 years without kidney
disease. The serum concentrations of cysC in children were
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Table 2 Performance of the GFR-estimating equation in all 135 subjects

Age All (n = 135) Aged <6 years 12 years > aged > 6 years Aged > 12 years
(n=21) (n = 59) (n = 55)

Bias (mL/min/1.73 m?) 12.6 £ 11.1 11.7 + 8.3 107 £ 95 15.0 £ 13.1

Pso (%) 84 (76-90) 81 (58-95) 90 (79-96) 78 (65-88)

Root mean square error 16.9 13.3 13.7 19.7
(mL/min/1.73 m?)

Gender All (n = 135) Male (n = 88) Female (n = 47)

Bias (mL/min/1.73 m?) 12.6 £ 11.1 12.6 + 11.1 125+ 11.2

Pso (%) 84 (76-90) 90 (81-95) 72 (57-84)

Root mean square error (mL/min/1.73 m?) 16.9 16.5 15.9

Bias is the absolute value of mGFR minus eGFR and is reported as mean == standard deviation; P5, refers to percentage of GFR estimates that

are within 30% of mGFR, with 95% confidence intervals given in parentheses

eGFR estimated glomerular filtration rate, mGFR glomerular filtration rate measured by inulin clearance method
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Fig. 5 Analysis of the new cysC-based eGFR and maximum inulin
GFR in pediatric CKD patients. Left in CKD patients aged <6 years.
Center in CKD patients aged 611 years. Right in CKD patients aged

constant after the first postnatal 18 months with a slight
decrease in the pubertal period. Standardization of serum
cysC measurements was required among children and
adults for it to be used as a reliable biomarker. In 2011, the
standardized method of cysC measurement traceable to
ERM-DA471/IFCC became available. In the present study,
serum cysC values were measured by the colloidal gold
immunoassay, one of the assays in which standardization
was achieved before 2011, and calibrated to the standard-
ized value similar to the method of Horio et al. [13].
Furthermore, we reported that serum cysC concentra-
tions lead to underestimation of renal dysfunction com-
pared with serum Cr in pediatric patients with CKD
when we supposed a simple reciprocal relationship
between cysC and GFR, and the existence of non-renal
clearance of cysC may explain the result [29]. This result
may be explained by the rate of non-renal clearance of
cysC, which is approximately 20 mL/min/1.73 m* in
humans [30]. Therefore, the cysC-based eGFR should be
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>12 years. Dashed lines show the fit of the data. RMSE was slightly
higher in children aged 12-18 years than <6 or 6-11 years

the form suggested by Bokenkamp et al. [14], taking
non-renal clearance of cysC into account. From the same
viewpoint, Cin and cysC measurements in pediatric CKD
patients were used to derive the formula for estimation of
GFR from cysC concentrations by linear regression
analysis:

eGFR (mL/min/1.73 m?)

= 104.1/serum cysC (mg/L) — 7.80.

We showed the values of bias, accuracy (P3p) and
RMSE of our new formula by age group and gender, and
believe that we can use the new cysC-based formula in
Japanese pediatric CKD patients of all ages. We also
validated the cysC-based eGFR formula for Japanese adults
[13]. eGFR values obtained with the adult formula
significantly underestimated GFR by approximately 8 %
in children with CKD. Therefore, suggest that it is better to
evaluate the renal functions of pediatric CKD patients
using our new formula than the adult expression.
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Our equations derived from serum cysC in Japanese
children and adolescents, including infants, will be useful
for estimating their renal function. Limitations of our study
include the small number of subjects, especially <2 years
and females, and no other data set to validate the equations.
Therefore, further studies are required to validate our
equations using different data sets.
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Abstract

Background Renal inulin clearance is the gold standard
for glomerular filtration rate (GFR), but is compromised by
problems of collecting urine samples in children, especially
those <6 years of age or with a bladder dysfunction.
Therefore, we should utilize the serum creatinine (Cr)-
based estimated GFR (eGFR), measuring serum Cr by
enzymatic method. The updated Schwartz formulae were
reported by enzymatic Cr instead of by the Jaffe method in
American children aged 1-16 years old. We believe it
would be better to determine serum Cr-based eGFR by the
enzymatic method in Japanese children for evaluation of
renal function.

Methods Serum Cr-based eGFR was determined by
measuring inulin clearance and serum Cr level in 76
pediatric chronic kidney disease (CKD) patients (49 males
and 27 females) aged 2—-11 years with no underlying dis-
ease that would affect renal function.

Results 'We showed the inulin clearance by expression of
the body length/serum Cr ratio in pediatric CKD patients,
which resulted in the equation: inulin GFR = 0.342
xbody length (cm)/serum Cr (mg/dL) & 2.75. Addition-
ally, we suggest the following serum Cr-based eGFR for-
mula passing through the origin: eGFR (mL/min/1.73 m?)
= 0.35 x body length (cm)/serum Cr (mg/dL), because it

T. Nagai - O. Uemura - K. Ishikura - S. Ito - H. Hataya -

Y. Gotoh - N. Fujita - Y. Akioka - T. Kaneko - M. Honda

The Japanese Society for Pediatric Nephrology, the Committee
of Measures for Pediatric CKD, Tokyo, Japan

O. Uemura (B<)

Department of Pediatric Nephrology, Aichi Children’s Health
and Medical Center, 1-2 Osakada Morioka-cho, Obu,

Aichi 474-8710, Japan

e-mail: o_uemura@hkg.odn.ne.jp

Published online: 06 April 2013

is simple and easy to remember, thus making it clinically
useful.

Conclusion The new eGFR formula derived from body
length and serum Cr level is applicable for clinical
screening of renal function in Asian as well as Japanese
children aged between 2 and 11 years old.

Keywords Estimate glomerular filtration rate - Japanese
children - Creatinine-based equation - Chronic kidney
disease

Introduction

Serum creatinine (Cr) levels are generally proportional to
muscle mass and inversely proportional to renal function.
Therefore, they are lower in infancy, and increase gradu-
ally with growth. Schwartz et al. [1] expressed the rela-
tionships between body length, glomerular filtration rate
(GFR), and serum Cr level as estimated GFR (eGFR: mL/
min/1.73 m?) = k x body length (cm)/serum Cr value
(mg/dL). The coefficient & is 0.33 in preterm infants

<1 year old, 0.45 in full-term infants <1 year old, 0.55 in
children 2—12 years old, and 0.55 and 0.70 in females and
males >12 years old, respectively [1-4].

This formula is clinically useful as it allows estimation of
GFR from the patient’s body length and serum Cr. This
equation utilizes the Jaffe method to measure Cr. However,
enzymatic methods have recently been used to measure Cr,
making the above formula no longer applicable. In 2009, the
updated Schwartz formulas were reported as—eGFR (mL/
min/1.73 m?) = 0.413 x body length (cm)/serum Cr value
(mg/dL), and eGFR (mL/min/1.73 m?) = 39.1 x [body
length (m)/serum Cr (mg/dL)]>>* x [1.8/cystatin C (mg/
L)1%%* x [30/BUN (mg/dL)]*™® x [1.099]™ x [body
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length (m)]/1.41°-188 by enzymatic Cr determination in
children 1-16 years old [5].

We doubt whether the new Schwartz equations can be
used to estimate GFR in Japanese children with chronic
kidney disease (CKD), because there are differences in
renal function and muscle mass between Japanese and
American individuals. In addition, it is inconclusive whe-
ther one common ‘bedside’ equation can be used in chil-
dren between 1 and 16 years of age, including the period of
adolescence. Therefore, we attempted to derive formulas to
estimate GFR by enzymatic Cr determination in Japanese
children with CKD. It is clinically important for general
pediatricians as well as pediatric nephrologists to measure
the eGFR of pediatric CKD patients, as it allows them to
evaluate their renal function and provide optimal medical
care.

We have determined reference serum Cr levels by an
enzymatic method related to age, gender, and body length,
and linear and polynomial equations showing the rela-
tionship between body length and serum Cr level for
screening of renal function in Japanese children [6, 7]. The
present study was performed to derive a serum Cr-based
eGFR equation in Japanese children aged between 2 and
11 years, with serum Cr levels inversely proportional to
renal function.

Materials and methods
Study population

A total of 174 children (113 males and 61 females)
between the ages of 1 month and 18 years presenting at the
facilities of the members for the Committee of Measures
for Pediatric CKD between 2008 and 2011 with CKD were
included in this study (Table 1). The study was approved
by the local ethics boards of each institution, and written
informed consent was obtained from the parents of each
subject.

GFR and serum Cr measurements

Data regarding serum Cr values, renal inulin clearance
(Cin), and body length measured at the same time were
reviewed.

The GFR was measured with inulin [8, 9]. Cin was
measured from samples taken twice over a 2-h period
under fasting and hydrated conditions by the continuous
infusion method (Fig. 1). The children were fasted over-
night and were allowed only water after waking up in the
morning. First, they received an intravenous Ringer’s
solution load of 20 mL/kg body weight for 30 min to
obtain good diuresis, followed by a load of 5 mL/kg/h until

@ Springer

Table 1 Baseline characteristics of 174 children

Characteristics N
Total 174
Age (years)
<6 33
>6 and <12 67
>12 74
Gender
Male 113
Female 61
Renal abnormality
Congenital anomalies of the kidney and urinary tract 69
Reflux nephropathy 19
Idiopathic nephrotic syndrome 16
Neurogenic bladder 10
Renal transplant 9
Chronic glomerulonephritis 8
Polycystic kidney disease 6
Nephronophthisis 6
Alport syndrome 4
Miscellaneous 27

testing was completed. From 30 min after water loading,
inulin was given intravenously in a priming dose of 40 mg/
kg body weight for 30 min calculated to achieve an
extracellular fluid (ECF) level of 20 mg/dL. After the
priming dose, inulin was administered at a rate calculated
to maintain a constant level in the blood [9]. For this
purpose, the rate of inulin infusion must equal that of loss
in the urine. To calculate inulin loss, GFR was estimated
from serum creatinine by the Schwartz formula [1-4].
Therefore, the patients received an inulin load of
0.7 x eGFR-mL/m*h with calculation of the body surface
area by the Haycock method [10]. Urine samples were
collected in two periods of 1 h each, and blood samples
were obtained twice from an indwelling cannula in the
middle of urine collection. We collected urine samples of
children <6 years old or with bladder dysfunction by
indwelling catheters.

Serum samples were stored at —70 °C until serum Cr
was measured by SRL Inc. (Tokyo, Japan). The serum
Cr level was determined by an enzymatic method using
a Bio Majesty automated analyzer (JCA-BMS8060; JEOL
Inc., Tokyo, Japan) with Pure Auto S CRE-L (Sekisui
Medical Co., Ltd., Tokyo, Japan). The coefficient of
variation was satisfactory (2.08 %). Urine and serum
samples were stored at 4 °C until urine and serum inulin
were measured by SRL Inc. The urine and serum levels
of inulin were determined by an enzymatic method using
an automated analyzer (Hitachi 7170; Hitachi Ltd.,,
Tokyo, Japan) with Dia-color-inulin (Toyobo Co., Ltd.,
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Fig. 1 Inulin clearance method
standardized according to the Ringer 40ml/kg/h 5 ml/kg/h
Committee of Measures for (Max 1 1/h) (Max 120 ml/h)
Pediatric CKD. Inulin was given 2
intravenously to achieve Inulin M8 rr;l(/)l(()g/h Vh 07x eGF(I)(Oml/m /h
extracellular fluid levels of (Max 300mi/h) (Max 100 mi/h)
20 mg/dL in testing. For this -60 -30 0 30 60 90 120
purpose, the rates of inulin
infusion must equal the rates of Blank Bladder
loss in the urine, which were S-cre empty
calculated using the Schwartz S-inu

U-cre
formulas based on serum Cr Ui

-1mu

level

for example;

BSA by Haycock method

Estimate GFR by Schwartz’s formula {
eGFR (mL/min/1.73 m") k x Body length / s-Cr (Jaffe).
5-Cr (Jaffe) = s-Cr (enzyme) + 0.2 |
k =0.55 in Children under 13 y.o.

BSA = 0.024265 x BW(kg)*5"8 x BH(cm)?-3964

<Clearance 1> <Clearance 2>

Tokyo, Japan). The coefficient of variation was satis-
factory (<15 %).

Estimated GFR based on serum Cr

Reference serum Cr level (y) was expressed as a linear
equation of body length (x), and the regression equation
was ¥y = 0.30x [6, 7] in Japanese children between 2 and
11 years old. As the reciprocal of serum Cr is generally
correlated with GFR [1-5, 11], we could utilize the equa-
tion for eGFR derived from serum Cr, eGFR (%) = (ref-
erence serum Cr/patient’s serum Cr) x 100. Therefore, we
derived the GFR estimation expression for Japanese chil-
dren from serum Cr—eGFR (mL/min/1.73 m?) = k x
body length/serum Cr.

Exclusion criteria and cases that were excluded

In this study, the exclusion criteria were (a) severe
obstructive uropathy; (b) infection during treatment;
(c) inflammatory disease; (d) dehydration; (e) myopathy;
(f) severe cardiac, hepatic, or pancreatic disease; (g) preg-
nancy or the possibility of pregnancy; (h) nursing; and
(i) refusal or inability to give informed consent. Infants
<2 years old and children >11 years old were excluded
because of low GFR compared with adults [12] and the
sharp increase in muscle mass in puberty [4, 7, 13],
respectively. One case with myopathy was excluded
because of violation of the protocol. In this study, doses of
intravenous inulin administration were decided as blood
concentrations were constant during testing by calculating
the eGFR by the Schwartz formula. Therefore, cases in
which the ratios of urine inulin excretion and intravenous
inulin administration were <0.5 or >1.5 were excluded
from this study, because there may have been failure to

collect all urine. As we were interested in determining
eGFR of cases with GFR <120 mL/min/1.73 m?, we
excluded cases with GFR >150 mL/min/1.73 m* to
increase reliability.

Statistical analyses

All analyses were conducted using Microsoft Excel 2010
and the JMP 8 statistical software package (SAS Institute
Inc, Cary, NC, USA). Linear regression analyses were
performed to evaluate relations between the ratios of body
length/serum Cr and Cin. In all analyses, P < 0.05 was
taken to indicate statistical significance.

Results
Characteristics of the study population

Of the 174 children included in the study, 65 % were male,
40 % had congenital anomalies of the kidney and urinary
tract, 5 % were post-transplant patients, and only 5 % had
chronic glomerulonephritis (Table 1). The median age was
11.0 years. ‘

Infants <2 years old and children >11 years old were
excluded, and 91 CKD patients aged between 2 and
11 years were initially included in the study population.
One case with myopathy was excluded because of protocol
violation. Thirteen cases with ratios of urine inulin excre-
tion and intravenous inulin administration <0.5 or >1.5,
and one case with GFR >150 mL/min/1.73 m* were also
excluded.

Therefore, a total of 76 cases (49 males) were included
in this study (Table 2). The median age was 8.0 years,
median height was 115.8 cm, and median weight was
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Table 2 Characteristics of 76 children included in this study

Characteristics Median (IQR) n
Total 76
Age (years) 8.0 (6.1-9.8)
<6 17
>6 and <12 59
Gender
Male 49
Female 27

Body length (cm)

Body weight (kg)

BSA (m?

Serum creatinine (mg/dL)

Average inulin GFR (mL/min/1.73m?)
Maximum inulin GFR (mL/min/1.73m?)

115.8 (108.7-128.2)
21.3 (17.1-27.0)
0.83 (0.72-0.97)
0.57 (0.42-0.73)
65.4 (45.9-94.2)
70.2 (53.1-99.2)

IQOR interquartile range, BSA body surface area
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Fig. 2 Analysis of body length/serum Cr and maximum inulin GFR
in pediatric CKD patients aged between 2 and 11 years. The
regression equation was y = 0.342x -+ 2.75. A significant positive
correlation was observed in 76 children with CKD aged 2-11 years
old, with a correlation coefficient of 0.871

21.3 kg. The median values of serum Cr, average inulin
GFR, and maximum inulin GFR were 0.57 mg/dL,
65.4 mL/min/1.73 m?, and 70.2 mL/min/1.73 m?, respec-
tively. As it was suspected that urine collection became
insufficient in children, we decided to use maximum inulin
GFR in the present study.

Correlation of body length/serum Cr and maximum
inulin GFR

Figure 2 shows scatter plots of maximum inulin GFR

versus body length/serum Cr ratio in pediatric CKD

patients aged between 2 and 11 years, which resulted in the

equation:

Maximum inulin GFR = 0.342 x body length (cm)
/serum Cr (mg/dL) + 2.75

@ Springer

with a correlation coefficient of 0.871 (P < 0.01).

Serum Cr-based eGFR formula in pediatric CKD
patients aged between 2 and 11 years

We would like to suggest use of the formula passing
through the origin for children aged 2-11 years old,
because it is simple and easy to remember for use at the
bedside. We developed an eGFR equation for Japanese
children aged between 2 and 11 years as follows:

eGFR (mL/min/1.73 m?) = 0.35 x body length (cm)
/serum Cr (mg/dL).

We compared our new formula with the correlation
equation (maximum inulin GFR = 0.342 x body length/
serum Cr 4+ 2.75) in our CKD patients. Maximum and
minimum differences between eGFR values calculated by
these two equations in all 76 cases were 1.28 and —2.39 mL/
min/1.73 m?, respectively. Thus, the eGFR values derived
from the two equations showed good accordance.

Discussion

Glomerular filtration rate is used to assess kidney function and
is measured by monitoring renal clearance. Inulin clearance is
the gold standard for evaluation of kidney function but cannot
be measured easily. Therefore, various methods have been
used to determine GFR. The eGFR [eGFR (mL/min/
173 m% =k x body length (cm)/serum Cr (mg/dL)] deter-
mined by the Jaffe method devised by Schwartz has been used
clinically [1-4]. Recently, enzymatic methods have been used
to measure Cr rather than the Jaffe method; however, it is not
possible the use the formula in this form and it was necessary
to reevaluate the value of the coefficient k in the formula.
Recently, Zappitelli et al. [14] revised the Schwartz formula
relating eGFR to serum creatinine level determined enzy-
matically, and reported that the k value in the Schwartz
equation decreased from 0.55 to 0.47 for children and ado-
lescent girls. Schwartz et al. [5] reported the updated formula,
the so-called ‘bedside’ version, as eGFR = 0.413 x body
length (cm)/serum Cr value (mg/dL) by the enzymatic method
showing a 25 % reduction in k value from the previous value
of 0.55 generated from Jaffe-based serum Cr measurements,
and eGFR(mL/min/1.73 m?) = 39.1 x [body length (m)/
serum Cr (mg/dL)]*'® x [1.8/cystatin C (mg/L)]>%*
x [30/BUN  (mg/dL)1°'® x [1.099]™@ x [body length
(m)1/1.4]>*%8 by enzymatic Cr determination in children 1—
16 years old. The work was performed in a population of
American children with CKD, enriched with obstructive
uropathy. They concluded that the formula can be used in
children 1-16 years old.
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However, we reported previously that the new Schwartz
‘bedside’ formula cannot be used for estimating GFR in
Japanese children, especially those between 1 and 16 years
old including the adolescent period, as reference serum Cr
values of our 1,074 subjects [7] showed a gradual signifi-
cant decrease of eGFR with age [13]. There seems to be a
considerable problem in that the ranges of the reference
values for boys >12 years and girls >14 years overlap with
the range for CKD stage 2. Our results indicating that
eGFR value derived by the new ‘bedside’ Schwartz for-
mula decreased gradually with age suggest that this for-
mula should not be used for estimating GFR in Japanese
children, at least in those with normal renal function.

The new ‘bedside’ Schwartz formula has an inherent
problem in that it uses the same coefficient between the
ages of 1 and 16 years old. In addition, we assume that
renal function and muscle mass show ethnic differences.
Therefore, it is necessary to establish a specialized eGFR
equation for use in Japanese children.

We examined the correlation of body length/serum Cr
and maximum inulin GFR in Japanese children aged
between 2 and 11 years old and derived the equation:
eGFR = 0.342 x (body length/serum Cr) +2.75. There-
fore, we suggest a new formula derived from body length
and serum Cr in Japanese children aged between 2 and
11 years old as follows:

eGFR (mL/min/1.73m?) = 0.35 x body length (cm)
/serum Cr (mg/dL).

These two equations showed good accordance in our
cases, and we adopted the formula passing through the
origin because it is simple and easy to remember, thus
making it clinically useful. Further studies are required to
validate our equations using a different data set. In our next
study, we would like to present complex eGFR equations
using polynomial formulae for reference serum Cr levels
with body length in Japanese all children and adolescents
except infants. We consider that the formula will be
applicable for screening of renal function in Asian as well
as Japanese children between the ages of 2 and 11 years
old.
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