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Abstract

Objectives: The use of kidney function and injury markers
for early detection of drug-related glomerular or tubular
kidney injury in infants, children and adolescents requires
age-specific data on reference intervals in a pediatric
healthy population. This study characterizes serum values
for eight kidney function and injury markers in healthy
infants, children and adolescents.
Methods: A single center prospective observational study
was conducted between December 2018 and June 2019.
Serum samples from 142 healthy infants, children and
adolescents aged between 0 and ≤15 years were collected.
Statistical analyses for eight markers (albumin (ALB), β2-
microglobulin (B2M), β-trace protein (BTP), creatinine

(SCR), cystatin C (CYSC), kidney injury molecule-1 (KIM-1),
neutrophil gelatinase-associated lipocalin (NGAL), uro-
modulin (URO)) were performed to obtain reference in-
tervals and associations with age, sex and weight were
investigated (Pearson correlation, linear and piecewise
regression).
Results: ALB and SCR increased with age (p<0.01),
whereas B2M, BTP and KIM-1 values decreased with
advancing age (p<0.05) in this healthy pediatric study
population. CYSC showed dependency on sex (lower con-
centration in females) and decreased with age until
reaching approximately 1.8 years; thereafter an increase
with age was seen. NGAL and URO did not show any age-
dependency.
Conclusions: This study provides age appropriate refer-
ence intervals for key serum kidney function and injury
markers determined in healthy infants, children and ado-
lescents. Such reference intervals facilitate the interpreta-
tion of changes in kidney function and injury markers in
daily practice, and allow early detection of glomerular and
tubular injury in infancy, childhood and adolescence.

Keywords: age-dependency; kidney biomarker; kidney
injury; pediatrics; reference intervals.

Introduction

Early detection of (drug-related) glomerular and tubular
kidney injury in infants, children and adolescents is crucial
for clinical monitoring and therapeutic decision-making.
Currently, there is a lack of validated diagnostic ap-
proaches to detect early (drug-related) kidney injury in
pediatric patients. This can result in adverse long-term
kidney function outcomes, particularly in patients treated
with potential nephrotoxic drugs (e.g. chemotherapy or
antibacterial drugs). Simple extrapolation of kidney func-
tion and injury markers, often established in adults, to
pediatric populations have the limitation that (i) adult and
pediatric kidney diseases are different and, more impor-
tantly, (ii) maturational and physiological changes cannot
be neglected [1]. Therefore, it is important to account for
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developmental changes when interpreting kidney function
and injury marker concentrations in the pediatric
population.

Serum creatinine (SCR) and (estimated) glomerular
filtration rate (GFR) are commonly used clinically to eval-
uate kidney function, although these are not ideal markers
for early detection and monitoring renal and particularly
tubular injury in pediatrics [2, 3]. The most accurate
assessment of GFR using inulin or iohexol is cumbersome,
invasive and not suitable for regular monitoring of kidney
function [4]. This is particularly true for the pediatric
population. For this reason, estimations of GFR by
applying calculations relying on endogenous markers (e.g.
SCR) are commonly used. Such endogenous markers are
thought to imitate the exogenous markers as closely as
possible. The (updated bedside) Schwartz formula esti-
mates kidney function based on the children’s height and
SCR [5, 6]. Despite the standardization of creatinine assays,
the estimated GFR (eGFR) has considerable imprecision
due to non-GFR related variation of SCR, e.g. rise in SCR
levels after meat consumption [7]. Furthermore, disease
related muscle mass variations and nutritional changes
can result in overestimation of eGFR leading to potential
overdosing of nephrotoxic drugs [8].

Investigations of alternative kidney function and
injury markers have been the subject of increased in-
terest over the last decades, especially for the pediatric
population [2]. Most low molecular weight proteins,
such as β2-microglobulin (B2M), β-trace protein (BTP),
neutrophil gelatinase-associated lipocalin (NGAL) and
cystatin C (CYSC), are filtered by the glomerulus and
reabsorbed by the proximal tubules (Table 1). While
increased serum concentrations of these markers indi-
cate glomerular damage, an increase in urinary

concentrations implies tubular injury [3, 9]. Uromodulin
(URO) is a glycoprotein, which is exclusively produced
by the cells in the thick ascending limb, and lower serum
levels indicate a function decrease of these epithelial
cells [10, 11]. It has been demonstrated that urinary
NGAL, urinary kidney injury molecule-1 (KIM-1) and
serum CYSC show a decreasing trend from preterm ne-
onates to infants [2, 12–20].

The majority of pediatric studies focused on the com-
parison of kidney function and injury markers between
critically ill patients or between patients with kidney dis-
eases and their control subgroups [16–18, 21, 22]. Since
other disease conditions influence the kidney function,
these control groups cannot be viewed as true controls for
establishing a reference or normative interval [2]. Conse-
quently, there is a paucity of data on age-dependency of
serum kidney function and injury markers in the healthy
pediatric population. The establishment of age-dependent
reference intervals for kidney function and injury markers
in a healthy pediatric population is important because it
will allow earlier detection of kidney injury in pediatric
patients who are ill and/or treated with nephrotoxic drugs
[23]. Therefore, it is necessary to examine whether these
markers have different values with advancing age, since
that will help establish reference intervals for different
pediatric age groups that are currently lacking.

The aim of this study was to establish age-dependent
reference intervals in a healthy pediatric population for a
set of kidney function and injurymarkers (BTP, B2M, CYSC,
KIM-1, NGALandURO) that are currently not part of routine
clinical care, as well as two markers (SCR and albumin
[ALB]) that are commonly used clinically. Additionally, the
relationship between these markers and demographic
characteristics such asweight and/or sexwas investigated.

Table : Kidney function and injury markers and their characteristics.

Biomarker Features Molecular weight Sample medium Specific kidney
localization

Refs.

β-Microglobulin Component of MHC class I  kDa Serum Glomerulus [, ]
Urine Tubules

β-Trace protein Expressed in brain, retina and kidneys – kDa Serum Glomerulus [, ]
Urine Tubules

Cystatin C Expressed in all tissues and body fluids . kDa Serum Glomerulus [, ]
Urine Tubules

NGAL Expressed mainly in neutrophils, as
well in kidney, prostate and respiratory
tracts

– kDa Serum Glomerulus []
Urine Tubules

KIM- Expressed on surface of tubular epithelial
cells

 kDa Serum Glomerulus []
Urine Tubules

Uromodulin Produced in kidney (thick ascending limb)  kDa Serum Distal tubule [, ]
Urine Distal tubule

NGAL, neutrophil gelatinase-associated lipocalin; KIM-, kidney injury molecule-.
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Materials and methods

Study design

This single center prospective observational study of consecutive
healthy children was conducted at the University Children’s Hospital
Basel, Switzerland between December 2018 and June 2019. Infants,
children and adolescents aged between 0 and ≤15 years, including
patients up to 15 years and 11 months were eligible for study partici-
pation if theywere healthy, required a venous line for elective surgery/
anesthesia during their stay at the short stay unit or ward, allowing
one blood draw without additional venipuncture. Patients with
chronic or congenital diseases were excluded, with exception of ad-
olescents with mild to moderate acne vulgaris. Study protocol was
approved by the local Ethics Committee (EKNZ BASEC 2016-00884).
Parents were informed about the study verbally and in writing, and
written informed consent was obtained. In addition to parental con-
sent, children aged 8–14 years could sign voluntary. Adolescents
aged ≥14 years were eligible to sign the informed consent themselves
for studies of low risk (risk categoryA study). The studywas performed
in accordance with Good Clinical Practice and the principles of the
Declaration of Helsinki. Participants were included based on stratifi-
cation into four age groups; 0–2 years, >2–5 years, >5–10 years and
>10–≤15 years, in order to ensure a balanced age distribution. De-
mographic and clinical data and exposure to medication were
collected on the day of study enrollment and at the day of surgery.

Sample collection and lab assessment

Blood samples were collected prior to (elective) surgery in lithium-
heparin tubes. Samples were centrifuged (2500 g for 10 min at 20 °C)
within 2 h after blood draw and serum was frozen at −20 °C for a
maximum of 24 h, and subsequently stored at −80 °C until analysis.
Samples were stored for a maximum of eight months (stability was
showed for a period of 12 months). Unique biomarkers were quanti-
tated on the same day.

Samples were processed at an ISO-17025 accredited medical
laboratory, where eight serum kidney function and injury markers
(ALB, BTP, B2M, SCR, CYSC, KIM-1, NGAL andURO) weremeasured. A
minimum volume of 300 μL serum was required for analysis.

ALB (Tina-quant® Albumin 2nd generation, turbidimetric,
standardized to BCR470/CRM470), SCR (IDMS-standardized), CYSC
(Tina-quant® cystatin C 2nd generation, turbidmetric, standardized to
ERM-DA471/IFCC) and NGAL (particle-enhanced turbidimetric
immunoassay, Bioporto diagnostics, Hellerup, Denmark, kit specific
standardization), were measured with reagents from Roche Di-
agnostics (Rotkreuz, Switzerland) on a Cobas 6000 instrument (Roche
Diagnostics, Rotkreuz, Switzerland). B2M (Tina-quant®
β2-Microglobulin Roche, Rotkreuz, Switzerland) was determined on a
Cobas 8000 instrument (Roche Diagnostics, Rotkreuz, Switzerland).
URO (ELISA, Euroimmun, Luzern, Switzerland, kit specific standard-
ization) and KIM-1 (ELISA, Cohesion Biosciences, London, UK, kit
specific standardization) were assayed on a DSX instrument (Dynex
technologies, Denkendorf, Germany). Finally, BTP (N Latex BTP,
nephelometry, Siemens Diagnostics, Zurich, Switzerland, kit specific
standardization) was measured on a BN2 instrument (Siemens

Diagnostics, Zurich, Switzerland). Liquid controlmaterialwas used for
CREA (Biorad Laboratories, Crissier, Switzerland), BTP (Siemens Di-
agnostics, Zurich, Switzerland), NGAL (Bioporto diagnostics, Hel-
lerup, Denmark), URO (Euroimmun, Luzern, Switzerland) and ALB
(Biorad Laboratories, Crissier, Switzerland). For CYSC (Biorad Labo-
ratories, Crissier, Switzerland), B2M (Biorad Laboratories, Crissier,
Switzerland) and KIM-1 (Cohesion Boosciences, London, UK) lyophi-
lized control material was used. Inter-assay coefficients of variation,
as assessed with commercially available control materials, were the
following, with at least two control level concentrations: <3.2% for
ALB, <7.7% for B2M, <8.4% for BTP, <2.7% CREA enzymatic, <2.9% for
CYSC, <9.1% for KIM-1 , <3.5% for NGAL, <5.5% for URO.

Statistical analysis

Kidney function and injury marker values are presented as mean
values with standard deviation (SD), median values with interquartile
ranges (IQR) and minimum and maximum values. Categorical vari-
ables are presented as numbers with percentages. The eGFR is
calculated according to the bedside Schwartz formula and addition-
ally corrected for actual body surface area [5, 6]. Measured SCR con-
centrations were compared to previously published age-specific SCR
reference ranges retrieved from a healthy pediatric population [24, 25].

The study population is descriptively analyzed for age, sex,
weight, height, prematurity, drug exposure twoweeks and 48 h before
surgery, and type of elective surgery. Sample sizewas defined to detect
an 18%difference inUROconcentrations betweenadjacent age groups
(0–2 years, 2–5 years, 5–10 years and 10–≤15 years) with significance
levels of 5 and 80% power (Supplemental Material). Prior to statistical
analysis, outlying observations were removed in accordance with the
recommendations of the Clinical and Laboratory Standards Institute
(CLSI), as these extreme values potentially affect the estimation of
reference intervals [26]. Outliers were identified by Tukey’s method
where values within the distribution that are either less than
Q1 − 1.5 × IQR or greater than Q3 + 1.5 × IQR, are defined as extreme
values [23, 27]. Values of markers which were not normally distributed
were log transformed before analysis. The primary analysis for the
study was an analysis of variance (ANOVA) comparing URO concen-
trations of the age groups. As secondary endpoints, the relationship
between each marker and age was investigated using Pearson’s cor-
relation coefficient. A linear regression model was fitted to determine
associations between the individual markers and age. For the sum-
mary statistics, and in addition to ANOVA, the Kruskal-Wallis test was
also used to determine if there were differences in (untransformed)
kidney function and injury marker values between age groups. Sex
andweight associationswere assessedusing standardANOVA. In case
of multiple associations between the marker and demographic char-
acteristics, a multivariate linear regression model was fitted. When a
linear regression model did not capture the trend of the data, more
complex models such as nonlinear and piecewise regression models
were investigated. The Akaike Information Criterion (AIC) was used to
guide model selection. Subsequently, the predicted means and 95%
prediction intervals of all markers were computed based on the fitted
regression model to determine the reference intervals. A correlation
matrix was used to visualize the correlation among the different
markers. R (version 3.5.1; R Development Core Team, Vienna, Austria,
http://r-project.org) was used for data analysis and visual graphics.
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Results

One hundred and 58 children were enrolled of which 16
participants (10%) had to be excluded (withdrawn consent
or no blood sampling prior to anesthesia, Supplemental
Table 1). In total, reference intervals for eight kidney
function and injury markers from 142 pediatric subjects
were determined.

Study population

The demographic and clinical characteristics of study
participants are shown in Table 2. Median weight and
height per age group were 9.8 kg and 76 cm (0–2 years),
16.5 kg and 103 cm (>2–5 years), 23 kg and 125 cm (>5–10
years) and 50 kg and 157 cm (>10–≤15 years). 37.3% were
female, 92.3%were Caucasian and 9.2%were born preterm
(mean gestational age of 35 weeks). The distribution for
types of surgery changed for specific age groups (Supple-
mental Table 2). In total, 20.4% of participants received
medication or nutritional supplements in the 48 h before

surgery, of these 37.9% were treated with vitamin D and
55.2% of participants received their last dose one day prior
the surgery (Supplemental Table 3). Only 2% of partici-
pants were treated with drugs with potential nephrotoxic
side effects (ibuprofen or isotretinoin, Supplemental
Table 3).

Statistical analysis

Themean (SD) values of for eachmarker of the total studied
pediatric population were; ALB 38.2 (4.9) g/L, B2M 1.7 (0.4)
mg/L, BTP 0.7 (0.2) mg/L, CYSC 0.9 (0.2) mg/L, KIM-1
2460.1 (3163.6) ng/L, NGAL 40.0 (19.7) μg/L, SCR 39.5 (16.0)
μmol/L, and URO 152.7 (75.9) μg/L (Figure 1).

For the primary analysis, no significant differences
were observed when comparing URO values between the
different age groups using ANOVA (Supplemental Table 4).
There were similarly no differences for KIM-1 and NGAL,
and these results were the same using the non-parametric
Kruskall-Wallis test for the untransformed measurements
(Table 3).

Table : Demographic characteristics of study participants. eGFR calculated by bedside Schwartz formula (. × height (cm)/serum
creatinine (mg/dL)) and body surface area calculated by Mosteller formula [, ].

– years (n=) – years (n=) – years (n=) – years (n=) Total (n=)

Age, years
Mean (SD) . (.) . (.) . (.) . (.) . (.)
Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)

Weight, kg
Mean (SD) . (.) . (.) . () . (.) . (.)
Median (Q, Q) . (., .) . (., .)  (, .)  (, ) . (, .)

Height, cm
Mean (SD) . (.) . (.)  (.) . (.) . (.)
Median (Q, Q) . (., )  (., )  (, )  (, )  (, )

eGFR, mL/min/.m

Mean (SD) . (.) . (.) . (.) . (.) . (.)
Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)

eGFR, mL/min
Mean (SD) . (.) . (.) . (.) . (.) . (.)
Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)

Sex
Female  (%)  (.%)  (.%)  (.%)  (.%)
Male  (%)  (.%)  (.%)  (.%)  (.%)

Ethnicity
Caucasian  (%)  (.%)  (.%)  (.%)  (.%)

Born preterm
No  (%)  (.%)  (.%)  (.%)  (.%)
Yes  (%)  (.%)  (.%)  (.%)  (.%)

Medication  h prior surgery
No  (%)  (.%)  (.%)  (.%)  (.%)
Yes  (%)  (.%)  (.%)  (.%)  (.%)

eGFR, estimated glomerular filtration rate.
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After excluding outlying observations according to
Tukey’s method (Supplemental Table 1) and log trans-
forming SCR and KIM-1 due to non-normality, Pearson’s
correlation test was performed between the marker values
and age as a continuous variable (Supplemental Table 5).
The strongest positive correlation with age as a continuous
variable (no categories) was observed for SCR (r=0.864 and
p<0.001), and the strongest negative correlation for BTP
(r=−0.544 and p<0.001). ALB showed a mild positive cor-
relation (r=0.261 and p<0.01), and both B2M and KIM-1
showed a negative (r=−0.276 and p<0.01, r=−0.217 and
p<0.05) correlation with continuous age, respectively. The
other evaluated markers did not show any significant cor-
relation with age as a continuous variable (p>0.05).

Five kidney function and injury markers ALB, B2M,
BTP, SCR and KIM-1, showed an association with age
(Figure 2). Based on the multivariable linear model (Sup-
plemental Table 6), the mean and 95% prediction intervals
for those fivemarkers were calculated for four different age
groups (Table 4). The predicted B2M concentrations from
the fitted model (Eq. (1)) for a child of 2, 5, 10 or 15 years
were 1.9 mg/L (95% CI (1.3–2.5)), 1.7 mg/L (95% CI (1.1–
2.3)), 1.6 mg/L (95% CI (1.0–2.1)) or 1.7 mg/L (95% CI (1.1–

2.3)), respectively (Figure 2). BTP showed a trend to
decrease with age (p<0.001), and the predicted concen-
trations were estimated at 0.9 mg/L (95% CI (0.6–1.1)),
0.7mg/L (95%CI (0.6–1.0)), 0.6mg/L (95%CI (0.4–0.9)) or
0.6mg/L (95%CI (0.4–0.9)) for a 2, 5, 10 or 15 year-old child
(Eq. (2), Figure 2). SCR showed a strong positive association
with age and increased from 22.7 μmol/L (95% CI (15.2–
33.9)) for a 2-year old infant to 58.9 μmol/L (95% CI (39.4–
88.1)) for a 15-year old adolescent (Eq. (3), Table 4). KIM-1
decreased with age (p<0.05), and showed a 50% decrease
between a two-year-old child and a 15-year old adolescent
(Table 4).

CYSC was significantly associated with sex, showing
lower concentrations in female pediatric population as
compared to male participants (p<0.01, Supplemental Ta-
ble 6). Piecewise regression with a breakpoint at approxi-
mately 1.8 years was a better fit compared to linear
regression for CYSC in terms of AIC criteria (Supplemental
Table 6). In the period before 1.8 years, CYSC appears to
show a decrease, and after this breakpoint a slight increase
in CYSC is observed until the age of 15 years (Eq. (6a) and
(6b)). Overall, girls show a lower CYSC concentration
(median 0.86 mg/L (IQR 0.78–0.94)) compared to boys

Figure 1: Indiviual serum biomarker values
represented per age group.
Median values and interquartile ranges are
presented by boxplots, and dots represent
individual values for each biomarker. ALB:
albumin, B2M: β2-microglobulin, BTP: β-
trace protein, SCR: creatinine, CYSC: cys-
tatin C, KIM-1: kidney injury molecule-1,
NGAL: neutrophil gelatinase-associated
lipocalin, URO: uromodulin.
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(median 0.92 mg/L (IQR 0.81–1.04, p=0.01)), with the
predicted CYSC concentration from the fitted model at 1.5
years of age being 0.96 mg/L (95% CI (0.71–1.22)) for boys
and 0.91 mg/L (95% CI (0.66–1.17)) for girls, respectively
(Table 4).

B2Mi [mg
L
] � 2.11 − 0.114 × agei[in years] + 0.00578 × age2i

  [in years]
(1)

BTPi[mg
L
] � 0.958 − 0.0604 × agei[in years] + 0.00252

×age i
2[in years]  (2)

SCRi [μmol/L] � exp(2.98 + 0.0735 × agei[in years]) (3)

KIM1i[ng/L] � exp(7.31 − 0.0633 × agei[in years]) (4)

ALBi[g/L] � 36.4 + 0.236 × agei[in years] (5)

CYSCi[<1.76 years][
mg
L
] � −0.27 × agei[in years] + 0.044

×sexi   [0 :male,   1 : female] (6a)

CYSCi [>1.76 years][
mg
L
] � 0.003 × agei[in years] + 0.044

×sexi   [0 :male,   1 : female] (6b)

Table : Values for eight kidney biomarkers (mean (SD), median (IQR) and minimum and maximum values). Group differences for untrans-
formed measurements tested using Kruskal-Wallis test.

- years (n=) - years (n=) - years (n=) - years (n=) Total (n=)

Albumin, g/L p-value .
Mean (SD) . (.) . (.) . (.) . (.) . (.)

Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)
Min – max .–. .–. .–. .–. .–.

β-Microglobulin, mg/L p-value <.
Mean (SD) . (.) . (.) . (.) . (.) . (.)

Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)
Min – max .–. .–. .–. .–. .–.

β-Trace protein, mg/L p-value <.
Mean (SD) . (.) . (.) . (.) . (.) . (.)

Median (Q, Q) . (., .) . (., .) . (., .) . (., . ) . (., .)
Min – max .–. .–. .–. .–. .–.

Creatinine enzymatic, µmol/L p-value <.
Mean (SD) . (.) . (.) . (.) . (.) . (.)

Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)
Min – max .–. .–. .–. .–. .–.

Cystatin C, mg/L p-value .
Mean (SD) . (.) . (.) . (.) . (.) . (.)

Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)
Min – max .–. .–. .–. .–. .–.

Kidney injury molecule-, ng/L p-value .
Mean (SD) . (.) . (.) . (.) . (.) . (.)

Median (Q, Q) . (.,
.)

. (.,
.)

. (.,
.)

. (.,
.)

. (.,
.)

Min – max .–. .–. .–. .–. .–.
NGAL, µg/L p-value .

Mean (SD) . (.) . (.) . (.) . (.) . (.)
Median (Q, Q) . (., .) . (., .) . (., .) . (., .) . (., .)

Min – max .–. .–. .–. .–. .–.
Uromodulin, µg/L p-value .

Mean (SD) . (.) . (.) . (.) . (.) . (.)
Median (Q, Q) . (.,

.)
. (.,

.)
. (.,

.)
. (.,

.)
. (.,

.)
Min – max .–. .–. .–. .–. .–.

NGAL, neutrophil gelatinase-associated lipocalin.
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Both NGAL and URO did not show any significant as-
sociation between age, sex or weight. Predicted mean and
95% reference interval for NGAL were 40.0 μg/L (95% CI
(1.4–78.6)) for all ages. For URO, predicted mean and 95%
reference interval were 145.9 μg/L (95% CI (17.4–274.4)) for
all ages (Table 4).

We found a positive correlation between CYSC and
ALB, B2M and BTP (p<0.001, Supplemental Figure S1). A
positive correlation between SCR and ALB and CYSC was
observed (p<0.05) and a negative correlation between SCR
and KIM-1 and BTP was observed (Supplemental
Figure S1). Positive correlation between BTP and B2M was
detected (p<0.01). There were no significant correlations
otherwise.

Discussion

This prospective study provides references intervals for
eight endogenous serum kidney function and injury
markers, reflecting normal kidney function in 142 healthy
infants, children and adolescents. Six markers showed
age-dependency (ALB, SCR, B2M, BTP, CYSC and KIM-1),
whereas the other two markers (NGAL and URO) did not
show any association with age.

In terms of defining reference intervals for the whole
pediatric age range (0–≤15 years), the sample size for each
marker, except KIM-1, is in accordance with the recom-
mendations of the CLSI, which recommends a minimum of
120 individuals [23, 26]. No relevant nephrotoxic drug
exposure was reported, only 2% of participants were
exposed tomedication (ibuprofen, isotretinoin) potentially
associated with renal side effects. Ibuprofen was dis-
continued the day before surgery, and as the half-life of
ibuprofen is approximately 2 h, near complete elimination
of ibuprofen can be assumed after 8–10 h [28]. SCR con-
centrations were comparable with previous published
reference values for healthy pediatric populations [24, 25].
The calculated median SCR values according to the re-
ported age groups did not differ by more than 20% (8% on
average) with the 2.5 and 97.5% percentiles from data
presented in previous studies (Supplemental Table 7) [24,
25]. Our study population represents a healthy pediatric
population, as we have applied strict inclusion and
exclusion criteria. This is in contrast to previous studies,
where subgroups of a diseased patient group serve as
controls and do not guarantee the absence of other con-
ditions influencing kidney function. Establishing reference
intervals of kidney function and injurymarkers in a healthy
pediatric population is a necessary component for

Figure 2: Prediction reference intervals for
age dependent kidney biomarkers.
Lines represent the predicted mean
concentration and shaded areas illustrate
the 95% prediction reference intervals.
Filled circles represent values included in
statistical analysis, open circles represent
outlier values (not included in statistical
analysis).
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demonstrating the clinical utility of these markers and will
allow their interpretation in ill pediatric patients. Further-
more, the use of several markers in addition to SCR, ALB
and eGFR in clinical routine will support the interpretation
of physiological and pathological conditions.

B2M concentrations appeared to be higher for infants
(1.9 mg/L [1.3–2.5]) and remain constant in children and
adolescents. B2M concentrations are strongly associated
with cell turnover, which is a physiological state in early
infancy, as well as various infectious and hematological
diseases [3, 22]. During infectious diseases an increase in
B2M concentrations is observed [29, 30]. BTP) shows a
similar profile with highest concentrations in infants
(0.9 mg/L [0.6–1.1]). Serum BTP is a small molecular
weight protein which is freely filtered through the
glomerulus. It has been previously shown that serum BTP
concentrations in pediatric patients with impaired kidney
function (eGFR <90 mL/min/1.73 m2) are decreased (mean
of 0.68 mg/L) [31]. In this study, a small, although statis-
tically significant, positive relationship between ALB
concentrations and age has been observed. This ALB in-
crease with age has also been illustrated by several other
studies [32, 33]. Clinical significance of this age-
dependency is unclear, given that the 95% predicted
reference intervals of ALB for our cohort were similar
across all age groups. Our results confirmed the age-
dependence of serum SCR concentrations [24, 25]. After the
first couple of months of life, SCR concentrations increase
as a result of increasing muscle mass. KIM-1 is removed
from tubular epithelial cells into the urine in response to
injury; therefore an increase in urinary KIM-1 concentra-
tions could indicate kidney damage [34]. In this study, a
small, although statistically significant, negative

association of KIM-1 with age was detected. Urinary KIM-1
concentrations in healthy pediatric populations has been
shown to increase with age (3.8%/year), although up to
now, no published data could be found for serum KIM-1
concentrations in healthy pediatric population. This study
showed that CYSC concentrations decrease until the age of
approximately 2 years is reached, after which CYSC con-
centrations showed an increase until adolescence. Previ-
ous studies showed a similar inverse age correlation with
CYSC during the first year of life and a lower CYSC con-
centration in pre-pubertal children (4–12 year) as
compared to adolescents (12–17 years) [35]. In a previous
study, significant differences have also been observed
between sexes, with generally lower concentrations for
girls [35]. Whether these discrepancies between sexes are
of clinical relevance, remains to be investigated. The pre-
dicted reference intervals for serum NGAL and serum URO
were found to be independent of age in our study. In
healthy individuals, serum NGAL is expressed at low
concentrations, filtered by the glomerulus and reabsorbed
by the proximal tubule [34]. Pediatric patients with acute
kidney injury showed an increase in serum NGAL con-
centrations (median of 355 μg/L) [20]. Our data showed
significant correlations between some, but not all kidney
markers (Figure S1). This suggests that partly different in-
formation on renal function may be obtained, although
this needs further investigation and might be of particular
interest in diseased populations.

There are several limitations to this study. An associa-
tion between CYSC concentrations and sex was observed
over the entire study population, but it needs to be
acknowledged that the female population was underrepre-
sented in theyoungestagegroup.Weemphasize that a study

Table : Predicted mean values and % confidence intervals based on the fitted linear or piecewise regression models for eight kidney
biomarkers, with age treated as a continuous variable.

 yearsa
 years  years  years All ages (– years)

Age dependent kidney biomarkers
ALB, g/L . [.–.] . [.–.] . [.–.] . [.–.] na
BM, mg/L . [.–.] . [.–.] . [.–.] . [.–.] na
BTP, mg/L . [.–.] . [.–.] . [.–.] . [.–.] na
SCR, µmol/L . [.–.] . [.–.] . [.–.] . [.–.] na
KIM-, ng/L . [.–] . [.–] . [.–] . [.–] na

CYSC, mg/L
Boys . [.–.] . [.––.] . [.–.] . [.–.] na
Girls . [.–.] . [.–.] . [.–.] . [.–.] na

Age independent kidney biomarkers
NGAL, µg/L na na na na . [.–.]
URO, µg/L na na na na . [.–.]

na, not applicable; ALB, albuim; BM, β-microglobulin; BTP, β-trace protein; SCR, serum creatinine; KIM-, kidney injury molecule-; CYSC,
cystatin C; NGAL, neutrophil gelatinase-associated lipocalin; URO, uromodulin. aFor cystatin C, a breakpoint of . years was used.
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with a larger sample size is required to drawmore definitive
conclusions on this potential sex effect. Furthermore, due to
the rapid physiological changes between neonatal age and
infanthood due to maturation, the sample size in the youn-
gest age group with a relatively wide age range from 0 to 2
years might not be large enough to detect age-associated
changes within this particular group. While our study ex-
amines kidney markers across a broad age range, others
have focused their data on infants younger than 2months of
age and found similar results [19, 21]. Additionally, we
recognize that prediction interval point estimates of the
different age groups overlap for all markers. Studies with
larger sample sizes are required to confirm our results. It is
important to distinguish between statistically significant
and clinically relevant results. For instance, the effect of age
on albumin concentrations, which was statistically signifi-
cant, can be questioned in terms of clinical relevance.
Several biomarkers in the pediatric population (e.g. hor-
mone levels or whole blood values, such as hemoglobin)
show age-dependency, whereas other laboratory parame-
ters (e.g. C-reactive protein or erythrocyte sedimentation
rate) do not show an age effect. Our findings are relevant for
pediatric health care providers for the interpretation of kid-
ney function and injury markers to help to distinguish be-
tween physiological effects or pathological states.

In conclusion, this study provides age appropriate
reference intervals for eight kidney function and injury
markers in healthy pediatric population from 2months until
15 years. In addition to the more commonly used markers
such as ALB and SCR; B2M, BTP and KIM-1 show a decrease
with age in the healthy pediatric population. CYSC was
lower in girls, decreased with age until approximately two
years of age and increased thereafter. For healthy pediatric
infants, children and adolescents, no significant age-
dependency could be identified for NGAL and URO. These
results highlight the importance for further evaluation of
these kidney function and injury markers in early detection,
and enhanced monitoring of kidney injury related to un-
derlying diseases or nephrotoxic drugs in pediatric patients.
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