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Reference intervals of urinary kidney injury biomarkers for
middle-aged men and women determined by quantitative
protein mass spectrometry

Tirsa T van Duijl1, L Renee Ruhaak1, Ellen K Hoogeveen2,3, Renée de Mutsert3,
Frits R Rosendaal3, Saskia le Cessie3,4, Johan W de Fijter5 and Christa M Cobbaert1

Abstract

Background and Aims: There is an ongoing need to recognize early kidney injury and its progression in structural
chronic pathologies. The proteins neutrophil-gelatinase-associated lipocalin (NGAL), insulin-like growth factor-binding
protein 7 (IGFBP7), tissue inhibitor of metalloproteinases 2 (TIMP2), kidney injury molecule-1 (KIM-1), C-X-C motif
chemokine 9 (CXCL9), transforming growth factor-beta 1 (TGF-β1), solute carrier family 22 member 2 (SLC22A2),
nephrin, cubilin, and uromodulin (UMOD) have been proposed as early kidney injury biomarkers. To guide clinical in-
terpretation, their urinary concentrations should be accompanied by reference intervals, which we here establish in a
representative Dutch middle-aged population.
Materials and Methods: The 24 h urine samples from 1443 Caucasian middle-aged men and women were analyzed for
the biomarkers by quantitative LC-MS/MS. Biomarker excretion per 24 h were calculated, and urine creatinine and
osmolality were measured for dilution normalization. This population was characterized by demographic and anthro-
pometric parameters, comorbid conditions, and conventional kidney function measures.
Results: NGAL, IGFBP7, TIMP2, KIM-1, and UMOD could be quantified in this population, whereas nephrin, SLC22A2,
and CXCL9 were below their detection limits. Urine creatinine and osmolality were correlated to urine volume
(r = �0.71; �0.74) and to IGFBP7 (r = 0.73; 0.71) and TIMP2 (r = 0.71; 0.69). Crude and normalized biomarker
concentrations were affected by sex, but not by age, body mass index, smoking, kidney function, or common comorbid
conditions. The reference intervals (men; women) were 18–108; 21–131 pmol IGFBP7/mmol creatinine, 1–63; 4–224 pmol
NGAL/mmol creatinine, 7–48; 7–59 pmol TIMP2/mmol creatinine, <1–9; <1–12 pmol KIM-1/mmol creatinine, and 0.1–1.2;
0.1–1.7 mg UMOD/mmol creatinine.
Conclusion:We present dilution-normalized and sex-stratified urinary reference intervals of kidney injury biomarkers in
a middle-aged Caucasian population.
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Introduction

There is an ongoing and unmet clinical need for the early
and specific detection of kidney injury in hospitalized pa-
tients. To address this need, we previously proposed a
protein panel including early urinary kidney injury bio-
markers neutrophil-gelatinase-associated lipocalin
(NGAL), insulin-like growth factor-binding protein 7
(IGFBP7), tissue inhibitor of metalloproteinases 2 (TIMP2)
and kidney injury molecule-1 (KIM-1) supplemented with
inflammation marker C-X-C motif chemokine 9 (CXCL9),
fibrosis marker transforming growth factor-beta 1 (TGF-β1)
and the more specific kidney-tissue enriched proteins
nephrin (glomerulus), uromodulin (UMOD) (distal tubules
and loop-of-Henle), solute carrier family 22 member 2
(SLC22A2) (proximal tubules), and cubilin (proximal tu-
bules).1 Recently, we developed an in-house and multiplex
mass spectrometry (MS)-based test to quantitate these
kidney injury biomarkers in urinary samples.2 Reference
intervals are a key element of the post-analytical phase of
test development and essential for evaluation of the clinical
value of kidney injury biomarkers in future studies.3

The early kidney injury biomarkers TIMP2, IGFBP7,
NGAL, and KIM-1 have promising clinical performance in
the prediction of AKI events.4–6 Medical in-vitro tests
determining NGAL or the product of TIMP2 and
IGFBP7 are available for AKI prediction after cardiotho-
racic surgery and in critically ill patients.7 Nevertheless, the
translation of these biomarkers towards daily clinical
practice has been limited, most likely explained by poor
understanding of the biomarker kinetics in urine samples
either in health or disease.8 To guide the clinical interpre-
tation of kidney injury biomarkers laboratory results should
be accompanied by reference intervals. For instance, a
unisex reference interval of <398–2187 pmol/L (<9.0–
49.4 ng/mL) has been reported based on NGAL concen-
trations in urinary samples of healthy individuals,9 whereas
others proposed intervals for urinary NGAL and KIM-1
stratified by age and sex.10 For the product of urinary
TIMP2 and IGFBP7 a central 95% reference interval of
0.04–2.22 (ng/mL)2 has been determined for the Neph-
roCheck Test® (Astute Medical), although the contribution
of the individual proteins remains unexplained.11 To the best
of our knowledge, there are no reference intervals available
in the scientific literature for urinary concentrations of
UMOD, CXCL9, nephrin, TGF-β1, SLC22A2, and cubilin.

For the interpretation of biomarker levels in urine, an-
alytes are commonly reported as the total excreted amount

per 24 h or normalized for hydration-driven dilution. Var-
iability in water volume intake affects urine volume and
osmolality, and contributes to within-subject biological
variability of urinary biomarkers.12,13 An ideal parameter
for hydration-driven urine dilution normalization is related
to the urine volume and is independent from inter-individual
variations in the internal blood concentrations.14 Within the
field of clinical chemistry, urine creatinine, a small me-
tabolite of muscle creatine phosphate, is used as default
dilution-normalization parameter that relies on the as-
sumption of a linear relation between urine production and
renal excretion of creatinine.14 Urine osmolality, which
represents the total solute content in the sample, and specific
gravity, which is an estimate of osmolality but affected by
the weight of molecules, have been proposed as alternative
dilution-correction parameters.10,15–17

The objective of this study was to establish reference
intervals of urinary kidney injury biomarkers in urine
samples obtained from a population-based cohort of middle-
aged men and women. To enable multiplex quantitation of
kidney injury biomarkers from picomolar to nanomolar
levels in urine, we used an analytical method that combines
immunocapture combined with liquid-chromatography
(LC) coupled to tandem MS.2 First, we evaluated the eli-
gibility of creatinine and osmolality for urine dilution
normalization, as well as 24 h excretion rates. Second, we
assessed the possible linear association between emerging
kidney injury biomarkers and conventional laboratory tests
urine creatinine, osmolality, β-2-microglobulin (B2M), and
total protein (TP). Third, we examined whether urinary
kidney injury biomarker concentrations are affected by age,
sex, ethnicity, body mass index (BMI), smoking, kidney
function, and common comorbid conditions in the general
population. Finally, we propose reference intervals for the
kidney injury biomarkers in urine in Caucasian middle-aged
adults.

Materials and methods

Study design and population

For this study, we used data from a subpopulation of The
Netherlands Epidemiology of Obesity Study (NEO), a
population-based cohort study. For this subpopulation
study, all inhabitants between 45 and 65 years of one
municipality (Leiderdorp, The Netherlands) were invited to
participate, irrespective of their BMI between 2008 and
2012 (n = 1671). All participants from whom a 24 h urine
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sample (defined as a urine collection between 20 and 25 h)
was available, were included in this biomarker evaluation
study (n = 1449, 86.7%). TheMedical Ethical Committee of
the Leiden University Medical Center approved the design
of the NEO study. All participants gave their written in-
formed consent. The study design and data collection of the
NEO study have been described in detail previously.18 In
brief, participants completed a general questionnaire at
home to report demographic, lifestyle, and clinical infor-
mation. Participants reported their medical history of dia-
betes, cardiovascular disease (CVD), and kidney disease on
the questionnaire. Pre-existing CVD was defined as myo-
cardial infarction, angina, congestive heart failure, stroke, or
peripheral vascular disease. History of hypercholesteremia
was self-reported. Participants collected urine for 24 h and
came to the NEO research site after an overnight fast. At the
study center, participants underwent an extensive physical
examination including anthropometry and blood sampling.
Hypertension was defined as a measured blood pressure
systolic blood pressure ≥140 mm Hg or diastolic ≥90 mm
Hg. Diabetes mellitus type I or II was defined by medi-
cation, a fasting plasma glucose of ≥7.0 mmol/L or self-
reported diabetes. Kidney function was described by serum
creatinine and estimated glomerular filtration rate (eGFR)
by the CKD-EPI equation.

Urine pre-analysis and sample storage

After 24 h urine sample collection (2011–2012), the urine
samples were aliquoted and stored at �80°C. To determine
reference intervals, urine samples were thawed, centrifuged
at 3000 g for 8 min and restored at �80°C for 2–3 months
until biomarker analysis (2020). Urine samples underwent
two freeze-thaw cycles prior to all analyses.

Laboratory analyses

Urinary TIMP2, IGFBP7, NGAL, KIM-1, cubilin, CXCL9,
SLC22A2, nephrin, TGF-β1, and UMOD were determined
with an in-house developed and validated multiplex LC-
MS/MS.2 Briefly, target proteins were immunocaptured
from urinary samples, denatured, reduced, alkylated, and
digested into peptides prior to LC-MS/MS analysis. For
absolute protein quantitation, stable isotope-labelled pep-
tides for each measurand were added as internal standards
and the relative responses obtained were interpolated for our
external calibration curve. Neutrophil-gelatinase-associated
lipocalin, KIM-1, IGFBP7, TIMP-2, CXCL9, SLC22A2,
and nephrin concentrations were reported in pmol/L as
previously detailed.2 A native-urine based calibrator was
value-assigned by ELISA for UMOD to report concentra-
tions in mg/L (Cat. nr. RD191163200 R, BioVendor, Brno,
Czech Republic). The LC-MS/MS analyses were performed
on a 1290 UPLC system coupled to a triple-quadrupole

mass spectrometer (Agilent Technologies, Santa Clara, CA)
operating in multiple-reaction monitoring mode (MRM).
Ten μL sample was injected on a Zorbax SB-C18 with
1.8 μm particle guard column (2.1×5 mm) and analytical
column (2.1×50 mm) (Agilent Technologies, Santa Clara,
CA) and peptides were separated using a nonlinear gradient
with 1% (v/v) MeOH/0.05% formic acid in MQ water as
mobile phase A and 95% (v/v) MeOH/0.05% formic acid in
MQ as mobile phase B, at a flow rate of 0.3 mL/min. The
LC-MS/MS instrument performance was assessed by a
system suitability test performed prior to and after each
batch run of study samples and all batches passed the ac-
ceptance criteria for retention time drift (≤0.2 min) and
imprecision on relative response (coefficient of variation,
CV <10%) and ion ratio (CV <20%). LC-MRM-MS ana-
lyses of urine samples from the reference population were
performed in 18-batches in 96-well format and two
urine-based internal quality control (IQC) samples were
monitored per batch in Levey–Jennings charts for quality
assurance. The mean values (%CV) of IQC-2 and IQC-5
were 3587 (8.6%) and 2483 pmol/L (12.5%) for NGAL,
540 (13.9%) and 750 pmol/L (12.2%) for IGFBP7, 2249
(13.4%) and 2210 pmol/L (14.3%) for TIMP2, 95 (24.8%)
and 1722 pmol/L (12.5%) for KIM-1, 9 (24.2%) and
1500 pmol/L (19.5%) for CXCL9, 0.05 mg/L (36.4%) and
0.15 mg/L (25.5%) for UMOD.

Total protein concentration in urine was determined by
turbidimetry (Cat. Nr. 05171954190), urinary B2M was
determined by immunoturbidimetry (Cat. Nr.
08047430190) and urinary creatinine by an enzymatic
method (Cat. Nr. 3263991190), all using a Cobas
C8000 c702 (Roche Diagnostics, Mannheim, Germany).
Internal quality controls for all analytes were determined
each day of analysis. The mean values (%CV) of IQCs were
1.21 mg/L (6.7%) and 2.96 mg/L (4.7%) for beta-2-mi-
croglobulin, 7.18 (1.2%) and mmol/L (1.2%) for creatinine
and 0.20 g/L (2.2%) and 0.53 (1.5%) for TP. Urinary kidney
injury biomarker concentrations are dependent on urine
output and therefore were normalized for dilution by cre-
atinine or osmolality. Urine osmolality was determined by
freezing point depression using an Osmo-Station (Auto &
Stat model OM-6060, Arkray Inc. Kyoto, Japan). The mean
IQC values of the osmolality were 311 mOsmol/kg (0.8%
CV) and 549 mOsmol/kg (0.9%CV). All laboratory ana-
lyses in the 24 h urine samples were completed in the period
between November 2020 and January 2021.

Data analysis

Mass Hunter Workstation software, version 10.0 (Agilent
Technologies) was used for peak integration of LC-MRM-
MS data. The obtained LC-MRM-MS data were examined
for validity by (1) signal intensity monitoring of the internal
standard with a minimal peak area of 2000 counts, (2)
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comparison of the peptide results from the same protein
with Passing–Bablok regression, and (3) descriptive sta-
tistics and principal component analysis (PCA) to identify
potential batch effects. Six of 1449 sample (0.4%) were
classified invalid due to poor signal intensity of the internal
standard in LC-MRM-MS analysis and excluded from the
final dataset, leaving n = 1443 (Supplemental Figure 1). The
validity of peptide-based protein quantitation was examined
by interpeptide comparison and the peptides originating
from the same proteins were in agreement (Supplemental
Figure 2). No batch effects were identified by robust median
difference plots or by PCA (Supplemental Figure 3).

Crude and dilution-normalized urinary levels of the
biomarkers were explored. Concentrations were nor-
malized for urinary dilution in two ways: by dividing the
biomarker concentration by osmolality (osmol/kg) or
creatinine (mmol/L). The distribution of all laboratory
variables was examined by visual inspection of histo-
grams and measures of data skewness and kurtosis.
Correlations between biomarkers were calculated using
Spearman’s rank correlation coefficient. Biomarker data
were Box-Cox transformed and grouped by demographic,
anthropometric variables and comorbid conditions.
Group means with standard deviation (SD) were com-
pared and tested for significance using un-paired t-test or
one-way ANOVA. A P-value smaller than 0.05 was
considered statistically significant. To examine whether
mean concentration values depended on a combination of
variables, we performed a multivariate regression anal-
ysis with backward elimination (using best AIC as se-
lection criterion). Reference values were calculated
nonparametrically because of the large number of ob-
servations (n = 1443), the skewness of the urine bio-
marker variables and the recommendations by the
International Federation of Clinical Chemistry (IFCC),
European Federation of Laboratory Medicine (EFLM)
and the CLSI-28-A3c guideline.19,20 The 2.5th percentile
of the biomarker distribution was set as lower reference
limit and the 97.5th percentile as upper reference limit. As
sensitivity analysis, parametric reference intervals were
calculated after applying a Box-Cox transformation on
the biomarker variable and calculating the mean ± 2SD on
the transformed variable, and then back transformed.
Statistical analyses were performed using R (http//www.
r-project.org/, R version 4.0.2). The R package MASS
was used for backwards variable selection.

Results

Population characteristics

The descriptive characteristics of the study population (n =
1443) are summarized in Table 1. The population is
middle-aged, predominantly Caucasian (95%) with a

prevalence of comorbid conditions such as diabetes (6%),
pre-existing cardio-vascular disease (6%) and self-
reported history of kidney disease (0.4%). The preva-
lence of hypertension and hypercholesterolemia were
34.9% and 12.6%, respectively. The mean (SD) BMI was
26 (5) 4.5 kg/m2 and 16% of the population was obese
(>30 kg/m2). The overall kidney function was considered
normal with a mean eGFR of 86.0 mL/min/1.73 m2 for
middle-aged men and 85.3 mL/min/1.73 m2 for middle-
aged women. The tubular marker B2M was elevated only
in 2% of the samples (in-house set reference upper limit of
300 μg/L) and the urine samples showed no proteinuria
(mean (SD) TP = 0.04 (0.04) g/L).

Urinary creatinine and osmolality for concentration
normalization in 24 h urine specimens

Urinary biomarker results expressed by excretion per 24 h
obviates the effect of urine specimen dilution, but requires
24 h urine collection and total volume estimation. To study
the eligibility of dilution normalization by urine creatinine
or osmolality, we examined their relation with collected 24 h
urine volume. Creatinine and osmolality were strongly
correlated (r = 0.90) and inversely correlated with 24 h urine
volume (r = �0.77 and r = �0.74). (Figure 1(a)–(c)). The
relation between urine volume and creatinine or osmolality
tended to be exponential, with stagnating creatinine or
osmolality values for extreme urine output (e.g., >3 L/24 h).
Noteworthy, women produced more urine over 24 h (me-
dian = 1950 mL, 95%CI: 1900–2000 mL) than men (me-
dian = 1700 mL, 95%CI:1650–1800 mL) (Figure 1).
Likewise, urine creatinine concentration and osmolality
were higher in men compared to women. The sex differ-
ences in urine output will likely affect the crude biomarker
concentrations, although the sex-effect may be eliminated
by normalization by urine osmolality (Table 2). Interest-
ingly, the excreted biomarker amount also differed between
men and women, as IGFBP7 and TIMP2 excretion over
24 h were higher in men and NGAL excretion was sig-
nificantly higher in women.

Urinary biomarker levels and distribution

The early injury biomarkers NGAL, IGFBP7, TIMP2,
KIM-1, and tubular protein UMOD could be detected in
urine samples, whereas kidney tissue-enriched proteins
cubilin, SLC22A2, nephrin, calbindin, CXCL9, and TGF-
β1 were below the limit of detection using the LC-MS/MS
method (overall ±1 pmol/L). Neutrophil-gelatinase-
associated lipocalin, IGFBP7, TIMP2, and UMOD were
quantified in ≥ 99% of the urinary samples. In 59% of urine
samples, KIM-1 concentrations were between the detec-
tion limit (LoD) (1 pmol/L) and the lower limit of
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Table 1. Characteristics of the study population.

Total population (n = 1443)

Demographic/anthropometric
Age (y) 56 (6)
Sex (% men) 44
Ethnicity (% Caucasian)a 95
Body-mass index (kg/m2) 26 (5)
< 25 kg/m2 (%) 43
25–30 kg/m2 (%) 42
> 30 kg/m2 (%) 16
Tobacco smoking (% never)a 39

Comorbidity
Diabetes (%)b 6
Hypertension (%)c 35
Cardiovascular disease (%)d 6
Hypercholesterolemia (%)e 13
Kidney disease (%)a <1

Kidney function
Serum creatinine (µmol/L)
Men 97.7(13.6)
Women 78.7 (11.9)

CKD-EPI eGFR (mL/min/1.73 m2),
Men 86.0 [74.4; >90]
Women 85.3 [72.7; >90]

24 h urine sample characteristics
Volume (mL) 1911 (701)
Total protein (g/L) 0.05 (0.04)
Total protein (mg/24 h) 84 (47)
β2-microglobulin, >300 μg/L (% yes) 2
Creatinine (mmol/L) 7.2 (3.8)
Osmolality (mOsmol/kg) 490 (200)

Values represented as percentage or mean with standard deviation (SD) or [mean – SD; mean + SD].
an = 1440.
bn = 1433.
cn = 1438.
dn = 1436.
en = 1439.

Figure 1. The relation between 24 h urine volume and parameters for urine dilution normalization osmolality (a), creatinine (b), and the
correlation between osmolality, and creatinine (c). Red = women, black = men. The Spearman’s rank correlation coefficient is given.
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quantitation (LLoQ) (10 pmol/L), and therefore reported
as <10 pmol/L. Distributions of NGAL, IGFBP7, TIMP2,
KIM-1, and UMOD concentrations and excreted amounts
per 24 h in urine samples were highly skewed with a
positive tail (skewness >0, kurtosis >3, for all markers)

(Figure 2). After normalization for osmolality or creatinine
the distribution of IGFBP7, TIMP2, and KIM-1 concen-
trations was less skewed, but NGAL and UMOD remained
very skewed.

Figure 2. Frequency distribution of absolute and dilution-normalized concentrations of IGFBP7, NGAL, TIMP2, KIM-1, and uromodulin in
urinary samples of a middle-aged reference population (n = 1443). IGFBP7, NGAL, TIMP2, and KIM-1 concentrations are reported in
pmol/L and uromodulin in mg/L. The dashed lines represent the calculated reference upper limit (97.5th percentile) of kidney injury markers
IGFBP7, NGAL, TIMP2, and KIM-1 concentrations and the lower limit (2.5th percentile) of uromodulin. All biomarker distributions stratified
by sex (dark = women, light = men) for visualization and reference upper or lower limits are only stratified by sex when statistically
significant and concentration differences considered clinically relevant. Neutrophil-gelatinase-associated lipocalin; IGFBP7, insulin-like
growth factor-binding protein 7; TIMP2, tissue inhibitor of metalloproteinases 2; and KIM-1, kidney injury molecule-1.
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Biomarker correlations

The linear relationship between the five detectable bio-
markers of the kidney injury test panel and conventional
urine parameters—urinary creatinine, osmolality, B2M, and
TP—are provided in Figure 3. The early kidney injury
biomarkers TIMP2 and IGFBP7 were highly correlated and
associated with urinary TP concentration creatinine
and osmolality. After creatinine normalization, IGFBP7 and
TIMP2 correlated weakly and TIMP2 became stronger
correlated to KIM-1 and NGAL. Interestingly, UMOD, total
urinary protein and B2M were correlated only after creat-
inine normalization. The kidney injury biomarkers were not
correlated with CKD-EPI eGFR (All Spearman’s ρ ≤ 0.09)
or serum creatinine (All Spearman’s ρ ≤ 0.15)
(Supplemental Figure 4).

Reference intervals of kidney injury biomarkers
in urine

To examine whether reference intervals should depend on
demographic, lifestyle, and comorbidity-related vari-
ables, biomarker values were compared between sub-
groups. The prevalence of non-Caucasian ethnicities,
diabetes, CVD, and CKD was considered too low (≤7%)
for association analysis and partitioning. The crude
concentrations and biomarker excretion/24 h were af-
fected by age, sex and BMI (Table 2). Normalization by
urinary creatinine (cr) or osmolality (os) eliminated the
age effect for all biomarkers, except for KIM-1/cr and
UMOD/cr. The observed BMI effect disappeared after

adjustment for sex (Supplemental Table 1). The sex dif-
ferences only disappeared for the biomarkers IGFBP7,
TIMP2, and KIM-1 after normalization by osmolality, but
remained statistically significant for NGAL (P < 0.001) and
UMOD (P < 0.001). All biomarker concentrations nor-
malized by urine creatinine were affected by sex (Figure 1,
Table 2–4). Hypertension and hypercholesteremia did not
affect the crude or normalized biomarker concentrations
(Table 3). Smoking (current & former) was significantly
associated with KIM-1 values, although the absolute dif-
ferences between groups were considered not clinically
relevant (max. Δ5 pmol/L). Multiple linear regression
analysis including all demographic, comorbid conditions,
and lifestyle variables confirmed the association between
urinary biomarker concentrations and sex (Supplemental
Table 2). Urinary KIM-1 concentrations were higher in the
small diabetes group (prevalence = 6%) with mean dif-
ference of 8 pmol/L only. Comorbid conditions hyper-
tension (35%) and hypercholesterolemia (13%), were
considered prevalent in our population, but were not
associated with biomarker levels.

In Table 4 crude, excreted amounts per 24 h and di-
lution normalized reference intervals are given. The
reference intervals of creatinine-normalized biomarkers
were stratified by sex, whereas unisex reference intervals
were applicable to osmolality-normalized IGFBP7,
TIMP2, and KIM-1. Since kidney injury biomarkers tend
to increase in pathophysiological conditions, the upper
limit (97.5th percentile) is considered clinically relevant
for the early kidney injury biomarkers NGAL, KIM-1,
TIMP2, and TIMP2. The lower limit (2.5th percentile) of

Figure 3. Correlation matrix with crude (a) or creatinine-normalized and (b) urinary kidney injury biomarker concentrations and
conventional urinary tests total urinary protein (uTP), urine creatinine (uCreat), and β-2-microglobulin (uB2M). The Spearman’s rank-
order correlation coefficient ρ is given.
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tubular mass marker UMOD is hypothesized to be of
clinical relevance.

Discussion

Crude and dilution-normalized urinary levels of kidney injury
biomarkers and biomarker excretions per 24 h were determined
in this study using a multiplex LC-MS/MS methodology. This
multiplex approach enabled absolute concentration comparison,
intercorrelation analysis and facilitated parallel biomarker
evaluation. In the Dutch middle-aged population, tubular
protein UMOD was relatively high abundant (median
2.7 mg/L), injury biomarkers NGAL, IGFBP7, TIMP2, and
KIM-1 were present in picomolar to nanomolar concentra-
tions, whereas chemokine CXCL9 and kidney-tissue specific
proteins nephrin and SLC22A2 were below their limit of
detection (<1 pmol/L). Urine creatinine and osmolality were
intercorrelated (r = 0.90), and correlated (r = 0.69–0.73) to
urine NGAL, IGFBP7, and TIMP2 concentrations. After di-
lution normalization, TIMP2, IGFBP7, NGAL, and KIM-1
correlated weakly (r = 0.13–0.41), whereas TP, B2M, and
UMOD were positively correlated (r = 0.58–0.71).

In our study population, normalized intervals needed to be
stratified by sex only. This effect of sex on kidney injury

biomarker levels has been pointed out in former studies.9,10,21

For example, reference intervals of urinary kidney injury
biomarkers KIM-1 and NGAL were previously stratified for
sex and age groups of 10 years ranging from neonates to 80+
years.10 This age-effect was not seen in our normalized
biomarker data, but we acknowledge that our population
covers a relatively small age span of 20 years. The reference
interval of urinary NGAL (11–1126 pmol/L; 0.2–25.4 ng/mL)
was lower in our study compared to a previous study reporting
a central 95% reference interval of ±398–2187 pmol/L
(<9.0–49.4 ng/mL).9 Age and sex stratified reference in-
tervals of urinary NGAL have also been proposed in another
previous study, with upper limits ranging from ± 2.3 nmol/L
(53.0 ng/mL) up to ±9.3 nmol/L (211.2 ng/mL), depending
on age and sex.10 The observed median concentration of
KIM-1 (12 pmol/L, ±0.5 ng/mL) in this study is congruent
with previous findings (12 pmol/L; 0.5 ng/mL).10,21 In our
population, urinary UMOD concentrations were ± 10 fold
lower than in a former study that reported a median ± SD of
26 mg/L (17.4–34.9 mg/L) in the general population.22

These discrepancies in reference intervals with previous
studies can be due to (1) the studied population, (2)
differences in calibration strategies, and/or (3) vari-
ances in measurand composition introduced during the

Table 3. Overview of tested partition parameters smoking, hypertension, and hypercholestrolemia.

Marker Unit

Smoking Hypertension Hypercholesterolemia

Never Former, current P No Yes P No Yes p

N = 572 N = 883 - N = 948 N = 506 - N = 1258 N = 181 -

IGFBP7 pmol/L 372 ± 5 388 ± 6 0.252 375 ± 6 394 ± 6 0.174 378 ± 6 410 ± 6 0.117
pmol/24/h 640 ± 5 683 ± 5 0.022 656 ± 5 684 ± 5 0.158 661 ± 5 698 ± 5 0.195
pmol/mmol cr 58 ± 2 60 ± 3 0.137 59 ± 3 59 ± 3 0.828 59 ± 3 60 ± 3 0.693
(pmol/L)(osmol/kg) 812 ± 4 835 ± 5 0.271 821 ± 5 834 ± 5 0.559 825 ± 5 832 ± 5 0.820

NGAL pmol/L 163 ± 6 156 ± 5 0.505 159 ± 5 157 ± 6 0.828 158 ± 5 163 ± 7 0.732
pmol/24h 282 ± 6 279 ± 5 0.846 281 ± 5 274 ± 6 0.633 280 ± 5 278 ± 6 0.934
pmol/mmol cr 26 ± 4 25 ± 4 0.506 26 ± 4 24 ± 4 0.241 25 ± 4 24 ± 5 0.641
(pmol/L)(osmol/kg) 361 ± 6 344 ± 6 0.414 356 ± 6 337 ± 6 0.396 353 ± 6 335 ± 7 0.576

TIMP2 pmol/L 147 ± 3 145 ± 3 0.781 144 ± 3 148 ± 4 0.524 143 ± 3 163 ± 3 0.037
pmol/24h 253 ± 3 257 ± 3 0.658 254 ± 3 257 ± 3 0.682 252 ± 3 278 ± 2 0.048
pmol/mmol cr 23 ± 2 23 ± 2 0.696 23 ± 2 22 ± 2 0.298 23 ± 2 24 ± 2 0.209
(pmol/L)(osmol/kg) 322 ± 3 315 ± 3 0.522 319 ± 3 315 ± 3 0.726 315 ± 3 333 ± 2 0.278

KIM-1 pmol/L 11 ± 3 12 ± 4 0.198 12 ± 4 12 ± 4 0.173 12 ± 4 13 ± 4 0.142
pmol/24h 20 ± 3 22 ± 4 0.057 20 ± 3 22 ± 4 0.228 21 ± 4 23 ± 4 0.244
pmol/mmol cr 2 ± 3 2 ± 3 0.161 2 ± 3 2 ± 3 0.687 2 ± 3 2 ± 3 0.491
(pmol/L)(osmol/kg) 25 ± 3 27 ± 4 0.223 25 ± 4 27 ± 4 0.430 26 ± 4 27 ± 3 0.572

UMOD mg/L 2.7 ± 1.8 2.7 ± 1.8 0.785 2.8 ± 1.7 2.6 ± 1.8 0.059 2.7 ± 1.8 2.5 ± 1.9 0.080
mg/24h 4.8 ± 2.2 4.9 ± 2.2 0.602 5.0 ± 2.2 4.6 ± 2.2 0.068 4.9 ± 2.2 4.4 ± 2.3 0.062
mg/mmol cr 0.4 ± 2.0 0.4 ± 2.0 0.804 0.5 ± 2.0 0.4 ± 2.0 0.006 0.4 ± 2.0 0.4 ± 2.0 0.017
(mg/L)(osmol/kg) 6.1 ± 2.4 6.0 ± 2.3 0.610 6.3 ± 2.3 5.7 ± 2.3 0.019 6.2 ± 5.3 5.3 ± 2.3 0.008

NGAL, neutrophil-gelatinase-associated lipocalin; IGFBP7, insulin-like growth factor-binding protein 7; TIMP2, tissue inhibitor of metalloproteinases 2;
KIM-1, kidney injury molecule-1; UMOD, uromodulin.
The mean ± SD of Box-Cox transformed concentration levels were back transformed to original scale. Significance differences by one-way ANOVA or
unpaired-t-test (Bonferroni-corrected P-value).
**The prevalence of diabetes, cardiovascular disease and non-Caucasian ethnicities was below 7% and not included for partition analysis.
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preanalytical phase, (co-)immunocapture or analytical
measurement procedure.

The transferability of reference intervals among labo-
ratories remains challenging due to differences in analytical
methodologies and reporting units, lack of common cali-
brators and test standardization and use of different study
populations.20 Kidney injury biomarker concentrations are
typically determined by in-house developed tests, research-
use only enzyme-linked immune sorbent assays (ELISAs)
or CE marked immunoassays for automated clinical
chemistry analyzers. These analytical methodologies have
assay- and platform-dependent calibration strategies and

lack metrological traceability to higher order standards and
methods.23,24 In this study, NGAL, IGFBP7, TIMP2, and
KIM-1 were converted to molar units by an external cali-
bration curve with spiked recombinant proteins and UMOD
was value-assigned by a CE-marked immunoassay (both
calibration strategies are not standardized to a higher-order
reference material). The LC-MS/MS analytical platform
correlated with immunoassay in the quantitation of NGAL,
KIM-1, TIMP2, and IGFBP7, however, common calibrators
are still lacking, resulting in limited transferability between
methods.25 Likewise, the NephroCheck Test® provides the
product of TIMP2 and IGFBP7 concentrations, instead of

Table 4. Crude and dilution-normalized reference intervals of urine kidney injury biomarkers for middle-aged men and women
(n = 1443).

Biomarker Sex

Non-parametric* Parametric**

Lower limit
2.5th percentile Median

Upper limit
97.5th percentile

Lower limit
�2 SD Mean

Upperlimit
+2 SD

IGFBP7
pmol/L M + W 85 381 1165 83 381 1222
pmol/24h M + W 191 689 1623 207 665 1714
pmol/mmol creatinine M 18 56 108 20 54 132

F 21 65 131 24 62 150
(pmol/L)(osmol/kg) M + W 274 843 1836 286 825 1978

NGAL
pmol/L M + W 11 164 1126 164 158 1186
pmol/24h M + W 24 275 1805 26 279 1891
pmol/mmol creatinine M 1 13 63 1 13 81

W 4 43 224 5 41 243
(pmol/L)(osmol/kg) M 18 195 1186 20 202 1296

W 50 549 3123 28 350 2606
TIMP2
pmol/L M + W 28 151 538 27 145 617
pmol/24h M+W 67 268 663 67 255 827
pmol/mmol creatinine M 7 21 48 7 20 56

W 7 26 59 6 25 81
(pmol/L)(osmol/kg) M + W 91 331 814 85 318 1019

KIM-1
pmol/L M + W <10 12 74 <10 12 80
pmol/L M + W <10 21 123 <10 21 127
pmol/mmol creatinine M <1 2 9 <1 2 9

W <1 2 12 <1 2 12
(pmol/L)(osmol/kg) M + W <3 27 142 <3 26 156

Uromodulin
mg/L M + W 0.9 2.7 7.2 0.9 2.7 7.4
mg/24h M + W 1.0 5.1 15.2 1.1 4.9 18.2
mg/mmol creatinine M 0.1 0.3 1.2 0.1 0.3 1.3

W 0.1 0.6 1.7 0.1 0.5 2.0
(mg/L)(osmol/kg) M 1.1 4.8 18.3 1.0 4.9 19.3

W 1.5 7.3 22.3 1.6 7.1 25.5

NGAL, neutrophil-gelatinase-associated lipocalin; IGFBP7, insulin-like growth factor-binding protein 7; TIMP2, tissue inhibitor of metalloproteinases 2;
KIM-1, kidney injury molecule-1.
*The 2.5th percentile, median and 97.5th percentile calculated by the non-parametric method from data in original scale.
** The mean ± 2 SD were calculated from Box-Cox transformed data and back calculated to original scale. M = men; W = women.
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protein concentrations in molar units.11 As a consequence,
The NephroCheck Test® results and reference intervals are
not transferable to other analytical platforms. Test cali-
bration to higher order reference materials and reference
measurement procedures, and the establishment of an un-
broken traceability chain with acceptable measurement
uncertainty according to ISO 17511:2020 are needed to
allow exchange of kidney injury biomarker results.26–28

To enable the interpretation of kidney injury biomarkers,
it has been proposed to normalize urine concentrations by
24 h urine volume, urine creatinine, or osmolality.15,29

Expression of biomarkers per 24 h and urine creatinine
are considered the default parameters for urinary analyte
normalization within the field of clinical chemistry. Alter-
natively, urine osmolality may be used as parameter for
normalization and is less affected by muscle mass and solid-
food diet compared to creatinine.14,15,29-32 Nonetheless,
hydration-driven dilution normalization by creatinine or
osmolality relies on several assumptions that cannot always
be met, such as stable creatinine production and a hemo-
dynamic steady-state condition, especially in case of AKI
development.33,34 The sex-differences in osmolality and
24 h urine volume were in agreement with earlier obser-
vations in which higher osmolality was found in men (mean
590 mOsmol/kg) than in women (mean 456 mOsmol/kg).12

Noteworthy, we observed an inverse exponential relation
between osmolality and creatinine with 24 h urine volume
rather than a linear relation. Hence, normalization by di-
viding the biomarker concentration by creatinine or os-
molality may be oversimplified

The population of this reference study was designed a
priori and consisted of men and women of predominantly
Caucasian ethnicity, representing the general middle-aged
Dutch population. Kidney function in this population was
considered normal, as indicated by conventional laboratory
measures of glomerular filtration (CKD-EPI eGFR), tubular
function (B2M) and glomerular permeability (total urinary
protein). Kidney function in our population was in agree-
ment with a previous study including non-diseased Cau-
casian individuals, reporting a mean (SD) eGFRs of 76 (13)
was reported for men and 70 (12) for women in the age
category of 55–59 years.35 In our general population, hy-
pertension and hypercholesterolemia were common co-
morbid conditions, with a prevalence of 34% and 13%,
respectively. Nonetheless, kidney injury biomarker levels
were not affected by the presence of these conditions. To
take into account specific comorbid conditions in specific
in-hospital populations, indirect sampling based on test
results stored in laboratory information systems is an al-
ternative approach to determine reference intervals.36

There are certain limitations to the present study that are
important to be acknowledged. First, the proteins calbindin,
cubilin, and TGF-β1 were initially included in the bio-
marker panel,1 but these proteins did not pass the analytical

validation phase of the multiplex LC-MS/MS method.2

Second, the urinary samples used for establishing refer-
ence intervals were stored at �80°C for up to 10 years prior
to analysis and relies on biomarker stability data available. It
has been shown that KIM-1 and NGAL concentrations
decrease with <4% only after �80°C storage for 5 years.37

In addition, urine sample storage at�80°C for 4 months did
not affect the UMOD concentration.38 To the best of our
knowledge, the long-term stability of the other biomarkers,
including TIMP2 and IGFBP7, remains to be studied. In
addition, it was previously reported that short-term urine
storage at 4–8°C or 25°C did affect the NGAL and KIM-1
concentrations and NephroCheck TIMP2*IGFBP7 results,
which justifies the use of 24 h urine.23,39 Moreover, urine
samples in this study were centrifuged and underwent two
freeze-thaw cycles prior to analysis. The centrifugation of
urine specimens prior to �80°C sample storage is unlikely
to affect NGAL and KIM-1 levels, although this needs to be
determined for LC-MS/MS analysis in particular.39 The
levels of UMOD have shown to be affected by the cen-
trifugation procedure in a previous study.38 The introduc-
tion of freeze-thaw cycles prior to biomarker analysis could
result in underestimation of concentration levels. In a
previous study, the concentration decrease after three
consecutive freeze-thaw cycles in a previous study
was <3%.37 Likewise, we studied the effect of freeze-thaw
cycles and centrifugation on biomarker recovery from urine
determined by LC-MS/MS. Centrifugation (400g for
10 min, 3000g for 8 min vs no centrifugation), and up to
4 consecutive freeze-thaw cycles did not significantly affect
the biomarker recovery, with the exception for
TIMP2 with ±25% higher concentrations without centri-
fugation compared to centrifugation at 3000g for 8 min
(Supplemental Figure 5). Finally, the reference intervals in
this study were based on urine samples collected over 24 h,
for capturing the intra-day concentration variability. The
applicability of established reference intervals for other
specimen types, such as fresh spot or catheter urine, and the
timing of specimen collection suited to the intended use
need to be evaluated in the future. In conclusion, we here
present reference intervals for urinary NGAL, IGFBP7,
TIMP2, KIM-1, and UMOD in middle-aged Dutch men and
women. These reference intervals will enable the inter-
pretation of kidney injury concentrations in patient pop-
ulations and promote the translation of this panel of urinary
biomarkers from research towards the medical laboratory to
ultimately address the unmet clinical needs for kidney injury
diagnosis and monitoring.
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