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Prediction of urinary dickkopf-3 for AKI, sepsis-associated AKI,
and PICU mortality in children
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BACKGROUND: Preoperative urinary dickkopf-3 (DKK3) is proposed as an early biomarker for the prediction of acute kidney injury
(AKI) in patients undergoing cardiac surgery. We explored the clinical utility of urinary DKK3 for the early predictive value for AKI,
sepsis-associated AKI (SA-AKI), and pediatric intensive care unit (PICU) mortality in critically ill children.
METHODS: Urine samples were collected during the first 24 h after admission for measurement of DKK3. AKI diagnosis was based
on serum creatinine and urine output using the KDIGO criteria. SA-AKI was defined as AKI that occurred in children who met the
sepsis criteria in accordance with the surviving sepsis campaign international guidelines for children.
RESULTS: Of the 420 children, 73 developed AKI, including 24 with SA-AKI, and 30 died during the PICU stay. The urinary DKK3 level
was significantly associated with AKI, SA-AKI, and PICU mortality, even after adjustment for confounders. The area under the
receiver operating characteristic curve of urinary DKK3 for the discrimination of AKI, SA-AKI, and PICU mortality was 0.70, 0.80, and
0.78, respectively.
CONCLUSION: Urinary DKK3 was independently associated with an increased risk for AKI, SA-AKI, and PICU mortality and may be
predictive of the aforementioned issues in critically ill children.

Pediatric Research (2023) 93:1651–1658; https://doi.org/10.1038/s41390-022-02269-4

IMPACT:

● Urinary dickkopf-3 (DKK3) has been identified as a preoperative biomarker for the prediction of acute kidney injury (AKI)
following cardiac surgery or coronary angiography in adult patients. However, little is known about the clinical utility of urinary
DKK3 in pediatric cohorts.

● This study demonstrated that urinary DKK3 is capable of early predicting AKI and pediatric intensive care unit (PICU) mortality
and discriminating sepsis-associated AKI (SA-AKI) from other types of AKI.

● Urinary DKK3 may be an early biomarker for predicting AKI, SA-AKI, and PICU mortality in critically ill children.

INTRODUCTION
Acute kidney injury (AKI) is a common organ dysfunction in clinical
scenarios and is associated with high morbidity and mortality in
critically ill patients.1,2 One major contributing factor for the
development of AKI is sepsis,3,4 which is characterized by a
systemic inflammatory reaction response to infection and leads to
life-threatening organic dysfunction.5 Clinically, sepsis patients
complicating AKI have a 3–5-fold increase in the risk of mortality
compared to sepsis patients without AKI.6 Accurate identification
of patients with AKI, sepsis-associated AKI (SA-AKI), or at a high risk
of mortality in the early phase of the disease could initiate
effective therapeutic measures and improve patient outcomes.
Serum creatinine (sCr) and urine output are the most commonly

used application tools in the measurement of renal function, but
they are poor markers with insensitivity and non-specificity.7,8 An
effective intervention for AKI is largely limited by the diagnosis
based on changes in sCr or urine output.9,10 Within the past years,

many research works have focused on identifying early biomar-
kers for predicting AKI.4,11 An ideal biomarker should be non-
invasive and simple to detect at the early stages of the injury, and
it should be specific for the affected tissue type and have a
pathophysiological connection to the injury.12 However, thus far,
none of the AKI biomarkers has been widely accepted and
adopted in clinical practice, and strong evidence is still lacking to
confirm the value of these biomarkers to predict poor prognosis.
Dickkopf-3 (DKK3) is a secreted glycoprotein belonging to the

dickkopf family.13 Urinary DKK3 has been identified as a
preoperative biomarker for the prediction of AKI following cardiac
surgery,14 and it could be distinguished from commonly used
biomarkers, such as kidney injury molecule-1 (KIM-1) and
neutrophil gelatinase-associated lipocalin (NGAL), which only start
to increase after kidney injury has occurred.14,15 However, DKK3
has been documented to be involved in the pathogenesis of
various diseases through Wnt/β-catenin signaling pathway,16
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which is associated with infection and sepsis.17,18 The results
obtained from the previous study conducted in a specific setting
could be applied to the general intensive care unit (ICU)
population including those with sepsis remains elusive. Little is
known about the discriminative ability of urinary DKK3 for sepsis
and SA-AKI. In addition, the kidneys of adults are different from
those of children, including immaturity of tubular function and
glomerular filtration.19 Whether urinary DKK3 has a predictive
performance in children is not understood yet.
The aims of this study were to investigate whether urinary DKK3

could serve as an early biomarker of AKI, to determine whether
urinary DKK3 has an ability to distinguish SA-AKI from other types
of AKI, and to evaluate whether urinary DKK3 is capable of
predicting pediatric ICU (PICU) mortality in critically ill children.

METHODS
Study population
All children admitted to the PICU in Children’s Hospital of Soochow
University from December 2017 to January 2018 and September to
December 2020 were considered for inclusion in this prospective study.
The study exclusion criteria included age on admission <1 month or over
18 years old, the presence of a congenital renal abnormality with abnormal
renal function, and a failure to collect urine samples within the first 24 h of
PICU stay. The Institutional Review Board of the Children’s Hospital of
Soochow University approved this study. Informed consent was obtained
from each participating individual’s guardian, and all clinical investigations
were conducted in accordance with the Declaration of Helsinki.

Clinical and laboratory data collection
Clinical characteristics and laboratory findings were collected on the day of
admission, including age, body weight, body mass index (BMI), sex,
medical history, admission diagnosis, and illness severity assessed by the
Pediatric Risk of Mortality III (PRISM III) score, which is based on age-related
physiological parameters recorded in the first 24 h after PICU admission.20

BMI was standardized to calculate the age, sex and length-specific
standard deviation score (SDS).21Clinical status, comorbidities, medication,
and therapeutic interventions were recorded daily during the PICU stay.

Definition of clinical outcomes
The diagnosis and stage of AKI were defined based on sCr and urine
output using the criteria of Kidney Disease: Improving Global Outcome.22

Baseline sCr was defined as the lowest level of sCr within 3 months prior to
PICU admission.2 For children whose baseline sCr was not available, we
assumed a normal estimated glomerular filtration rate (eGFR) of 120ml/
min/1.73 m2 and back calculated the expected baseline sCr using the
modified Schwartz estimating equation [sCr (mg/dl)= 0.413 × height (cm)/
eGFR].23–26 An eGFR of 120ml/min/1.73m2 was selected to be consistent
with previous studies of pediatric AKI.25,26 AKI stage 1 was defined as mild
AKI, and AKI stages 2 and 3 were defined as severe AKI.
According to the surviving sepsis campaign international guidelines for

the management of septic shock and sepsis-associated organ dysfunction
in children,27 critically ill children with sepsis were identified as those who
had any suspected or confirmed infection accompanied by acute organ
dysfunction defined by a pediatric sequential organ failure assessment
score of 2 points or more,28 SA-AKI was identified as critically ill children
who met the criteria for sepsis and the criteria for AKI simultaneously.
The adverse outcome of interest was PICU mortality, which was defined

as all-cause mortality during the PICU stay after admission, including death
resulting from the withdrawal of treatment.

Measurement of urinary DKK3
The urine samples were collected upon PICU admission and were
immediately aliquoted and stored at –80 °C after collection. Every sample
was first centrifuged at 3000 rpm at 4 °C for 5min, and the supernatant was
used for the measurement of urinary DKK3 and creatinine. The urinary DKK3
level was quantified by an enzyme-linked immunosorbent assay (ELISA) kit
(DuoSet ELISA, DY1118, R&D Systems, Minneapolis, MN). The procedure
was conducted strictly in accordance with the manufacturer’s instructions.
The intra-assay and inter-assay coefficients of variation were less than 10%.
The assay range was 31.2–2000 pg/ml. The DKK3 concentrations were

detectable in all samples. Urinary DKK3 concentrations were corrected for
urinary creatinine (urinary DKK3-to-creatinine ratio, uDKK3/Cr) to eliminate
the effect of different urinary flow rates. The concentrations of urinary
creatinine were measured by the sarcosine oxidase method on an automatic
biochemical analyzer (Hitachi 7600, Tokyo).

Statistical analysis
Data analysis was performed using SPSS Statistical Software Version 23.0
and MedCalc Version 19.6. The assumption of normality and homogeneity
of variance were checked. Continuous variables were described as median
(interquartile range) and were compared using the Mann–Whitney U test
or Kruskal–Wallis H test, as they were all skewed distributions. Categorical
variables were described as numbers (percentage) and compared using
the χ2 test or Fisher’s exact test. Spearman’s correlation analyses were
performed to examine correlations between uDKK3/Cr and clinical
variables. Continuous variables were log10 transformed for the generalized
linear model to analyze variables potentially associated with uDKK3/Cr.
Multicollinearity among variables was assessed using tolerance and
variance inflation factor (VIF). Univariate and multivariate logistic regres-
sion analyses were performed and the odds ratio (OR) and adjusted OR
(AOR) with a 95% confidence interval (CI) were calculated to investigate
the association of uDKK3/Cr with AKI, severe AKI, sepsis, SA-AKI, and
mortality. The levels of uDkk3/Cr were log10 transformed to achieve a
better model fit in the logistic regression analyses. The area under the
curve (AUC) of the receiver operating characteristic was calculated to
assess the predictive strength, and the nonparametric method of Delong
was used to compare the difference between AUCs. A two-tailed P value
<0.05 was considered to be statistically significant.

RESULTS
Patient characteristics
This prospective study involved 420 critically ill children. A total of
436 children were admitted to the PICU during the study period,
and 16 were excluded: 1 was at an age <1 month, 5 had a
congenital renal abnormality with abnormal renal function, and 10
had a failure in collecting urinary samples during the first 24 h
after admission.
Of the 420 children, 73 developed AKI during the PICU stay, and

123 were diagnosed with sepsis. The comparisons of the
demographic and clinical characteristics between non-AKI and
AKI and between non-sepsis and sepsis are listed in Table 1, and
the comparison of the level of uDKK3/Cr among these four groups
is displayed in Fig. 1a. Moreover, of the 73 children with AKI, 35
were with AKI stage 1, 18 with stage 2, and 20 with stage 3. The
comparisons of demographic and clinical characteristics grouped
according to the AKI status are displayed in Supplementary
Table S1. Of the 73 AKI children, 24 were diagnosed with SA-AKI,
and the comparisons of demographic and clinical characteristics
between children with SA-AKI and other types of AKI are displayed
in Supplementary Table S2. The possible etiologies of other types
of AKI are presented in Supplementary Table S3.
The mortality rate in the whole cohort was 7.1% (95% CI:

4.7–9.6%) during the PICU stay. A comparison of the demographic
and clinical characteristics between survivors and non-survivors is
presented in Supplementary Table S4, and the comparison of the
level of uDKK3/Cr between survivors and non-survivors is shown
in Fig. 1b.

Correlation of urinary DKK3 with clinical variables
As displayed in Supplementary Fig. S1, Spearman’s correlation
analyses were used to evaluate the relationship between uDKK3/Cr
and variables listed in Table 1. The generalized linear model was
further conducted to identify whether these variables in Table 1 were
significantly associated with uDKK3/Cr after checking the multi-
collinearity through tolerance and VIF. As presented in Table 2, the
uDKK3/Cr was independently associated with BMI SDS (P= 0.023),
PRISM III score (P< 0.001), AKI stage (P= 0.030), sepsis (P= 0.004),
furosemide treatment (P= 0.016), and PICU mortality (P= 0.013).
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Association of urinary DKK3 with AKI and severe AKI
The comparison of the level of uDKK3/Cr grouped according to
the AKI status is shown in Supplementary Fig. S2. Multiple
comparisons of two groups were generated after comparison
among four groups. Although the difference in the level of uDKK3/
Cr between non-AKI and AKI stage 1 groups was not statistically
significant (P= 0.118), the levels of uDKK3/Cr were higher in the
AKI stage 2 (P= 0.002), and AKI stage 3 groups (P < 0.001) than in
the non-AKI group, respectively.
To identify whether urinary DKK3 was associated with AKI and

severe AKI, the univariate and multivariate logistic regression
analyses were performed in Fig. 2 and Supplementary Table S5. In
the univariate analysis, the uDKK3/Cr was associated with AKI
(OR= 2.623, 95% CI: 1.819–3.780, P < 0.001) and severe AKI
(OR= 3.589, 95% CI: 2.245–5.737, P < 0.001), and the associations
of uDKK3/Cr with AKI (AOR= 2.010, 95% CI: 1.340–3.015,
P= 0.001), and severe AKI (AOR= 2.284, 95% CI: 1.348–3.870,
P= 0.002) remained significant after adjustment for BMI SDS,
PRISM III score and the presence of sepsis in the multivariate
analysis.
The uDKK3/Cr achieved AUCs of 0.70 (P < 0.001) and 0.76

(P < 0.001) for predicting AKI and severe AKI, which were similar to
the PRISM III score for the prediction of AKI (AUC= 0.72, P < 0.001)
and severe AKI (AUC= 0.77, P < 0.001), as displayed in Fig. 3a, b.
However, adding the PRISM III score to a model that only included
uDKK3/Cr did not improve the AUC for predicting AKI (▵AUC=
0.03, P= 0.432) or severe AKI (▵AUC= 0.02, P= 0.643).

Association of urinary DKK3 with sepsis
As shown in Fig. 2 and Supplementary Table S5, the uDKK3/Cr was
associated with sepsis in the univariate analysis (OR= 2.199, 95% CI:
1.602–3.019, P< 0.001) and in the multivariate analysis after
adjustment for BMI SDS, PRISM III score and AKI stage (AOR= 1.846,
95% CI: 1.299–2.622, P= 0.001). The uDKK3/Cr achieved an AUC of
0.67 (P < 0.001), which was similar to PRISM III score (AUC= 0.66,
P< 0.001), for the prediction of sepsis in Fig. 3c. However, combining
uDKK3/Cr with PRISM III score (AUC= 0.67, P< 0.001) did not
improve the AUC for predicting sepsis (P= 0.897).

Association of urinary DKK3 with SA-AKI
Since urinary DKK3 was independently associated with AKI and
sepsis, we further investigated the association between uDKK3/Cr
and SA-AKI using univariate and multivariate logistic regression
analyses. The uDKK3/Cr was associated with SA-AKI in the
univariate analysis (OR= 4.157, 95% CI: 2.355–7.338, P < 0.001),
and in the multivariate analysis after adjustment for BMI SDS and
PRISM III score (AOR= 3.279, 95% CI: 1.737–6.190, P < 0.001), as
shown in Fig. 2 and Supplementary Table S5. The uDKK3/Cr
displayed an AUC of 0.80 (P < 0.001), which was higher than the
result obtained from the PRISM III score (AUC= 0.77, P < 0.001), in
predicting SA-AKI in critically ill children in Fig. 3d. However, the
difference between the two AUCs did not reach statistical
significance (P= 0.573). When combining uDKK3/Cr with the
PRISM III score, the predictive performance (AUC= 0.80, P < 0.001)
was not improved over that of uDKK3/Cr alone (P= 0.874).

Table 1. Comparison of demographic and clinical characteristics between non-AKI and AKI, and between non-sepsis and sepsis.

Variables Non-AKI (n= 347) AKI (n= 73) P value Non-sepsis
(n= 297)

Sepsis (n= 123) P value

Age, month 30.0 [9.0 to 91.0] 46.0 [9.0 to 121.5] 0.306 32.0 [10.0 to 98.5] 38.0 [5.0 to 91.0] 0.562

Body weight, kg 13.0 [8.5 to 23.0] 15.0 [8.2 to 31.5] 0.384 13.0 [9.0 to 25.0] 14.0 [7.2 to 22.0] 0.316

BMI, kg/m2 16.6 [15.0 to 18.8] 16.7 [14.8 to 19.7] 0.831 16.7 [15.2 to 19.2] 16.2 [14.7 to 17.8] 0.055

BMI SDS 0.2 [–1.5 to 2.6] 0.3 [–1.4 to 2.6] 0.890 0.3 [–1.4 to 2.6] 0.0 [–1.5 to 2.4] 0.285

Male, n (%) 209 (60.2) 48 (65.8) 0.379 177 (59.6) 80 (65.0) 0.297

PRISM III score 4.0 [2.0 to 10.0] 10.0 [5.0 to 16.0] <0.001 4.0 [2.0 to 9.0] 9.0 [3.0 to 15.0] <0.001

eGFRa, ml/min/1.73m2 121.3 [99.5 to 148.3] 71.7 [43.3 to 118.4] <0.001 119.6 [93.9 to 147.1] 110.8 [76.0 to 141.6] 0.037

AKI, n (%) 73 (100) NA 49 (16.5) 24 (19.5) 0.458

AKI stage NA 0.166

AKI stage 1, n (%) 35 (47.9) NA 27 (9.1) 8 (6.5) 0.476

AKI stage 2, n (%) 18 (24.7) NA 12 (4.0) 6 (4.9) 0.661

AKI stage 3, n (%) 20 (27.4) NA 10 (3.4) 10 (8.1) 0.041

Sepsis, n (%) 99 (28.5) 24 (32.9) 0.458 123 (100) NA

MODS, n (%) 35 (10.1) 30 (41.1) <0.001 31 (10.4) 34 (27.6) <0.001

Shock/DIC, n (%) 26 (7.5) 24 (32.9) <0.001 20 (6.8) 30 (24.4) <0.001

MV, n (%) 50 (14.4) 27 (37.0) <0.001 40 (13.5) 37 (30.1) <0.001

Vasoactive drugs, n (%) 29 (8.4) 21 (28.8) <0.001 23 (7.7) 27 (22.0) <0.001

Furosemide, n (%) 34 (9.8) 20 (27.4) <0.001 35 (11.8) 19 (15.4) 0.307

Steroids, n (%) 142 (41.0) 31 (42.5) 0.822 105 (35.5) 68 (55.3) <0.001

Mortality, n (%) 12 (3.5) 18 (24.7) <0.001 13 (4.4) 17 (13.8) 0.001

PICU stay, h 76.0 [42.5 to 145.0] 107.0 [62.5 to 164.8] 0.091 68.5 [40.5 to 123.3] 134.0 [82.0 to 191.0] <0.001

uDKK3/Cr, ng/mg 2.2 [1.1 to 5.8] 8.0 [2.9 to 30.0] <0.001 2.1 [0.9 to 5.5] 5.1 [2.1 to 13.8] <0.001

Values are median [interquartile range]. Numbers in parentheses denote percentages.
AKI acute kidney injury, BMI body mass index, DIC disseminated intravascular coagulation, eGFR estimated glomerular filtration rate, MODS multiple organ
dysfunction syndrome, MV mechanical ventilation, NA not applicable, PICU pediatric intensive care unit, PRISM III Pediatric Risk of Mortality III, SDS standard
deviation score, uDKK3/Cr urinary dickkopf-3-to-creatinine ratio.
aThe eGFR was calculated based on the first available serum creatinine during the first 24 h after PICU admission.
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Moreover, in children with sepsis (n= 123), the uDKK3/Cr was
associated with AKI in the univariate analysis (OR= 3.892, 95% CI:
1.882–8.051, P < 0.001, n= 123) and in the multivariate analysis
after adjustment for BMI SDS and PRISM III score (AOR= 3.370,
95% CI: 1.563–7.263, P= 0.002, n= 123). The uDKK3/Cr had an
AUC of 0.75 for predicting AKI in critically ill children with sepsis. In
AKI children (n= 73), the uDKK3/Cr was also significantly
associated with sepsis in the univariate analysis (OR= 2.801,
95% CI: 1.294–6.064, P= 0.009, n= 73) and in the multivariate
analysis after adjustment for BMI SDS and PRISM III score
(AOR= 2.606, 95% CI: 1.122–6.052, P= 0.026, n= 73). The

uDKK3/Cr displayed an AUC of 0.70 for predicting sepsis in
critically ill children with AKI.

Association of urinary DKK3 with mortality
We explored the association of uDKK3/Cr with PICU mortality in
Fig. 2 and Supplementary Table S5. Univariate analysis showed
that the uDKK3/Cr was associated with mortality (OR= 4.290, 95%
CI: 2.536–7.257, P < 0.001). In addition, the association remained
significant after adjustment for BMI SDS, PRISM III score, AKI stage
and sepsis (AOR= 2.213, 95% CI: 1.169–4.190, P= 0.015). The
uDKK3/Cr was predictive of PICU mortality and displayed an AUC
of 0.78 (P < 0.001), which was similar to the PRISM III score
(AUC= 0.78, P < 0.001) in Fig. 3e. Adding the PRISM III score to the
model that just included uDKK3/Cr was not superior to that of
uDKK3/Cr alone for the prediction of mortality (▵AUC= 0.03,
P= 0.484).
Moreover, the levels of uDKK3/Cr were divided into quartiles to

further investigate the association of uDKK3/Cr with clinical
outcomes. As presented in Fig. 4, the uDKK3/Cr yielded an
unadjusted OR of AKI, severe AKI, sepsis, SA-AKI, and PICU
mortality that was 5.804, 14.445, 7.698, 9.258, and 11.378 times as
high in the highest quartile as in the reference, respectively.

DISCUSSION
To the best of our knowledge, this is the first study to explore the
clinical utility of urinary DKK3 in an ICU cohort. Our data
demonstrate that urinary DKK3 level upon admission to a general
medical PICU was capable of early predicting AKI and PICU
mortality and discriminating SA-AKI from other types of AKI.
DKK3 is a multifunctional protein that involves in cell

differentiation, proliferation, apoptosis, and other cellular processes
through the Wnt/β-catenin pathway, and implicates in the
pathogenesis of a variety of diseases.29 DKK3 could activate or
inhibit the Wnt/β-catenin pathway in vitro, depending on the
cellular context.30,31 It has been found that activation of the Wnt/β-
catenin pathway via inhibiting the expression of DKK3 suppresses
apoptosis to ameliorate AKI in ischemia-reperfusion induced rat
and cell AKI models.32 DKK3 is produced by renal tubular epithelial
cells within the kidney, and it is secreted into the urine under acute
or sustained tubular stress conditions.30 Although DKK3 is not
expressed in the kidneys of healthy mice or detectable in the urine
of healthy mice and healthy humans,30 a rise in the urinary DKK3
level has been discovered as a potential biomarker to monitor the
progression of kidney diseases.14,33 In an observational cohort
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Table 2. Association of variables with uDKK3/Cr.

Variablesa Generalized linear model analysis

B SE P value

BMI SDS 0.018 0.008 0.023

Male, n (%) 0.061 0.061 0.312

PRISM III score 0.022 0.005 <0.001

eGFRb, ml/min/1.73m2
–0.211 0.157 0.177

AKI stage 0.114 0.053 0.030

Sepsis, n (%) 0.199 0.070 0.004

MODS, n (%) 0.129 0.123 0.295

Shock/DIC, n (%) 0.004 0.144 0.978

MV, n (%) 0.040 0.101 0.689

Vasoactive drugs, n (%) –0.038 0.145 0.795

Furosemide, n (%) –0.250 0.104 0.016

Steroids, n (%) 0.072 0.066 0.271

PICU stay, h –0.042 0.092 0.651

Mortality, n (%) 0.347 0.139 0.013

All continuous variables with skewed distributions were log10 transformed.
AKI acute kidney injury, BMI SDS body mass index standard deviation score,
DIC disseminated intravascular coagulation, eGFR estimated glomerular
filtration rate, MODS multiple organ dysfunction syndrome, MV mechanical
ventilation, PICU pediatric intensive care unit, PRISM III Pediatric Risk of
Mortality III, uDKK3/Cr urinary dickkopf-3-to-creatinine ratio.
aVariables in Table 1 were entered into the generalized linear model
analysis after checking the multicollinearity.
bThe eGFR was calculated based on the first available serum creatinine
during the first 24 h after PICU admission.
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study conducted in an adult population, elevated urinary DKK3
concentrations before cardiac surgery were associated with an
increased risk of AKI during hospitalization and decreased kidney
function at discharge and long-term follow-up. To date, only a
few studies have concentrated on the role of urinary DKK3 in
AKI.14,34,35 These research works were specifically focused on AKI
in adults within a specific clinical scenario, however, scarce
research works have focused on the clinical value of urinary
DKK3 in patients admitted to the ICU. To our knowledge, the
cause and course of AKI can be highly variable in critically ill
patients, and the immature kidney function of children differs
from that of adults.19 Thus, this study was conducted in a
heterogeneous PICU cohort to explore the clinical utility of
urinary DKK3.
Our data showed that urinary DKK3 might be an early

biomarker for AKI and severe AKI in a general PICU population.
Many studies have been performed on the discovery of AKI
biomarkers;11,36 however, currently used biomarkers only begin to
increase after the occurrence of renal injury.14,37 Urinary DKK3 is
considered to be different from these biomarkers, such as KIM-1
and NGAL, that allow an early detection instead of an early
prediction before AKI.14 Schunk et al. suggested that preoperative
urinary DKK3 has the ability to identify patients at high risk for
postoperative AKI or persistent renal dysfunction.14 In this study,
urine samples were collected in the first 24 h after PICU admission
regardless of whether the diagnostic criteria for AKI had been met,
and an increased level of urinary DKK3 is associated with a higher
risk of AKI and severe AKI. Urinary DKK3 had an AUC of 0.70 for AKI
and an AUC of 0.76 for severe AKI, indicating that urinary DKK3 is
promising as an early discriminative biomarker for AKI and severe
AKI in critically ill children, even those who have not met the
criteria of AKI at the moment of sampling. However, the predictive
ability of urinary DKK3 in the present study was a little lower than
the postoperative result after cardiac surgery (AUC= 0.78).14 The
difference in cohorts between these two studies could explain
the disparity: one is an adult cohort undergoing cardiac surgery,
while the other is a pediatric cohort admitted to PICU. Given the
heterogeneity and dynamic nature of AKI, the discriminating
ability of biomarkers is dependent strongly on the underlying
conditions. In contrast, although some AKI events occurred several
days after sample collection, which was likely to reduce the
predictive accuracy of urinary DKK3 for AKI cases, urinary DKK3

had better discrimination in this study than the results reported
previously in contrast-induced AKI in patients who received
coronary angiography.34,35 The mild severity of AKI with none of
the patients suffering from AKI stage 3 in the study by Seibert
et al. (AUC= 0.61) might be a probable explanation for the
discrepancy. In addition, all patients with AKI were complicated
with hypertension before coronary angiography in this previous
study,34 and some patients received preventive fluid admission
before and after coronary angiography, which contributed to a
transient increase in eGFR and then reduced the incidence of AKI.
These influencing factors might result in a low discriminatory
potential of urinary DKK3 in contrast-induced AKI.
Sepsis is the most common cause of AKI, concurrently, the

incidence of SA-AKI among AKI cases in critically ill patients can be
as high as approximately 50%.4,38 Critically ill patients with SA-AKI
have a longer length of ICU stay and a higher ICU mortality rate
versus AKI patients without sepsis.39,40 It is considered that DKK3
might be involved in the pathogenesis of sepsis through the Wnt/
β-catenin pathway. Our study demonstrated that urinary DKK3
levels were associated with both sepsis and AKI, implying that the
increases in urinary DKK3 levels due to sepsis and AKI are additive.
Although the discriminative ability of urinary DKK3 for sepsis in
our study was poor, urinary DKK3 had a robust relationship with
SA-AKI and displayed an AUC of 0.80 for the discrimination,
indicating that urinary DKK3 could be diagnostic of SA-AKI in
critically ill children. Our data implied that DKK3 is secreted into
urine by renal tubular epithelial cells after acute stress, which leads
to higher levels of urinary DKK3 in critically ill children with AKI,
including SA-AKI. Given the elevated DKK3 concentrations are
attributable to sepsis and AKI, children with SA-AKI could have
greater levels of urinary DKK3 than children with other types of
AKI. Indeed, our finding further demonstrated that urinary DKK3
was capable of discriminating AKI cases in sepsis children and
differentiating sepsis cases in AKI children, which emphasized an
excellent ability for urinary DKK3 to discriminate SA-AKI from
sepsis children without AKI or from other types of AKI. However, a
larger-scale investigation is required.
It is of interest that urinary DKK3 was significantly associated

with age, body weight, BMI, and BMI SDS in this study. DKK3 is
expressed in the developing human kidney, suppressed in adult
life, and re-expressed in pathological conditions, such as tubular
stress.16,30,41 As kidney function is not mature in childhood, we
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speculate that the inverse association may reflect the process of
kidney development. A previous study revealed a negative
relationship between plasma DKK3 levels and BMI in a general
population cohort.42 DKK3 seems to be expressed only in tubular
epithelial cells within the kidney, but it is also expressed in other
organs and tissues.43 In general, DKK3 is measurable in plasma but
not in urine.30,43 It is still unclear whether urinary DKK3 is partially
derived from filtered plasma DKK3 after glomerular injury. It is well
known that AKI mainly manifests as tubular damage rather than
glomerular damage. Although DKK3 has a predicted molecular
weight of 38 kDa, its molecular weight could increase to
60–70 kDa through glycosylation.44 This may prevent plasma
DKK3 from crossing the glomerular barrier easily. Hence, it is
essential to conduct a future study to investigate the association
between urinary DKK3 and plasma DKK3 levels in critically ill
pediatric patients.
A positive correlation was found between urinary DKK3 levels

and PRISM III score. The PRISM III score is a valid tool to evaluate
the condition of critically ill children, and it has an excellent
capacity to discriminate between survivors and non-survivors in
the PICU cohort.20,45 Therefore, the correlation between urinary
DKK3 and PRISM III score raised the question of whether urinary
DKK3 is associated with adverse clinical outcomes in critically ill
pediatric patients. In an observational study conducted on chronic
obstructive pulmonary disease patients, urinary DKK3 was capable
of identifying patients with worsening pulmonary function.46

However, rare studies have focused on the predictive value of
urinary DKK3 on mortality in patients, especially in pediatric
patients. We further defined the prognostic value of urinary DKK3
to confirm its prognostic significance. Our study demonstrated
that urinary DKK3 is independently associated with PICU mortality,
even after adjustment for BMI SDS, PRISM III score, AKI stage, and

sepsis. Furthermore, the prognostic accuracy of DKK3 was similar
to that of PRISM III score for PICU mortality, which indicated that
urinary DKK3 may be utilized as an auxiliary tool to assess
mortality risk for convenient use. The identification of risk factors
for death in the early period of PICU stay might facilitate future
intervention to prevent adverse outcomes.
The present study has some limitations. First, this study was a

single-center study without a validation cohort, which may limit
the generalizability of the results. Nevertheless, a prospective
research design and a relatively large sample size could provide
adequate power to evaluate the association between urinary
DKK3 and clinical outcomes. Second, urine samples were only
collected in the first 24 h after PICU admission instead of serial
collections. The changes in urinary DKK3 values during the PICU
stay were not assessed. In particular, it remains to be elucidated
whether urinary DKK3 levels could reflect the clinical responses to
treatment in children requiring intensive care. Third, as a common
issue in the pediatric cohort, baseline sCr data were not available
for most children in this study. We estimated the baseline sCr
using the modified Schwartz estimating equation, which is a
strategy that has been used in many pediatric AKI studies, to
minimize errors as much as possible.25,26 Fourth, although sepsis is
frequently complicated by AKI, we did not perform an etiological
analysis for the remaining causes of AKI in this study. Whether
urinary DKK3 plays an important role in diverse etiologies of AKI is
still unclear. Further study is required to validate the effectiveness
of urinary DKK3 in external cohorts and determine the clinical
utility of urinary DKK3 in different causes of pediatric AKI.
In conclusion, urinary DKK3 was significantly associated with an

increased risk for AKI, SA-AKI, and PICU mortality, even after
adjustment for confounding factors. Urinary DKK3 upon admission
to the PICU may be a potential biomarker for the early prediction
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of AKI, SA-AKI, and PICU mortality in critically ill children. Further
studies are warranted to explore the effectiveness of urinary DKK3
in providing prognostic information in various pediatric cohorts.
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