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Background: Hyperglycemia and acute kidney injury (AKI) are common in critically ill children
and have been associated with higher morbidity and mortality. The incidence of AKI in children
is difficult to estimate because of the lack of a standard definition for AKI. The pediatric RIFLE
(Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease) criteria can be
used to define AKI in children. Various biomarkers in urine and blood have been studied to
detect AKI in critically ill children. However, it is not clear whether hyperglycemia is associated
with AKI. Our objective was to evaluate the effect of hyperglycemia on kidney function and its
effect on neutrophil gelatinase-associated lipocalin (NGAL) in children.

Methods: We studied retrospective and prospective cohorts of pediatric critically ill subjects admitted
to the pediatric intensive care unit (PICU). We analyzed data from admission that included estimated
glomerular filtration rate, plasma and urine NGAL, serum glucose and peak glycemia (highest gly-
cemia during PICU admission), and length of hospital and PICU stay from two different institutions.
Results: We found that the prevalence of hyperglycemia was 89% in the retrospective cohort and
86% in the prospective cohort, P=0.99. AKI was associated with peak glycemia, P=0.03. There was
a statistically significant correlation between peak glycemia and hospital and PICU stays, P=<0.001
and P<0.001, respectively. Urine NGAL and plasma NGAL were not statistically different in subjects
with and without hyperglycemia, P=0.99 and P=0.85, respectively. Subjects on vasopressors had
lower estimated glomerular filtration rate and higher glycemia, P=0.01 and P=0.04, respectively.
Conclusion: We conclude that in critically ill children, hyperglycemia is associated with AKI
and longer PICU stays.
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Introduction

Hyperglycemia is common in critically ill patients, and it has been associated with increased
mortality and morbidity in adults and children.! Srinivasan et al* found that blood glucose
level >150 mg/dL was associated with a 3.5-fold increased risk of mortality. In critically
ill adults, a large prospective randomized clinical study showed that strict control of blood
glucose with insulin therapy reduced the incidence of acute kidney injury (AKI).! In chil-
dren, the incidence of AKI is difficult to estimate because of the lack of a standard defini-
tion for AKI and lack of large prospective multicenter studies involving general intensive
care population, making the AKI incidence prone to definition and center-specific bias.’
Over 30 definitions of AKI have been published,* and pediatric AKI definition has been
“extrapolated” from adult studies. AKI in children is associated with significant mortality,
as high as 60%. Therefore, prevention of AKI is crucial, and includes hemodynamic sup-
port, maintenance of euvolemia, and avoidance of nephrotoxic medications. However, it
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is not clear whether hyperglycemia is associated with AKI, and
whether it has an impact on AKI outcomes in critically ill chil-
dren. A number of biomarker studies focused on early detection
of AKLS and reference levels of these biomarkers in a healthy
pediatric population have since been established.” Neutrophil
gelatinase-associated lipocalin (NGAL) is a protein that is over-
expressed in the kidneys after ischemia,® and elevated NGAL
serum and urine levels have been used as an early biomarker
of AKI.® However, it is unclear if NGAL levels are affected by
hyperglycemia in critically ill children with AKI.

The aim of our study was to evaluate the association of
hyperglycemia with AKI in critically ill children and examine
the effect of hyperglycemia on NGAL levels.

Materials and methods

Pediatric subjects admitted to the pediatric intensive care unit
(PICU) were recruited in two cohorts in this study; retrospec-
tive cohort in University of South Alabama Children’s & Wom-
en’s Hospital with recruitment between June 2007 and March
2009, and prospective cohort in Children’s Hospital of Illinois
between January 2012 and July 2013. The institutional review
board of University of South Alabama Children’s & Women’s
Hospital, and the Children’s Hospital of Illinois evaluated and
approved this study. Informed consent was obtained from all
parents in the prospective arm of the study - the retrospective
arm was a chart review and no consent was required.

Definitions

We defined critically ill children as those who required mechan-
ical ventilation within 36 hours of admission to the PICU. AKI
was defined by the pediatric RIFLE (Risk, Injury, Failure, Loss
of kidney function, and End-stage kidney disease) criteria.*
Peak glycemia was defined as the highest serum glucose level
during PICU admission. Hyperglycemia was defined as serum
glucose of 126 mg/dL and higher.* Estimated glomerular
filtration rate (eGFR) was calculated by Schwartz’s formula.?

Study criteria

Children aged 1-18 years admitted to PICU who were criti-
cally ill were included in the study. Children with the diag-
nosis of diabetes mellitus type 1 and 2, children who died
within 48 hours of admission, children who had undergone
a kidney transplant, children on renal replacement therapy,
children with known chronic kidney disease, children with
immediate postcardiac surgery, children with tracheostomy,
and pregnant children were excluded from the study.

Data collection
Following laboratory data were collected upon admission to
PICU: serum glucose, sodium, potassium, chloride, bicarbonate,

creatinine, and blood urea nitrogen. Glomerular filtration rate
was estimated (eGFR) based on bedside Schwartz equation
8, and urine was collected using a Foley catheter. In the pro-
spective cohort, 1.5 mL aliquots of plasma were centrifuged
at 4°C for 15 minutes at 800 g, and then stored at —80°C.
Urine was also stored at —80°C before shipping to Cincin-
nati Children’s Hospital Medical Center to measure NGAL.

Data analysis

Except where otherwise noted, data were expressed as mean +
standard deviation or as percentages. The software used for our
analysis included SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA) and Microsoft Office Excel 2010 (Microsoft Cor-
poration, Redmond, WA, USA). Statistical tests used included
Mann—Whitney test for non-normally distributed variables,
Fisher’s exact test to examine the differences in proportions
between the groups and Spearman correlation coefficients. All
analyses were two sided unless specified otherwise. Statistical
significance for all analyses was set at P<0.05.

Results

A total of 67 subjects met inclusion criteria; 37 were recruited
retrospectively and 30 prospectively. All the subjects had
respiratory failure due to various diagnoses: asthma, septic
shock, and pneumonia. The incidence of hyperglycemia
was 59/67 (88%) and it was similar in the retrospective and
prospective cohorts, 33/37 (89%) and 26/30 (86%), respec-
tively, P=0.99. Table 1 shows all subject characteristics. Peak
glycemia was significantly higher in subjects with AKI than in
subjects without AKI. The length of hospital and PICU stays
were longer in subjects with AKI, but the length of hospital
stay did not reach a statistically significant difference. Like-
wise, serum NGAL and urine NGAL were higher in the AKI
group, but did not reach a significant difference (Table 1).

Table | Subject demographics

Demographic Non-AKI (n=42) AKI (n=25) P-value
Age (years) 6.96+0.89 6.2+1.01 0.922*
Female (%) 47.6 (N=20) 48 (N=12) 0.57%*
Caucasian (%) 52.4 (N=22) 44 (N=11) 0.31**
Hyperglycemia (%) 85.7 (N=36) 92 (N=23) 0.7%*
Peak glucose (mg/dL) 184.73 (IQR 74)  249.84 (IQR 107) 0.003*
Length of hospital stay 25 (IQR 14) 40.2 (IQR 31) 0.26*
(days)

Length of PICU stay ~ 16.6 (IQR I 1) 30.8 (IQR 18) 0.03*
(days)

Urine NGAL (ng/mL) 21.63 (IQR 15.8)  407.9 (IQR I11.6) 0.47*

Plasma NGAL (ng/mL) 113.9 IQR 85.8) 2914 (IQR 418.6) 0.11*

Note: *Mann—Whitney.**P-value tested by Fisher’s exact test.
Abbreviations: AKI, acute kidney injury; IQR, interquartile range; PICU, pediatric
intensive care unit; NGAL, neutrophil gelatinase-associated lipocalin.
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There were two deaths, one in the AKI group and the other
in the non-AKI group. Subjects with hyperglycemia had
significantly longer stays in PICU than subjects without
hyperglycemia (Table 2). Subjects with hyperglycemia had
also longer hospital stay, but it did not reach statistical sig-
nificance. The correlation between peak glycemia and length
of hospital stay and PICU stay was statistically significant,
Spearman’s rho= 0.49, P<0.001 and Spearman’s rho=0.53,
P<0.001, respectively. In the prospective cohort, urine NGAL
was higher in subjects with hyperglycemia but did not reach
a statistically significant difference. Plasma NGAL also did
not reach a significant difference between the prospective
cohort subjects with and without hyperglycemia.

The subjects who required vasopressors had significantly
higher peak glycemia and lower eGFR than the subjects
who did not require vasopressors (Table 3). The correlation
between peak glycemia and eGFR on admission and the
correlation between peak glycemia and urine output during
PICU stay were statistically significant, Spearman’s rho=
—0.277, P=0.047 and 0.26, P=0.039, respectively.

Logistic regression was used to assess the effect of peak
glycemia on AKI. Peak glycemia had a statistically significant
effect on AKI, with an odds ratio of 1.12 (1.03-1.2), P=0.0051.

Table 2 Kidney function, NGAL, and length of hospital and PICU
stays in subjects with hyperglycemia and normoglycemia

Variable Normoglycemia Hyperglycemia P-value*
eGRF on admission 110.6+37 111.2456.9 0.716
(mL/min/1.73 m?)

Length of hospital ~ 14.5 329 0.07
stay (days)

Length of PICU 7.6 238 0.03
stay (days)

Urine NGAL 16.5 (IQR 25.76) 119.1 1.00
(ng/mL) (IQR 16.31)

Plasma NGAL 195.8 (IQR 326.1) 159.8 0.85
(ng/mL) (IQR 88.54)

Note: *P-value calculated by Mann—Whitney test.
Abbreviations: NGAL, neutrophil gelatinase-associated lipocalin; PICU, pediatric
intensive care unit; eGFR, estimated glomerular filtration rate; IQR, interquartile range.

Table 3 Peak glycemia and kidney function in subjects on
vasopressors and without vasopressors

Variable Without With P-value*
vasopressors vasopressors
N=50 N=17
Peak glycemia 194.52+9.75 251.7+26.03 0.04
(mg/dL)
eGFR (mL/min/ 118.88+7.46 88.69+13.76 0.01
1.73 m?)

Note: *P-value calculated by Mann—Whitney test.
Abbreviation: eGFR, estimated glomerular filtration rate.

Discussion

In summary, our study demonstrates that hyperglycemia
is common in critically ill children and is associated with
AKI. We showed that odds of having AKI increase 12% for
an every increase in peak glycemia by 10 mg/dL. We also
showed that hyperglycemia has an impact on PICU length
of stay. Other studies have reported that the incidence of
hyperglycemia in critically ill children is between 14% and
over 90%,'* we found an incidence of 88%. A better glycemic
control in these children might improve outcomes.’

It has been reported that oxidative stress plays an important
role in the complications of diabetes,!' and hyperglycemia
causes oxidative stress in different ways.!? Vanhorebeek et
al' reported a rabbit mode of prolonged critical illness and
found elevated plasma creatinine levels and severe morpho-
logical kidney damage that correlated with elevated cortical
glucose levels. Renal cortical perfusion and oxygen delivery
were lower in the rabbits with hyperglycemia.! Mitochondrial
respiratory chain activities were severely reduced in rabbits
with hyperglycemia.! Langouche et al'> showed a protective
effect of intensive insulin therapy on the vascular endothelium
and hepatocyte mitochondria of critically ill subjects. We can
speculate that a mitochondrial injury also occurs in critically
ill children with hyperglycemia. The proximal tubule is sen-
sitive to mitochondrial injury; this might be part of the AKI
pathogenesis.! In rabbits, it has been shown that hyperglyce-
mia causes a morphological kidney damage that correlates
with elevated glucose level and plasma creatinine, and this is
associated with mitochondrial dysfunction.! Mitochondrial
injury plays an important role in AKL!! In mice, it has been
shown that hyperglycemia increases oxidative and nitrosa-
tive stress and accelerates renal injury.® We can speculate
that subjects with AKI and hyperglycemia may have kidney
dysfunction at the mitochondrial level. This can also explain
our finding of glycemia having inverse correlation with eGFR.

Our subjects with hyperglycemia stayed longer in
the PICU than subjects with normoglycemia. It has been
shown that hyperglycemia occurs more frequently in sicker
patients,'* and this might explain the longer stays in hospital
and PICU. As sicker patients may require cardiovascular
support, it may explain the increased use of pressors in this
population. We did find a significant correlation between peak
glycemia and PICU/hospital stay and this is in agreement
with a study of pediatric subjects.'®!*

Subjects with higher glycemia were more likely to be
on vasopressors; this is in agreement with other studies.*®
Preissig and Rigby® found that with increasing support
measures (mechanical ventilation, vasopressors), the risk
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of hyperglycemia increases.® As mentioned before, sicker
subjects have higher glycemia and these subjects usually
require vasopressor support. Our data suggest that sub-
jects that were on vasopressors were sicker (lower eGFR)
and had higher glycemia; this is in agreement with other
studies.*’

Our study found no significant difference in urine and
plasma NGAL between the subjects with and without hyper-
glycemia, and subjects with and without AKI. It is possible
that the injury caused by hyperglycemia in the mitochondria
does not cause overexpression of NGAL. Another explanation
could be the small number of subjects in this study.

Limitations

This study was limited by the small sample size. None of our
subjects had kidney biopsy as they are rarely performed in
patients with AKI. We cannot therefore, make a statement
about structural/mitochondrial damage, as this is an observa-
tional study, cause—effect relationship cannot be ascertained.
Another limitation is that we have no data on steroid and
intravenous dextrose use in our subjects. It has been shown
that hyperglycemia is more common in critically ill children’
and also with the use of steroids for various indications, such
as shock and asthma, and all of our subjects were ventilated.
The use of dextrose in intravenous fluids might explain the
high incidence of hyperglycemia in these children. However,
both of our groups were ventilated and we do not suspect that
steroid/dextrose was used preferentially in one group over
the other creating systematic bias.

Conclusion

Despite those limitations, to the best of our knowledge, this
is the first study that describes relationship of AKI and hyper-
glycemia in critically ill children. We conclude that critically
ill children with hyperglycemia have higher incidence of AKI
and longer PICU stays. Peak glycemia correlates with lower
eGFR on admission. We acknowledge that several variables
might affect kidney function in these subjects; however, con-
firmation of these findings in larger prospective studies may
provide clinical evidence for serum glucose as a biomarker
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of risk for AKI in critically ill children and lay foundation
to clinical intervention trials to tightly regulate glycemia in
selected critically ill children.
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