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Abstract

Objective: Acute kidney injury is a frequent complication following neonatal cardiac surgery and 

is associated with significant morbidity and mortality. The objectives of this study were to 

determine if plasma neutrophil gelatinase-associated lipocalin levels were associated with acute 

kidney injury and clinical outcomes in neonates with congenital heart disease undergoing 

cardiopulmonary bypass.

Design: Retrospective single-center observational study

Setting: A pediatric cardiac intensive care unit within a tertiary-care academic hospital.

Patients: Patients age less than 30 days undergoing cardiac surgery requiring cardiopulmonary 

bypass.

Measurements and Main Results: Plasma neutrophil gelatinase-associated lipocalin peaked 

at 12 hours post-cardiopulmonary bypass and more than doubled compared to preoperative levels. 

Higher preoperative and 24 hour postoperative neutrophil gelatinase-associated lipocalin levels 

were associated with acute kidney injury (r = 0.30, r = 0.49), longer duration of mechanical 

ventilation (r = 0.40, r = 0.51), intensive care unit (r = 0.32, r = 0.33) and hospital lengths of stay (r 

= 0.28, r = 0.32) and total hospital charges (r = 0.35, r = 0.30; all p values < 0.05).

Conclusions: Both preoperative and 24 hour postoperative plasma neutrophil gelatinase-

associated lipocalin levels are associated with acute kidney injury and worse clinical outcomes in 

neonates undergoing cardiac surgery. Plasma neutrophil gelatinase-associated lipocalin levels may 

have a role in risk stratification for predicting postoperative renal dysfunction as well as providing 

a potential clinical trajectory in the postoperative period.
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Introduction:

Acute kidney injury (AKI) is a frequent complication after cardiac surgery and is associated 

with significant morbidity, including longer and more expensive hospital stays1, 2 and longer 

duration of mechanical ventilation.3, 4 Patients that develop AKI after cardiac surgery have a 

higher risk of mortality5 and even minimal increases in serum creatinine are associated with 

decreased postoperative survival.6

The diagnosis of AKI is dependent on an elevation in serum creatinine and decrease in urine 

output and is often based on the most recent Kidney Disease: Improving Global Outcomes 

(KDIGO) criteria.7 However, serum creatinine is a delayed marker of renal function and 

significant injury may have already occurred by the time a rise in serum creatinine is 

measured. Furthermore, it is affected by multiple patient characteristics including age, sex, 

weight, diet and hydration status.8 After the birth of a healthy newborn, serum creatinine 

should rapidly decrease in the first week of life, which reflects maturation of glomerular 

function.9

However, due to an elevated serum creatinine at birth, diagnosing AKI in the neonatal 

population can be particularly challenging. Various renal biomarkers have been studied in 

the adult and pediatric populations in an attempt to improve accuracy and timing of AKI 

diagnosis. Ideally, these biomarkers would increase rapidly in response to renal injury which 

would, ultimately, allow for interventions that could lessen or prevent the disease process.

One such renal biomarker is neutrophil gelatinase-associated lipocalin (NGAL). NGAL is 

upregulated in proximal tubule cells in the kidneys after ischemic or nephrotoxic injuries.10 

Its levels rapidly increase after initial insult and can be sampled in both the urine and 

plasma.11 Multiple studies in both pediatric and adult populations have shown that it is a 

reliable predictive biomarker of AKI after cardiac surgery.8, 12–17 However, few studies have 

examined its reliability in neonatal populations.

The primary objective of this study was to determine the association between plasma NGAL 

and AKI in neonates undergoing cardiopulmonary bypass for cardiac surgery. In addition, 

the associations of plasma NGAL to clinical outcomes were examined.

Materials and Methods:

Subject Recruitment

This study is a secondary analysis of a prospective randomized controlled trial examining 

preoperative steroid therapy in neonates undergoing cardiac surgery requiring 

cardiopulmonary bypass (ClinicalTrials.gov Identifier ). Patient selection, enrollment, and 

randomization have been previously described.18, 19 Briefly, all inpatient neonates (≤ 30 

days of age) scheduled to undergo cardiac surgery involving CPB were eligible. Exclusion 

criteria included prematurity defined as less than 37 weeks post gestational age at the time of 

surgery, steroids within the 2 days prior to surgery, suspected infection or a hypersensitivity 

that would be a contraindication to methylprednisolone or use of mechanical circulatory 

support or active resuscitation at the time of proposed randomization. The protocol was 
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approved by the institutional review board, and written informed consent was obtained from 

a parent/guardian before randomization.

Study Design and Measurements

Subjects were randomly assigned to either preoperative placebo (approximately 8 hours 

preoperatively) and intraoperative methylprednisolone at 30 mg/kg of body weight (single-

dose group) or preoperative and intraoperative methylprednisolone (two-dose group) within 

strata, according to planned corrective or palliative operation. Whole blood samples were 

collected in ethylenediaminetetraacetic acid tubes at 5 perioperative time points. Plasma was 

isolated by centrifugation, decanted into aliquots, and stored at −80°C until processed for 

immunoassays.

Subjects enrolled in this secondary analysis were included if they had adequate volume of 

plasma for measurement of NGAL at 5 perioperative time points:

1) prior to skin incision, 2) immediately after the completion of modified ultrafiltration at 

the end of CPB, 3) at 4, 4) 12 and 5) 24 hours postoperatively. All samples were batched and 

run simultaneously to avoid potential laboratory assay variance. To measure NGAL levels, 

an enzyme-linked immunoassay approach was utilized. Levels were examined following the 

manufacturer’s protocol (Quantikine Human Lipocalin-2/NGAL Immunoassay; DLCN20; 

R&D Systems). In general terms, plasma (diluted 1:20) was added to a 96-well plate 

containing the targeted antisera, following rigorous washing steps and conjugation with a 

secondary detection antisera. The resultant colorimetric reaction was read by scanning 

spectrophotometry (VersaMax, Molecular Devices, Sunnyvale, CA). The specific 

concentration of the NGAL level in each sample was then determined by comparison to a 

standard curve generated from known concentrations of NGAL. The sensitivity for the 

NGAL assay (minimum detectable dose) was 0.012 ng/mL. NGAL quantities were 

calculated using SoftMax Pro Software 5.4 and expressed as absolute concentration in 

ng/mL.

The primary outcome measure was AKI defined as an increase in serum creatinine by ≥ 0.3 

mg/dL from preoperative levels within 48 hours. This is equivalent to stage I AKI according 

to the most recent KDIGO criteria and has been used in a similar study.8, 20 Additional 

clinical outcome measures were urine output for 36 hours post-CPB, postoperative duration 

of mechanical ventilation, ICU, and hospital lengths of stay and total hospital charges.

Statistical Analysis

Standard descriptive statistics were used to summarize the general demographic and clinical 

data. Continuous data are listed as medians with associated interquartile ranges. Categorical 

data are expressed as number and percentage of subjects. Pearson correlation was used to 

correlate NGAL levels to clinical outcomes. Independent t-tests were used to compare 

NGAL levels at each of the five time points in AKI vs no AKI groups as well as the single-

dose vs two-dose steroid groups. Linear mixed effects models were used to evaluate 

differences in plasma NGAL levels over time between AKI and no AKI groups. Due to the 

exploratory nature of this analysis we did not adjust for multiple comparisons and used a 
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0.05 level to judge significance. Statistical analyses were performed with SAS, version 9.2 

(SAS Institute, Inc, Cary, NC).

Results:

Of the 76 subjects in the parent study, 63 had adequate volume of plasma samples for NGAL 

analysis at all 5 perioperative time points and comprise this study cohort. Demographic, 

surgical and clinical characteristics for the cohort overall and separated by those with and 

without AKI are described in Table 1. AKI occurred in 15/63 (24%) patients. Serum 

creatinine levels were 0.6 vs 0.5 mg/dL preoperatively, 0.6 vs 0.5 mg/dL upon arrival to the 

ICU, and 0.9 vs 0.5 mg/dL 36 hours postoperatively in the group with and without AKI, 

respectively.

Prior to surgery, NGAL levels were low (57.9 ng/mL) and increased immediately following 

CPB (77.0 ng/mL). NGAL levels peaked at a two-fold increase at 12 hours postoperatively 

(130.7 ng/mL) followed by a slight decline by 24 hours postoperatively (125.5 ng/mL).

Plasma NGAL levels were higher in those with AKI compared to those without AKI 

preoperatively (p = 0.02), at 12 hours post-CPB (p < 0.001) and 24 hours post-CPB (p < 

0.01) (Figure 1). Linear mixed effects models with generalized estimating equations that 

modeled NGAL values while controlling for time, AKI and the interaction between AKI and 

time demonstrated that the later time points have a significant difference in predicted NGAL 

between AKI groups. More specifically, there were significant interactions between time at 

12 hours and AKI grouping (p=0.0003) and between time at 24 hours and AKI grouping 

(p=0.0025). The reference groups are pre-op and no AKI.

Perioperative plasma NGAL levels and their association with outcomes are shown in Table 

2. Higher preoperative and 24 hour postoperative NGAL levels were associated with worse 

urine output, longer postoperative duration of mechanical ventilation, ICU and hospital 

lengths of stay, and greater total hospital charges.

Given the potential confounding effects of the primary study’s steroid intervention on 

plasma NGAL levels, the differences in NGAL levels between the one and two-dose 

methylprednisolone groups were examined. Mean plasma NGAL levels preoperatively were 

53.1 vs 62.6 ng/mL (p=0.18), immediately following CPB 66.3 vs 87.3 ng/mL (p=0.05), 4 

hours post-CPB 84.3 vs 78.1 ng/mL (p=0.71), 12 hours post-CPB 135.7 vs 125.8 ng/mL 

(p=0.72), and 24 hours post-CPB 130.5 vs 120.7 ng/mL (p=0.70) in the one and two-dose 

methylprednisolone groups, respectively.

Discussion:

In this study of 63 neonates who underwent cardiac surgery requiring cardiopulmonary 

bypass, both preoperative and 24 hour postoperative plasma NGAL levels were associated 

with AKI, longer durations of mechanical ventilation and ICU and hospital lengths of stay. 

To our knowledge, this is the first study to suggest that preoperative NGAL levels are 

associated with important postoperative outcomes following neonatal cardiac surgery. This 
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suggests that plasma NGAL may be a helpful tool preoperatively to identify those neonates 

at highest risk of developing AKI or experiencing a complicated postoperative course.

Neonates are at an increased risk for AKI due to immature renal development. For those 

neonates that undergo cardiac surgery, the risk is exponentially greater. Nearly a third of this 

cohort developed AKI, consistent with other reports.3, 8, 21 While the etiology is 

multifactorial, factors contributing to AKI include exposure to the cardiopulmonary bypass 

(CPB) circuit, which triggers a systemic inflammatory response, often prolonged and 

complex congenital heart surgery, small patient size in relation to bypass circuit, 

postoperative low cardiac output states that lead to poor renal perfusion as well as 

postoperative exposure to nephrotoxic medications.22–24

Despite the frequency and significance of AKI, the diagnosis remains challenging. 

Currently, serum creatinine is primarily used to diagnose AKI in the neonatal population. 

However, serum creatinine is a delayed marker of renal function and significant injury may 

have already occurred by the time a rise in serum creatinine is measured. Furthermore, it is 

affected by multiple patient characteristics and, due to the initial elevation of serum 

creatinine, which is reflective of maternal renal status, diagnosing AKI in the neonatal 

population is even more difficult. As was the case for many neonates in this study, cardiac 

surgery is often performed before serum creatinine levels completely reflect neonatal, not 

maternal, renal function. A biomarker that has excellent sensitivity and specificity and is 

quickly upregulated after a renal insult would be a more reliable diagnostic tool. The rate at 

which plasma NGAL rises allows for earlier diagnosis of AKI as compared to more 

traditional diagnostic techniques, which utilize rising serum creatinine and decreasing urine 

output. In previous studies, plasma NGAL levels reached peak concentrations 2–6 hours 

after CPB.8, 13, 15 In the current study, plasma NGAL levels peaked at 12 hours and 

remained elevated through 24 hours post-CPB. Obtaining plasma NGAL levels prior to 

surgery and in the early postoperative period may provide a means to stratify neonates and 

identify those at highest risk of significant postoperative AKI-related morbidity and 

mortality. Early identification of neonates at higher risk for AKI may inform perioperative 

decision-making and management regarding peritoneal dialysis catheter placement at the 

time of surgical intervention, postoperative dialysis utilization, avoidance of nephrotoxic 

medications and mean arterial pressure targets to support renal perfusion.

Previous studies that examined plasma NGAL levels and its correlation to clinical outcomes 

in pediatric and neonatal populations undergoing cardiopulmonary bypass did not report 

patient exposure to steroids. Little is known about the effect of steroids on plasma NGAL 

levels, but Pesonen et al. suggest that steroids decrease the release of NGAL by inhibiting 

degranulation of neutrophil-specific granules, thereby decreasing NGAL levels in those 

exposed to steroids.25 Their conclusion was that preoperative methylprednisolone 

administration is a confounding factor when interpreting plasma NGAL levels as they 

related to kidney injury. Although we cannot definitively comment on the impact of steroids 

on NGAL as all patients received at least a single dose of steroids, our data does not support 

a significant difference in NGAL between one and two doses of methylprednisolone.
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The results of this study must be viewed in light of its limitations. By design this was a 

single center retrospective observational study. The diagnosis of AKI was based on an 

increase in serum creatinine and the inherit limitations of this described in detail above. 

Variations in postoperative care may also contribute to the differences observed in the AKI 

vs no AKI groups including exposure to nephrotoxic medications as well as diuretic dosing 

and frequency. Finally, only the immediate preoperative serum creatinine level and the 

highest preoperative level were collected prior to surgery, therefore we were unable to make 

a diagnosis of AKI preoperatively.

Future Directions

In order to build on the findings of this study, we plan to examine whether these findings can 

be replicated in a larger neonatal cohort. In addition, we will investigate whether urine 

NGAL is significantly correlated to AKI and clinical outcomes in this same patient 

population. Furthermore, we will be able to examine the effect of steroids on urine and 

plasma NGAL levels as half of the cohort in our future study will not be exposed to steroids.

Conclusions:

In conclusion, plasma NGAL levels peaked at 12 hours post-CPB and more than doubled 

compared to preoperative levels. Higher preoperative and 24 hour postoperative NGAL 

levels were associated with acute kidney injury, longer duration of mechanical ventilation, 

intensive care unit and hospital lengths of stay and total hospital charges. Plasma NGAL 

levels may have a role in risk stratification for predicting postoperative renal dysfunction as 

well as providing a potential clinical trajectory in the postoperative period.
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Figure 1. 
Mean perioperative plasma NGAL levels with standard error bars in AKI vs no AKI groups. 

Asterisks denote statistically significant differences (p < 0.05).
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Table 1.

Demographic, surgical and clinical characteristics of all patients and according to presence or absence of acute 

kidney injury.

Clinical Characteristics All (n=63) AKI (n = 15) No AKI (n = 48)

Male sex, n (%) 32 (51%) 6 (40%) 26 (54%)

Weight, kg 3.2 (2.9, 3.5) 3.2 (2.6, 3.4) 3.3 (2.9, 3.5)

Gestational age at surgery, weeks 39.9 (39.1, 40.9) 39.6 (38.9, 40.0) 40.0 (39.4,41.0)

Age at surgery, days 7.0 (6.0, 8.5) 7.0 (5.0, 10.5) 7.0 (6.0, 8.0)

Highest pre-op creatinine (mg/dL) 0.8 (0.7, 1.0) 0.9 (0.8, 1.0) 0.8 (0.7, 0.9)

RACHS-1 score

 1 0 (0%) 0 (0%) 0 (0%)

 2 6 (10%) 1 (7%) 5 (10%)

 3 19 (30%) 2 (13%) 17 (35%)

 4 21 (33%) 6 (40%) 15 (31%)

 5 1 (2%) 1 (7%) 0 (0%)

 6 16 (25%) 5 (33%) 11 (23%)

CPB time, minutes 155 (124, 178) 163 (136, 186) 155 (123, 178)

DHCA, n 27 (43%) 9 (60%) 18 (38%)

Aortic cross clamp, minutes 70 (43, 85) 61 (42, 94) 71 (43, 82)

Total fluid intake (36 hours), mLs 588 (492, 672) 619 (513, 669) 578 (479, 670)

Total fluid output (36 hours), mLs 573 (442, 688) 425 (292, 573) 620 (473, 776)

Total urine output (36 hours), mLs 470 (310, 609) 297 (159, 376) 526 (401, 685)

Continuous furosemide drip, n (%) 38 (60%) 11 (73%) 27 (56%)

Intermittent chlorothiazide, n (%) 39 (62%) 9 (60%) 30 (63%)

Mechanical ventilation, days 3.8 (2.0, 5.0) 5.8 (4.1, 20.2) 3.0 (1.9, 4.5)

ICU length of stay, days 6.2 (4.8, 9.7) 8.5 (6.4, 22.5) 5.8 (4.2, 7.8)

Hospital length of stay, days 17.0 (9.5, 24.0) 24.0 (18.5, 41.0) 15.5 (9.0, 22.0)

Hospital charges, thousands of dollars 194 (148, 267) 266 (214, 401) 180 (140, 213)

Data are reported as number (%) or median (interquartile range), as appropriate. ICU, intensive care unit; CPB, cardiopulmonary bypass; RACHS, 
risk adjustment for congenital heart surgery; DHCA, direct hypothermic circulatory arrest.
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Table 2.

Correlation of Plasma NGAL levels with Clinical Outcomes

Clinical Outcome Pre-op Post-CPB 4 Hours 12 Hours 24 Hours

Urine output at 36 hrs r = −0.26* r = −0.10 r = −0.21 r = −0.45** r = −0.48**

Mechanical ventilation r = 0.40** r = 0.28* r = 0.16 r = 0.29* r = 0.51**

ICU length of stay r = 0.32* r = 0.21 r = 0.08 r = 0.18 r = 0.33*

Hospital length of stay r = 0.28* r = 0.20 r = 0.06 r = 0.18 r = 0.32*

Hospital charges r = 0.35* r = 0.25 r = 0.11 r = 0.22 r = 0.30*

Data reported as Pearson correlation coefficients, as appropriate. ICU, intensive care unit; NGAL, neutrophil gelatinase-associated lipocalin; CPB, 
cardiopulmonary bypass.

*
< 0.05

**
≤ 0.001
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