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Abstract

Background—Inflammation is a key component of both acute kidney injury (AKI) and response
to cardiopulmonary bypass. Since AKI poses risks to children after cardiac surgery, we
investigated the value of inflammatory biomarkers interleukin-8 (IL-8) and tumor necrosis factor
alpha (TNF) for predicting AKI and other complications.

Methods—We enrolled 412 children between 1 month and 18 years old undergoing
cardiopulmonary bypass for cardiac surgery. We collected blood both preoperatively and
postoperatively (within 6 hours post-surgery) and measured plasma IL-8 and TNF.
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Results—IL-8 and TNF did not predict AKI in children <2 years, but strongly associated with
AKI in children =2 years. There were significant associations between biomarker levels and age
(<2 or 22). In children =2, patients in the highest tertile of preoperative IL-8 and postoperative
TNF had 4.9 [95% CI: 1.8-13.2]- and 3.3 [95% CI: 1.2-9.0]-fold higher odds of AKI compared to
those in the lowest tertile. Children <2 with higher biomarker levels also had higher odds of AKI,
but the difference was not significant. We also found that postoperative TNF levels were
significantly higher in patients with longer hospital stays, and that both postoperative I1L-8 and
TNF levels were significantly higher in patients with longer ventilation lengths. However there
was no evidence that biomarker levels mediated the association between AKI and length of
ventilation; they appear to be independent predictors.

Conclusions—Preoperative IL-8 and postoperative TNF are significantly associated with higher
odds of AKI and greater lengths of hospital stays and ventilator use in children >2.

Classifications

Cardiopulmonary bypass, CPB; Congenital heart disease CHD; Kidney, renal function failure,
dialysis; Pediatric; Surgery, complications

Every year, 40,000 children are born with congenital heart disease in the United States.
About 25% of these children require cardiac surgery (1). Unfortunately, acute kidney injury
(AKI) is a common complication of these procedures and is associated with morbidity. As a
patient’s blood flows through the extracorporeal circuit during bypass, the body reacts by
mounting an immune response. This inflammation contributes to the development of AKI,
which in turn propagates further inflammation (2). Because of these close relationships
between AKI, CPB, and inflammation, we chose to investigate the association between
inflammatory biomarkers and AKI in pediatric patients undergoing cardiopulmonary bypass.

The present investigation is a sub-study of the Translational Research Investigating
Biomarker Endpoints in Acute Kidney Injury (TRIBE-AKI) Consortium. The goal of this
multi-center prospective observational study is to investigate novel biomarkers as potential
tools to help detect early AKI in patients post-cardiac surgery. Ultimately, TRIBE-AKI aims
to improve outcomes and safety associated with cardiac surgery. Since 2007, over 1,500
patients across nine North American sites have participated in the cohort. This group
consisted of both adult and pediatric patients enrolled in parallel. Three of the nine sites
conducted the pediatric arm of the cohort, enrolling 412 children over the course of the
study. Many studies examining the extensive set of resulting data on the pediatric cohort
have been published so far. Some of these key findings include that serum brain natriuretic
peptide helps risk-stratify patients for AKI, that postoperative neutrophil gelatinase-
associated lipocalin and interleukin-18 help predict AKI, and that chronic kidney disease
and hypertension are common 5 years after cardiac surgery (3-5). In the present study, we
are extending the analysis of TRIBE-AKI pediatric data to two additional promising
biomarkers of AKI.

Namely, we focused on interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF). IL-8 is a
chemokine produced by macrophages, neutrophils, fibroblasts, and epithelial cells. This
protein is a key mediator of inflammation which assists in neutrophil recruitment and
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degranulation (6). TNF is a proinflammatory cytokine produced primarily by monocytes but
also by lymphocytes and endothelial cells. TNF acts on neutrophils and macrophages
leading to cytokine secretion and cytotoxicity, and is one of the cytokines that drive the acute
phase reaction (7). Both IL-8 and TNF have been associated with AKI in adult patients with
various diseases. Elevated IL-8 levels have been tied to AKI risk in patients undergoing liver
transplants, patients in septic shock, and patients with acute lung injury (8-11). Elevated
TNF levels have been associated with AKI risk in patients developing sepsis and in patients
having cardiovascular surgery (12, 13). Only one previous study has been performed
measuring IL-8 and TNF in children undergoing cardiac surgery and showed that I1L-8 was
associated with increased risk of AKI. However the association of TNF with AKI was
inconclusive, and this study was also very small, with only 18 AKI and 21 non-AKI patients
(14). Thus, further evidence is needed.

Patients and Methods

Patients were part of the pediatric cohort of the TRIBE-AKI multi-center study. This sub-
study consisted of 412 patients between the ages of 1 month and 18 years who were enrolled
prospectively from July 2007 — December 2010. Three medical center were involved,
namely the Cincinnati Children’s Hospital Medical Center, the Montreal Children’s
Hospital, and the Yale-New Haven Children’s Hospital. Informed consent was obtained from
all patient guardians and patients themselves when appropriate. All 412 patients received
CPB surgery to correct congenital heart defects (15). This study was approved by the ethics
board of each medical center.

Sample Collection

We collected blood specimens both preoperatively and postoperatively (first sample within 6
hours after surgery). Plasma aliquots were then stored at —80°C until biomarker
measurement.

Biomarker Measurements

All samples were measured using the Meso Scale Discovery platform (Meso Scale
Discovery, Gaithersburg, MD). IL-8 was able to be detected at a range of 0.047-516 pg/mL,
and TNF at a range of 0.04-311 pg/mL. Personnel responsible for biomarker measurements
were blinded to clinical outcomes.

Outcome Definitions

The two main outcomes analyzed in this paper were “any AKI” and “severe AKI.” We
defined any AKI as the development of at least stage 1 AKI (composite of stage 1, stage 2,
and stage 3 AKI). Severe AKI was defined as only patients with stage 2 or greater AKI. Our
stage 1 AKI definition was based on the Kidney Disease: Improving Global Outcomes
standard, namely a =50% or 0.3 mg/dL increase in serum creatinine during the first post-
operative week relative to the baseline serum creatinine concentration (16). Stage 2 AKI was
at least a doubling of the serum creatinine level from the baseline preoperative value (stage 3
AKI was a tripling or receipt of acute dialysis). We also measured other outcomes including
length of hospital stay, length of ICU stay, and number of days on a ventilator.
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Variable Definitions

In order to categorize the complexity of surgery, we used the Risk Adjustment for
Congenital Heart Surgery 1 (RACHS-1) consensus-based scoring system and definitions of
the Society of Thoracic Surgeons (17). Preoperative estimated glomerular filtration rate
(eGFR) was determined using the updated Schwartz equation (18). Percentiles for eGFR
values were obtained based on previously-published data on normal pediatric renal function
(19, 20).

Statistical Analysis

For comparisons of continuous variables, we used the two-sample t test or the Wilcoxon
rank sum test. For comparisons of dichotomous variables, we used the chi-squared test or
Fisher’s exact test. For most analyses, we prespecified stratifying the results by age (less
than two or greater than or equal to two) as the kidney does not fully mature until about age
two. There is also precedent for this stratification in previous studies (4, 21). In addition, the
interaction p-values between biomarker levels and age (<2 or >2) were all less than 0.05.

To examine associations between biomarkers and AKI, we divided patients into tertiles
based on IL-8 and TNF levels for the entire cohort, and then stratified by age. We examined
the association between biomarkers and development of any or severe AKI via logistic
regression and estimating adjusted odds ratios (aOR) of AKI. We also assess the
discrimination of IL-8 and TNF for AKI by calculating the area under the receiver operating
characteristics curve (AUC-ROC) (22). We examined the evidence for biomarkers’
incremental predictive value by examining the p-value for the regression coefficient in a
logistic model containing standard predictors (23). All regression analyses were adjusted for
age, sex, race, surgical site, RACHS-1, and CPB time (15).

To estimate the association between biomarkers and clinical outcomes, we used Poisson
regression with a log link function and robust standard error estimates. SAS version 9.4
(SAS Institute, Cary, North Carolina) was used for all analyses.

Path Analysis

Results

Path analysis estimates associations by fitting a series of linear regressions, where each
regression specifies the effect as the dependent variable and specifies the causes as
independent variables. We estimated the direct and indirect (mediated) components of the
associations of CPB time, TNF, IL-8, and ACr with length of ventilation (LOV). If the
standard assumptions underlying linear regression hold, then the coefficient estimates can be
used to decompose the correlation between variables into direct and indirect components
(24). We used the percentile bootstrap procedure to form approximate 95% Cls for the
estimated direct and indirect components of the correlations we calculated (25).

Characteristics of the Study Cohort

Table 1 displays the characteristics of the 412-patient cohort by AKI status. During their
hospital stays, overall 180 (44%) of participants developed any AKI (54% of those <2 and
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32% of those =2). In addition, no patients received pre-operative steroids, and 168 patients
(41%) had a prior surgery. Only two patients developed septicemia.

Correlations Between Preoperative Biomarker Levels, Postoperative Biomarker Levels,

and AKI

Association

Association

There were significant correlations between preoperative IL-8 and TNF, postoperative 1L-8
and TNF, and pre- and post-operative TNF levels. However, there were no significant
correlations between pre- and post-operative IL-8 levels (Supplementary Table 1).

Figure 1 demonstrates biomarker levels by AKI status at both preoperative and postoperative
timepoints by patient age group (<2 and =2). In patients =2, both preoperative and
postoperative levels of both biomarkers were significantly higher among patients who
developed postoperative AKI compared with patients who did not. This trend is less
pronounced in patients <2. Supplementary Table 2 displays the numerical data shown in
Figure 1. An especially notable difference was observed for postoperative levels of I1L-8;
patients with any AKI had 2-fold higher levels of postoperative IL-8 compared to patients
with no AKI (61.57 vs 31.12 pg/mL, p<0.001).

of Preoperative Biomarkers with AKI

The association between biomarker levels and AKI differed significantly in patients <2
versus =2 years old. Table 2 and Supplementary Table 3 display the association of tertiles of
biomarker levels with any or severe AKI. For patients under age two years, there was no
statistical association between preoperative 1L-8 or TNF levels and AKI. However, for
patients over age two, there was a strong association of preoperative IL-8 with any AKI
(adjusted odds ratio 2.61 [95% CI: 1.05-6.46] and 4.88 [95% CI: 1.81-13.15] for tertiles 2
and 3, respectively). Among children older than two, the highest tertile of preoperative IL-8
had substantially higher adjusted odds of developing severe AKI (5.06 [95% ClI: 1.36—
18.74]) compared with the first tertile. This association was not affected by prior surgery
status or by preoperative eGFR levels. Preoperative levels of TNF were not significantly
associated with AKI in patients over two. Supplementary Table 4 provides biomarker results
for all ages combined.

of Postoperative Biomarkers with AKI

As shown in Supplementary Table 3, none of the biomarkers were significantly associated
with AKI in patients under two. In patients over two years old, postoperative TNF was
significantly associated with AKI; compared with the lowest tertile, the highest tertile was
associated with an OR of 3.31 [95% CI 1.22-8.97] for any AKI and 5.88 [95% CI 1.57—
22.07] for severe AKI after multivariate adjustment. This association was not affected by
prior surgery status or by preoperative eGFR levels.

Diagnostic Testing

Supplementary Table 5 summarizes discrimination analysis for each biomarker. As can be
seen in the table, both biomarkers yielded significant AUC values which improved
diagnostic ability for both any and severe AKI beyond the clinical model alone, and
preoperatively for any AKI in patients >2.
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Biomarker Levels and Nonrenal Outcomes

Comment

Figure 2 displays the association of postoperative values of IL-8 and TNF with nonrenal
outcomes for patients less than and greater than two (results for all ages in Supplementary
Table 4). Figure 2 displays notable increases in length of stay from postoperative biomarker
T1to T3 in several categories, especially in patients over two.

Figure 3 demonstrates the path analysis that included 175 children age 2 years and older
with non-missing variable values. Supplementary Table 6 shows the sample means, standard
deviations, and observation counts for the five variables represented in the path diagram;
Supplementary Table 7 shows the sample correlations.

The path analysis estimated that postoperatively, a patient’s plasma TNF level contributed
18% effect to the length of ventilation independently of AKI (Figure 3). There was no
evidence of such an effect for IL-8. The analysis also estimated large direct effects of CPB
time (32%) and sCr (36%) on length of ventilation, without either TNF or IL-8 mediating
these relationships.

We found that elevated preoperative IL-8 levels were associated with developing both any
and severe AKI. IL-8 also demonstrated strong discriminative and reclassification potential
along with clinical variables. Liu ef a/. in 2009 also found an association between elevated
IL-8 levels and an increased likelihood of developing AKI in pediatric patients after CPB,
but the association was modest and the sample size was limited (14). In adults, however,
elevated IL-8 levels have been shown to be associated with AKI risk in large cohorts of
patients with various inflammatory conditions (8, 10). Our study provides furthers this line
of work by demonstrating an association between preoperative IL-8 levels and AKI
development in pediatric patients after CPB.

For plasma TNF, we found that postoperative values were associated with development of
both any and severe AKI in patients ages two or older. TNF also demonstrated adequate
discriminative potential when used along with clinical variables. Relevant studies in children
have been completed in the past, but this is the first to demonstrate a direct relationship
between TNF levels and the development of AKI. Namely, Delanghe et a/. found that sepsis
was diagnosable by IL-8 and TNF levels and was also associated with higher sCr levels (26).
Qi et al. also found that early bedside hemofiltration in children with severe pneumonia and
acute renal failure led to lower TNF (27). More direct studies have been conducted linking
TNF with elevated AKI risk in adults with conditions tending to display inflammation, (12,
13). Our study had only two patients develop sepsis but still demonstrated that TNF is
predictive of AKI in pediatric patients. In addition, we were likely able to find evidence for
this association while Liu et a/. were unable because of our large cohort and stratification of
patients into age groups.

The accuracy of our plasma IL-8 and TNF data are in line with the performance of
biomarkers measured in prior studies. In 2011, AUC values for diagnosing severe AKI were
reported as 0.72 (standard error 0.04) for postoperative 1L-18, and 0.71 (0.04) for
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postoperative NGAL (4). The values reported here for children over two years old are
similar and perhaps even a bit stronger; namely that preoperative IL-8 had an AUC value for
diagnosing severe AKI of 0.81 (0.05), and that postoperative TNF had an AUC value for
diagnosing severe AKI of 0.83 (0.05).

We have demonstrated the effect of age on the association between biomarkers and AKI.
Infants are born with reduced glomerular filtration and tubular functions that continue to
develop postnatally until approximately age two (28). However, studies have shown great
variability in the rate of this maturation. Rubin ef a/. showed that children can achieve adult
capacity GFR within a range of two months to two years old, and that premature infants may
not reach this threshold until much later (29). Thus, the range in kidney function in patients
under the age of two likely introduced substantial variability into our data and obscured
possible trends.

Furthermore, an infant’s immune system is not mature at birth and does not fully mature
until about 6 years of age, although the majority of maturation is completed by two years
(29). Differences in immune system maturation could have added further variability to our
under-two group. Thus, the findings of this paper are most clinically relevant to patients over
the age of two.

Our results also demonstrated associations between biomarkers and nonrenal outcomes.
Specifically, there were significant differences between biomarker tertiles for postoperative
TNF in association with days spent in the hospital for patients under two, for postoperative
TNF in association with days on ventilator for patients greater than two, and for
postoperative 1L-8 in association with days on ventilator for patients under two. Our
mediation analysis provided additional insight and suggested that while postoperative TNF
has direct effects on length of ventilation, TNF and IL-8 do not mediate the relationship
between AKI and length of ventilation.

The use of biomarker measurement in conjunction with the already-established sCr
diagnosis method could improve AKI diagnostic accuracy as well as possibly predict longer
ventilation and ICU stay lengths. However, our study did have several limitations. First of
all, the trend in differences in nonrenal outcomes per biomarker level was somewhat unclear,
likely because patients usually had only low numbers of days in the hospital, ICU, or on
ventilation. Furthermore, although we collected data showing that none of our patients
received pre-operative steroids, we did not collect data on intra- or postoperative steroid use.
Intra-operative steroid use could have been a potential confounder and should be addressed
in future projects. Furthermore, the vast majority of the patients in our study were white, and
thus results may not be applicable to more diverse populations. Despite these drawbacks,
this study nonetheless represents important progress in the field of pediatric AKI. In
combination with the existing sCr method of detecting AKI, measuring these inflammatory
biomarkers could help physicians predict and risk-stratify AKI much sooner in children
before and after cardiac surgery. This clinical advance would enable pediatricians to conduct
more tailored management of patients and thus reduce morbidity and mortality.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Blue bars indicate no AKI, grey bars stage 1 AKI, and orange bars stage 2/3 AKI. “Early
post-op time” means 0-6 hours postoperative, and “Late post-op” means first non-missing
measurement from days 2-5 postoperative. Each bar encompasses IQR of values; black lines
are medians. Circles, plus-signs, and crosses are means.
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* ACr }
d
Standardized Unstandardized
Path Effect 956% CI Effect 95% ClI
(correlation (correlation
coefficient) coefficient)
Direct Effects on LOV
TNF a 0.179 (0.026, 0.349) 0.071 (0.011, 0.143)
IL-8 b -0.003 (-0.170, 0.138) 0 (-0.004, 0.003)
ACr () 0.357 (0.063, 0.508) 0.455 (0.143, 0.939)
CPB Time d 0.321 (0.139, 0.452) 0.006 (0.003, 0.009)
Mediated Effects on
Lov
CPB Time via TNF e+a -0.014 (-0.057, 0.004) 0 (-0.001, 0)
CPB Time via IL-8 f+b -0.001 (-0.035, 0.027) 0 (-0.001, 0)
CPB Time via ACr g+c 0.093 (0.033, 0.158) 0.002 (0.001, 0.003)
ACr via IL-8 h+b -0.001 (-0.079, 0.062) -0.002 (-0.101, 0.078)
ACr via TNF i+ta 0.026 (0.007, 0.081) 0.034 (0.009, 0.195)

Figure 3.
Arrows denote the effect of the term at the base on the term at the head. Indirect effects are

blue, direct effects are orange. Estimated correlation coefficients are listed. “Standardized”
means variables were standardized to have a mean of zero and standard deviation of one
before computing estimates.

Cl, confidence interval; CPB, cardiopulmonary bypass; TNF, tumor necrosis factor alpha;
IL, interleukin; LOV, length of ventilation
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Table 1

Patient Characteristics by Acute Kidney Injury Status

Age <2 years (n=208)

Age = 2 years (n=204)

Patient Characteristics No AKI (n=95) | Any AKI (n=113) | No AKI (n=138) | Any AKI (n =66)
Demographic characteristics
Age (years) 0.61+0.45 0.49+0.32 7.4+4.38 6.23+4.33
Male gender 56 (59%) 56 (50%) 69 (50%) 41 (62%)
White race (% white) 79 (83%) 88 (78%) 112 (81%) 59 (89%)
Preoperative characteristics
Serum creatinine (pg/mL) 0.36+0.08 0.31+0.10 0.51+0.16 0.4+0.18
eGFR (mL/min per 1.73 m2) 79.11+20.37 89.63+30.89 101.42+20.99 118.04+25.93
eGFR (percentile)? 60.72+33.29 70.41+32.33 46.22+31.34 66.53+30.83
Operative Characteristics
RACHS - 1 category 2.41+0.62 2.45+0.65 2.46+0.67 2.73+0.66
CPB Time (min) 101.02+42.49 118.71+62.57 91.64+50.63 125.89+77.94
Cross clamp time (min) 54.27+36.65 63.33+44.67 38.26+43.76 26. 26+43.37
Urgency of Surgery
Elective 84 (88%) 96 (85%) 132 (96%) 63 (95%)
Urgent 11 (12%) 17 (15%) 6 (4%) 3 (5%)
Type of Surgery
Septal defect repair 42 (45%) 43 (39%) 41 (32%) 13 (21%)
Inflow/outflow trace or valve procedure 10 (11%) 4 (4%) 38 (29%) 17 (27%)
Combined procedure 41 (44%) 62 (57%) 50 (39%) 33 (52%)
Outcomes
Length of hospital stay (days), median (IQR) | 5 (4-8) 8 (5-15) 4 (3-6) 6 (4-10)
Length of ICU stay (days), median (IQR) 3(2-3) 4 (2-7) 1(1-2) 2 (1-4)
Number of days on ventilator, median (IQR) | 1 (1-2) 2 (1-5) 1(0-1) 1(1-2)
Number of deaths 1(1%) 3 (3%) 0 (0%) 4 (6%)

Page 13

Values in table are presented as the mean + standard deviation (SD) or as a number with the percentage in parentheses, unless indicated otherwise

AKI, acute kidney injury; GFR, glomerular filtration rate; IQR, interquartile range; RACHS-1, Risk Adjustment for Congenital Heart Surgery-1;
CPB, cardiopulmonary bypass; ICU, intensive care unit

a . . . . . - .
Percentile eGFR was calculated by quartile regression based on published normal renal function measured by nuclear medicine scan GFR in 651

children (19)
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