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Abstract 

Background Multiple organ dysfunction syndrome (MODS) is an important cause of post-operative morbidity and 
mortality for children undergoing cardiac surgery requiring cardiopulmonary bypass (CPB). Dysregulated inflam-
mation is widely regarded as a key contributor to bypass-related MODS pathobiology, with considerable overlap of 
pathways associated with septic shock. The pediatric sepsis biomarker risk model (PERSEVERE) is comprised of seven 
protein biomarkers of inflammation and reliably predicts baseline risk of mortality and organ dysfunction among 
critically ill children with septic shock. We aimed to determine if PERSEVERE biomarkers and clinical data could be 
combined to derive a new model to assess the risk of persistent CPB-related MODS in the early post-operative period.

Methods This study included 306 patients < 18 years old admitted to a pediatric cardiac ICU after surgery requiring 
cardiopulmonary bypass (CPB) for congenital heart disease. Persistent MODS, defined as dysfunction of two or more 
organ systems on postoperative day 5, was the primary outcome. PERSEVERE biomarkers were collected 4 and 12 h 
after CPB. Classification and regression tree methodology were used to derive a model to assess the risk of persistent 
MODS.

Results The optimal model containing interleukin-8 (IL-8), chemokine ligand 3 (CCL3), and age as predictor variables 
had an area under the receiver operating characteristic curve (AUROC) of 0.86 (0.81–0.91) for differentiating those 
with or without persistent MODS and a negative predictive value of 99% (95–100). Ten-fold cross-validation of the 
model yielded a corrected AUROC of 0.75 (0.68–0.84).

Conclusions We present a novel risk prediction model to assess the risk for development of multiple organ dysfunc-
tion after pediatric cardiac surgery requiring CPB. Pending prospective validation, our model may facilitate identifica-
tion of a high-risk cohort to direct interventions and studies aimed at improving outcomes via mitigation of post-
operative organ dysfunction.
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Background
Cardiopulmonary bypass (CPB) potentiates a systemic 
inflammatory response in all patients, the degree of 
which varies based on many factors [1–9]. An exagger-
ated response, as seen in systemic inflammatory response 
syndrome (SIRS), can be detrimental and contributes to 
the development of multiple organ dysfunction (MODS), 
prolonged length of stay, and worse outcomes [5–7]. 
Almost all pediatric cardiac surgery patients meet criteria 
for organ dysfunction in the early postoperative period 
with ubiquitous inotropic and/or mechanical ventilator 
support, but children with optimal surgical interventions 
will begin to wean from postoperative support within the 
first few days. Failure to wean may represent persistent 
or progressive organ dysfunction, with risk of mortality 
increasing in conjunction with number of organ systems 
involved [10, 11]. Identifying patients at increased risk for 
persistent MODS due to an exaggerated inflammatory 
response to CPB could help guide clinical management, 
provide prognostic enrichment in future trials, and, ulti-
mately, improve outcomes.

Sepsis and CPB both cause cellular injury and release of 
molecules that activate the innate and adaptive immune 
responses resulting in pro-inflammatory mediator upreg-
ulation [1, 3]. Research focusing on innate and adaptive 
immune gene expression and profiling in pediatric sep-
sis generated the Pediatric Sepsis Biomarker Risk Model 
(PERSEVERE) [12–20]. PERSEVERE and, more recently, 
PERSEVERE II have been utilized as risk-stratification 
tools to estimate probability of mortality and organ dys-
functions in pediatric septic patients [18]. Research on 
sepsis and CPB-mediated inflammation has identified 
significant overlap in inflammatory biomarker activation, 
including PERSEVERE biomarkers [5, 21–27]. We there-
fore posited that PERSEVERE biomarkers could be used 
to derive a unique risk model for early prediction of per-
sistent MODS after CPB in pediatric patients.

Methods
Patients, samples, and data collection
The study was approved by the institutional review board 
at Cincinnati Children’s Hospital Medical Center. All 
patients under the age of 18  years old undergoing sur-
gery requiring CPB for correction of congenital heart 
disease between November 2016 and November 2020 
were screened for eligibility. Patients were only included 
for their index surgery to prevent re-enrollment of 
patients requiring reoperation for residual lesions while 
still recovering from their initial surgery. For patients 
with single ventricle physiology, each surgical stage was 
treated as a separate index surgery, i.e., stage 1 pallia-
tive surgery, Glenn operation, Fontan operation, and/or 
biventricular repair. Due to the short time frame between 

stage 1 and Glenn, Glenn candidates were screened prior 
to re-enrollment and were excluded if they met crite-
ria for organ dysfunction at time of screening. Patients 
undergoing CPB for heart or lung transplantation, 
patients requiring immunosuppression, and patients 
with suspected or proven infection were excluded. Three-
hundred and fifty-nine patient encounters (293 unique 
patients) were consented for the study. Of these, 306 
encounters were included in the analysis, because both 
4- and 12-h biomarker samples were collected within the 
specified time. Baseline demographic, clinical, and labo-
ratory data needed to calculate severity of illness scoring 
and determine organ dysfunction were extracted from 
the electronic medical record (EMR). To minimize clini-
cally unnecessary blood draws, laboratory data to assess 
for organ dysfunction were only collected at discretion of 
the managing clinical team.

Definitions
The Society of Thoracic Surgery-European Association 
for Cardiothoracic Surgery (STAT) mortality category 
[28, 29] was used to account for risk related to surgi-
cal complexity. Pre- and postoperative severity of ill-
ness was assessed using Pediatric Risk of Mortality score 
III (PRISM III) [30]. Organ dysfunction was defined via 
adaption of Goldstein criteria [31] to account for differ-
ences in the postoperative congenital heart disease popu-
lation when compared to the pediatric sepsis population, 
Additional file 1. Persistent MODS was defined a priori as 
dysfunction of 2 or more organ systems on postoperative 
day 5. As an additional measure of organ dysfunction, 
daily Pediatric Logistic Organ Dysfunction-2 (PELOD-2) 
scores were calculated preoperatively and for the first 5 
postoperative days [32, 33].

Clinical and surgical management
All patients received methylprednisolone (30  mg/kg) as 
part of the CPB circuit prime. Neonates and patients in 
the hospital prior to their scheduled operation received 
an additional dose of methylprednisolone (30  mg/kg) 
the morning of surgery (prior to CPB initiation). Choice 
of anesthesia was not standardized and left to the deci-
sion of the cardiac anesthesiologist. All patients received 
either modified ultrafiltration and/or continuous ultra-
filtration intraoperatively, based on surgeon preference. 
The need for additional steroids and use of postoperative 
peritoneal dialysis was left to the discretion of the clinical 
team.

Biomarker collection
Biomarkers were collected 4 and 12  h post-CPB, based 
on studies suggesting peak inflammation occurs within 
24  h of CPB separation [4–6, 8, 21, 34]. Blood was 
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collected within a ± 60  min window, spun down to 
serum, and stored at – 80 C until ready to be analyzed. 
Seven PERSEVERE biomarkers were measured in this 
study: granzyme B (GZMB), heat shock protein 70  kDa 
1B (HSPA1B), interleukin 1α (IL-1α), interleukin 8 (IL-8), 
C-C chemokine ligand 3 (CCL3), C-C chemokine ligand 
4 (CCL4), matrix metalloproteinase 8 (MMP-8). Serum 
biomarker concentrations were measured according to 
manufacturer’s instructions using the HSP2MAG-63K 
multiplex bead platform (MILLIPLEX™ MAP Human 
Sepsis Magnetic Bead Panel 2-Immune Response Multi-
plex Assay) designed by the EMD Millipore Corporation 
(Billerica, MA, USA).

Statistical analysis
Descriptive statistical analyses were performed using R 
(version 4.0.4). Demographic, clinical, and biomarker 
data were described using medians with interquartile 
ranges (IQR), means with standard deviations, or fre-
quencies with percentages as appropriate. Comparisons 
of data for patients with and without persistent MODS 
were performed using the Kruskal–Wallis, Chi-squared, 
or Fisher’s exact tests as appropriate. Multivariate regres-
sion analysis, controlling for clinical data, was performed 
to examine the relationship between biomarker concen-
trations at 4 and 12 h and risk of development of MODS.

Classification and regression tree (CART) analysis 
was used to determine biomarker cut-points and derive 
a decision tree (Salford Predictive Modeler v6.6, Sal-
ford Systems, San Diego, CA) [35]. Candidate predic-
tion variables for derivation of the decision tree were as 
follows: all seven PERSEVERE biomarkers at 4 and 12 h 
time points, change in PERSEVERE biomarker levels 
from 4 to 12 h, age in months (included as both continu-
ous and dichotomous variables), single ventricle status, 
history of prematurity, CPB time, maximum vasoactive 
inotropic score (VIS), and STS-EACTS mortality cat-
egory. Clinical predictor variable selection was based on 
extant literature [36–39]. Tuning parameters determined 
a priori included: tenfold cross-validation, at least one 
of the paired terminal daughter nodes contains ≥ 5% of 
the subjects in the root node, and no predictor variables 
repeated within one of the two main branches. Perfor-
mance of the decision tree was determined by generating 
a classification table of true versus predicted status and 
calculation of discrimination metrics including sensitiv-
ity, specificity, positive and negative predictive values, 
and area under the receiver operating curve (AUROC). 
We compared our prediction model, which we will refer 
to as PERSEVERE-CPB, to PRISM III and STS-EACTS 
mortality category, as they are widely accepted and vali-
dated risk assessment and severity of illness scoring 
systems of this patient population, using the AUROC, 

sensitivity, and specificity. We further compared PER-
SEVERE-CPB to the 24-h postoperative PELOD-2 score, 
as PELOD-2 is a validated scoring system for organ dys-
function [32].

Using risk categories (referred to as PERSEVERE-CPB 
risk category) stratified the cohort into risk category 
based on high-, intermediate-, and low-risk terminal 
nodes of our model. We then evaluated the association of 
risk category with administration of postoperative ster-
oids for hypotension and clinical outcomes.

Finally, we performed an uncontrolled subanaly-
sis comparing biomarker concentrations in subjects 
who received dialysis (peritoneal or continuous renal 
replacement therapy) within the first 24  h after surgery 
to assess the potential effect of dialysis on biomarker 
concentration.

Results
Demographics, clinical characteristic, and biomarker 
concentrations of patients with and without persistent 
MODS are shown in Tables  1, 2 and Fig.  1, and Addi-
tional file 2. Of the 306 subjects with biomarkers drawn 
at both 4 and 12 h after separation from CPB, 43 (14.1%) 
had persistent MODS on POD 5. The cohort with per-
sistent MODS was significantly younger, had a history 
of prematurity, had higher illness severity before and 
immediately after CPB, received more organ support, 
was more likely to receive steroids for post-operative 
hypotension, and had worse clinical outcomes. In multi-
variate logistic regression models, accounting for age less 
than 12 months, STAT mortality category, CPB time, and 
single ventricle status, IL-8 concentration at both 4 and 
12 h was independently associated with risk of persistent 
MODS, as did 12-h concentrations of GZMB and CCL3, 
as shown in Table 2.

Biomarker‑based risk prediction model
Our newly derived PERSEVERE-CPB model is shown in 
Fig. 2. PERSEVERE-CPB included IL-8 concentration at 
12  h, the change in serum concentration of CCL3 from 
4 to 12  h, and infant age category (< 12  months). There 
were two low-risk terminal nodes (terminal nodes 1 and 
3) in which subjects had < 2% risk of developing persis-
tent MODS. There was one intermediate-risk node with 
23 patients (20.5%) who developed persistent organ 
dysfunction (terminal node 2). There was one high-risk 
node with persistent organ dysfunction in 72% of patients 
(terminal node 4). PERSEVERE-CPB performed well at 
determining risk of persistent MODS with model char-
acteristics shown in Table  3. IL-8 concentration at 12  h 
functioned as the upper tier decision rule, thus having 
the most predictive weight. Age less than 12 months was 
the second most important predictive variable, followed 
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by change in the serum concentration of CCL3 from 4 to 
12 h.

Prediction performance
PERSEVERE-CPB had excellent performance for predic-
tion of MODS: AUROC, 0.86 (95% CI 0.81; 0.91), Fig. 3. 
After cross-validation, our model’s corrected AUROC 

0.75 (95% CI of 0.68–0.84) still had good performance. 
PERSEVERE-CPB performed favorably to other validated 
risk scoring systems for prediction of MODS in our study 
cohort: STAT, 0.69 (0.62; 0.77); preoperative PRISM III, 
0.77 (0.71; 0.83), and postoperative PRISM III, 0.76 (0.70; 
0.83). PELOD-2 calculated using data from the first 24 h 
after CPB had an AUROC of 0.77 (0.71; 0.88).

Table 1 Demographics and clinical characteristics

All data are presented as median (interquartile range) unless specified; MODS: persistent multiple organ dysfunction at postoperative day 5; neonate: < 30 days old; 
infant: < 12 month old

STAT  Society of Thoracic Surgery-European Association for Cardiothoracic Surgery mortality category, CPB Cardiopulmonary bypass, PRISM III Pediatric Risk of Mortality 
score III, PELOD-2 Pediatric Logistic Organ Dysfunction Score-2, VIS Vasoactive inotropic score, PD Peritoneal dialysis, CRRT  Continuous renal replacement therapy, POD 
Postoperative day, CICU Cardiac intensive care unit, LOS Length of stay

All* MODS* No MODS* p value

Number of subjects (%) 306 43 (14.0) 263 (86.0) –

Age (months) 6 (3–42.9) 2 (0.2–5.3) 8 (3.9–48)  < 0.001

Number of females (%) 134 (43.8) 20 (46.5) 114 (43.3) 0.70

Race, number (%) 0.31

 White, non-Hispanic 269 (87.9) 34 (79.1) 235 (89.3)

 White, Hispanic 6 (2.0) 2 (4.7) 4 (1.5)

 Black 23 (7.5) 6 (13.9) 17 (6.5)

 Other 8 (2.6) 1 (2.3) 7 (2.7)

Number of neonates (%) 43 (14.1) 17 (39.5) 26 (9.9)  < 0.001

Number of single ventricle patients (%) 117 (38.2) 23 (53.5) 94 (35.7) 0.026

Number of infants (%) 182 (59.5) 38 (88.4) 144 (54.8)  < 0.001

Number of infants born premature (%) 45 (14.7) 13 (30.2) 32 (12.2) 0.002

STAT, number (%)  < 0.001

 1 47 (15.4%) 3 (7.0) 44 (16.7)

 2 131 (42.8%) 12 (27.9) 119 (45.2)

 3 46 (15.2%) 3 (7.0) 43 (16.3)

 4 60 (19.6%) 15 (34.9) 45 (17.1)

 5 22 (7.2%) 10 (23.2) 12 (4.6)

CPB time in minutes 138.0 (92.3; 183.0) 176.0 (112.0; 206.5) 132.0 (89.0; 179.0) 0.005

Number receiving MUF (%) 195 (63.7) 30 (69.8) 165 (62.7) 0.374

Pre-op PRISM III 2.0 (0.0; 3.0) 5.0 (3.0; 7.0) 0.0 (0.0; 3.0)  < 0.001

Post-op PRISM III 8.0 (6.0; 12.0) 13.0 (10.0; 16.0) 8.0 (5.0; 11.0)  < 0.001

PELOD-2 preoperative 0.0 (0.0; 2.0) 2.0 (0.0; 2.0) 0.0 (0.0; 2.0)  < 0.001

PELOD-2 24 h postoperative 4.0 (2.0; 6.0) 7.0 (5.0; 8.0) 4.0 (2.0; 5.0)  < 0.001

VIS at 4 h post-CPB 7.0 (5.0; 10.0) 8.0 (7.0; 11.8) 7.0 (4.5; 9.0) 0.007

Maximum VIS 7.0 (5.0; 15.4) 17.5 (14.5; 26.0) 7.0 (5.0; 12.5)  < 0.001

Lowest pH 7.29 (7.26–7.33) 7.25 (7.2; 7.3) 7.3 (7.3; 7.3)  < 0.001

Peak lactate 2.4 (1.6–4.0) 3.7 (2.3; 6.3) 2.2 (1.5; 3.8)  < 0.001

Number receiving PD or CRRT postoperative (%) 12 (3.9) 9 (20.9) 3 (1.1)  < 0.001

Number receiving steroids postoperative (%) 70 (22.9) 24 (55.8) 46 (17.5)  < 0.001

Number receiving steroids for hypotension postoperative (%) 27 (8.8) 13 (30.2) 14 (5.3)  < 0.001

Ventilator-free days 27.0 (26.0; 28.0) 17.0 (13.0; 23.0) 28.0 (26.0; 28.0)  < 0.001

Vasoactive-free days 26.0 (25.0; 27.0) 20.0 (14.5; 22.0) 27.0 (26.0; 27.0)  < 0.001

Number of in-hospital mortality (%) 7 (2.3) 6 (14.0) 1 (0.4)  < 0.001

Number alive and out of the hospital by POD 28 (%) 267 (87.3) 20 (46.5) 247 (93.9)  < 0.001

CICU LOS 3.0 (2.0; 8.0) 15.0 (11.0; 34.0) 3.0 (2.0; 4.5)  < 0.001

Hospital LOS 7.0 (4.0; 15.0) 24.0 (19.0; 67.0) 7.0 (4.0; 11.0)  < 0.001
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Assessment of postoperative steroid need and outcome 
by PERSEVERE risk category
The portion of the cohort falling into the high-risk 

PERSEVERE-CPB category (terminal node 4 of model) 
were more likely to receive steroids for post-operative 
hypotension compared to those falling into the inter-
mediate- and low-risk categories (35%, 22%, 2%, respec-
tively; p < 0.001). The high-risk cohort also experienced 
longer duration of ventilator and vasoactive support, 
longer CICU and hospital stays, and had higher in-hospi-
tal mortality compared to those falling into intermediate- 
and low-risk categories, Table 4.

Biomarker concentrations in patients receiving dialysis
Dialysis, either continuous renal replacement therapy 
(CRRT) or PD, was used in 12 patients in the first 24 h 
after separation from CPB, with 9 being infants. Peri-
toneal dialysis catheters drained ascites without active 
dialysis in the remaining 34 neonates. Use of dialysis was 
associated with increased IL-8 at both 4 and 12 h post-
CPB. CCL-3 concentrations were higher in the dialysis 
group, but only 12 h concentrations in the entire cohort 
were significant, Additional file 3.

Discussion
Using inflammatory biomarkers and established clinical 
risk factors, we have derived a decision tree that is able to 
stratify patients by risk for developing persistent multiple 
organ dysfunction syndrome at post-operative day 5 after 
cardiopulmonary bypass surgery for congenital heart dis-
ease. Of the clinical risk factors and biomarkers included 
in this study, interleukin 8 (IL-8) concentration was the 
most important predictor of persistent MODS.

Table 2 Development of MODS based on PERSEVERE 
biomarkers

Odds ratios (OR) obtained via logistic regression. Each biomarker was 
modeled separately. All models adjusted for age less than 12 months (infant), 
STAT mortality category, single ventricle status, and time (in minutes) on 
cardiopulmonary bypass

CI confidence interval, GZMB granzyme B, HSPA1B heat shock protein 70 kDa 1B, 
IL-1α interleukin 1α, IL-8 interleukin 8, CCL3 C-C chemokine ligand 3, CCL4 C-C 
chemokine ligand 4, MMP-8 matrix metalloproteinase 8

OR (95% CI) p value

Biomarkers at 4 h

 GZMB 0.79 (0.20; 1.18) 0.524

 HSP70 0.94 (0.35; 1.35) 0.852

 IL-1α 1.08 (0.50; 1.45) 0.684

 IL-8 1.94 (1.41; 2.77)  < 0.001

 CCL3 1.07 (0.74; 1.49) 0.700

 CCL4 1.21 (0.88; 1.64) 0.210

 MMP-8 1.15 (0.69; 1.60) 0.473

Biomarkers at 12 h

 GZMB 1.42 (1.04; 1.88) 0.012

 HSP70 1.27 (0.89; 1.65) 0.081

 IL-1α 0.69 (0.18; 1.23) 0.394

 IL-8 11.42 (2.91; 57.11) 0.001

 CCL3 1.36 (1.02; 1.84) 0.038

 CCL4 1.27 (0.92; 1.71) 0.125

 MMP-8 0.99 (0.46; 1.44) 0.963
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Fig. 1 Comparison of biomarker concentrations in patients with and without persistent MODS. The serum interleukin-8 (IL-8) concentration was 
significantly elevated at 4 h after separation from cardiopulmonary bypass (CPB) in patients who developed persistent MODS and those who did 
not. IL-8, CCL-3, and CCL-4 concentrations at 12 h after separation from CPB were also significantly elevated in the cohort that developed persistent 
MODS compared to those that did not. Biomarker abbreviations displayed are as follows: GZMB, granzyme B; HSPA1B, heat shock protein 70 kDa 1B; 
IL-1α interleukin 1α; IL-8, interleukin 8; CCL3, C-C chemokine ligand 3; CCL4, C-C chemokine ligand 4; MMP-8, matrix metalloproteinase 8
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PERSEVERE-CPB allows a heterogenous cardiac sur-
gery population to be stratified into high, intermediate, 
and low risk groups based on risk for persistent MODS. 
The model functions exceptionally well in identifying 
low risk patients, as illustrated by a high negative pre-
dictive value and low negative likelihood ratio. How-
ever, given the low positive predictive value and low 
positive likelihood ratio, PERSEVERE-CPB over-selects 

for MODS (approximately 31% false positive rate), 
which may limit its utility and result in overtreatment 
of the intermediate and high risk. Despite only a mod-
est ability to predict MODS, our model enables the 
clinician to increase vigilance in a smaller cohort of 
patients, which has added importance as those falling 
into the high-risk PERSEVERE-CPB strata experienced 
worse clinical outcomes (longer duration of ventilator 
and vasoactive support, longer duration of stay, higher 
in-hospital morality) compared to the intermediate- 
and low-risk groups. This model has the potential to 
allow for early identification of patients categorized as 
low risk to receive standard of care supportive thera-
pies, and those at intermediate or high risk to receive 
early targeted clinical interventions aimed at reducing 
the risk of MODS. Additionally, separation of low and 
higher risk cohorts may allow for prognostic enrich-
ment in future clinical trials of interventions aimed 
at mitigating organ dysfunctions. However, without a 
rapid point of care PERSEVERE biomarker panel that 
allows for real time risk stratification, utility of PERSE-
VERE-CPB is limited. There are ongoing efforts at our 
institution focused on the development of a rapid point 
of care PERSEVERE biomarker panel. Once available, 
future studies will focus on timing and implementation 
of PERSEVERE-CPB in efforts to improve postoperative 
outcomes, including reduction in MODS. Future work 
with also focus on the addition of real-time physiologic 

Fig. 2 Derivation classification tree for PERSEVERE-CPB model. The classification tree consists of two biomarker-based decision rules and 
one clinically based decision rule. The 12-h interleukin-8 (IL8) serum concentration and the change in C-C chemokine ligand 3 (CCL3) serum 
concentration from 4 to 12 h were included. Each node contains the total number of subjects meeting the biomarker concentration or clinically 
based decision rule criteria, the number of subjects with or without persistent multiple organ dysfunction syndrome (MODS) at postoperative day 
(POD) 5, and the percentage of each respective outcome. Terminal nodes 1 and 3 were considered low-risk nodes, with subjects being less likely 
to develop persistent MODS. Terminal nodes 2 and 4 were considered high-risk and more predictive of development of persistent MODS. The area 
under the curve (AUC) for this tree was 0.86, with cross-validated estimate for AUROC of 0.75

Table 3 Diagnostic test characteristics of PERSEVERE-CPB

Numbers in parenthesis represent 95% confidence intervals

AUC  Area under the curve, + likelihood ratio Positive likelihood ratio, − likelihood 
ratio Negative likelihood ratio

Number of subjects 306

Number of true positives 41

Number of true negatives 167

Number of false positives 96

Number of false negatives 2

Sensitivity 95% (83; 99)

Specificity 64% (57; 69)

Positive predictive value 30% (23; 38)

Negative predictive value 99% (95; 100)

 + Likelihood ratio 2.6 (2.2; 3.1)

 − Likelihood ratio 0.07 (0.02; 0.28)

AUC 0.86 (0.81;0.91)

Cross validation AUC 0.75 (0.68;0.84)
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Fig. 3 Comparison of PERSEVERE-CPB to validated risk-assessment tools to predict persistent MODS. PERSEVERE-CPB functioned well as a predictor 
of multiple organ dysfunction syndrome, with cross-validation area under the curve (AUC) that was comparable to validated risk-assessment tools 
in our cohort. PERSEVERE: PERSEVERE-CPB biomarker prediction model; STAT: Society of Thoracic Surgery-European Association for Cardiothoracic 
Surgery mortality category; PRISM-III (pre): Pediatric Risk of Mortality score calculated using preoperative data; PRISM-III (post): Pediatric Risk of 
Mortality score III calculated using data from the first 24 h after surgery; PELOD-2: Pediatric Logistic Organ Dysfunction Score-2

Table 4 Clinical outcomes by PERSEVERE-CPB Risk Strata

PERSEVERE-CPB risk category is based on terminal risk nodes from PERSEVERE-CPB model: Terminal node 4: high-risk; Terminal node 2: intermediate-risk; Terminal 
node 1 and 3: low-risk. All data is presented as median (interquartile range) unless specified; ventilator-free days: total days not receiving positive pressure ventilation 
out of 28 days; vasoactive-free days: total days not requiring vasoactive or inotropic medications out of 28 days

POD Postoperative day, CICU Cardiac intensive care unit, LOS Length of stay

High risk Intermediate risk Low risk p value

Number receiving steroids postoperative (%) 14 (56.0%) 43 (25.6%) 13 (7.7%)  < 0.001

Number receiving steroids for hypotension postoperative (%) 7 (35.0%) 15 (22.4%) 5 (2.3%)  < 0.001

Ventilator-free days 21 (9, 25) 26 (24, 28) 28 (27, 28)  < 0.001

Vasoactive-free days 20 (8, 23) 25 (23, 27) 27 (26, 27)  < 0.001

Number of in-hospital mortality (%) 5 (20.0%) 2 (1.8%) 0 (0.0%)  < 0.001

Number alive and out of the hospital by POD 28 (%) 12 (48.0%) 91 (81.3%) 164 (97.1%)  < 0.001

CICU LOS 15 (11, 30) 5 (2, 11) 2 (1, 4)  < 0.001

Hospital LOS 25 (20, 57) 10 (6, 19) 6 (4, 9)  < 0.001
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and laboratory data to the model may improve the pre-
cision and specificity of this model.

For assessing risk of persistent MODS, PERSEVERE-
CPB performed well when compared to existing pedi-
atric critical care and cardiac surgery risk-assessment 
tools (STAT, PRISM III, PELOD 2). In particular, PER-
SEVERE-CPB performed similarly to the postoperative 
day one PELOD-2 score for predicting development of 
persistent MODS. Although STAT and PRISM III were 
primarily validated to predict risk of mortality and not 
MODS, the low mortality rate in our cohort did not 
allow us to develop a biomarker-based predictive model 
for in-hospital mortality.

IL-8 level functioned as the upper level decision rule, 
indicating that it played a key role in determination 
of risk for MODS. Almost 42% of patients who devel-
oped persistent MODS fell into terminal node 4, with 
an elevated 12 h IL-8 concentration. IL-8 is one of the 
more studied biomarkers of inflammation in patients 
after CPB. It is a neutrophil chemoattractant, plays a 
pivotal role in neutrophil activation, and is produced 
in large quantities by endothelial cells [40]. Elevated 
postoperative IL-8 has been associated with markers 
of low cardiac output (low mixed venous oxygen con-
centration and higher inotropic score) [41], develop-
ment of postoperative acute kidney injury [26, 42, 43], 
increased duration of mechanical ventilation [22, 43, 
44], and longer ICU length of stay [6]. The pathophysi-
ologic role IL-8 plays in neutrophil/endothelium activa-
tion, bypass-mediated inflammation, and development 
of MODS warrants further examination, with obvious 
potential as a therapeutic target. In comparison, CCL3, 
or macrophage inflammatory protein 1α (MIP-1α), 
has not been extensively studied in bypass-mediated 
inflammation. During acute inflammation, CCL3 aids 
in the recruitment of leukocytes and plays a role in neu-
trophil infiltration [45, 46]. Since both PERSEVERE and 
PERSEVERE-II have demonstrated CCL3 plays a major 
role in discrimination of both mortality and multiple 
organ failure in severe pediatric sepsis [47], further 
investigation into the role of CCL3 in CPB-mediated 
inflammation and its contribution to development of 
organ dysfunction is warranted.

Age less than 12 months at time of surgery functioned 
as the second level decision rule in PERSEVERE-CPB. 
Younger age is known to be associated with increased 
morbidity after pediatric cardiac surgery [36, 37, 48], 
which is not a surprise given that infants and neonates 
undergo the most complex and highest risk surgeries. 
Future efforts to create risk models specific to infants 
and neonates could help determine if there are modifi-
able risk factors or potential therapeutic targets or if their 
increased risk is attributable to complexity of surgery and 

cardiac physiology (such as single ventricle physiology) 
alone.

Perioperative steroids are used in children undergo-
ing CPB to blunt the bypass-mediated inflammatory 
response [49]. Non-uniform perioperative steroid admin-
istration in our population is a limitation of this study: 
while all patients received steroids, preoperatively hospi-
talized neonates and infants received steroids both before 
and during CPB, whereas all other patients received ster-
oids only during CPB. It is unclear how additional ster-
oid administration might have impacted these results, if 
at all. We acknowledge that perioperative steroids blunt 
the bypass-mediated inflammatory response; it is pos-
sible additional dosing may have resulted in even lower 
biomarker concentrations. Interestingly, the majority of 
the high-risk cohort (17 out of 20 subjects) were hos-
pitalized neonates and infants which may suggest that 
inflammation has a bigger impact in outcome in this sub-
set of patients, despite receiving two doses of steroids. 
Perhaps also supporting this theory, the high-risk cohort 
was more likely to receive steroids for hypotension in the 
first 24 h postoperative, which may reflect an enhanced 
inflammatory response leading to higher degree or longer 
lasting vasoplegia (Table 4).

Another limitation of the study was placement of peri-
toneal dialysis catheters in neonates, which is a standard 
practice at our institution. Use of peritoneal dialysis has 
been shown to decrease inflammatory cytokines after 
bypass and in other inflammatory states [50]. Unlike prior 
studies, use of dialysis was associated with increased IL-8 
at both 4 and 12  h post-CPB in both the entire cohort 
and the neonatal subpopulation. CCL-3 concentrations 
were higher in the dialysis group, but only 12 h concen-
trations in the entire cohort were significant, Additional 
file  3. It is likely in this uncontrolled subanalysis that 
higher biomarker concentrations reflect treatment bias as 
opposed to a potentiating biomarker effect of peritoneal 
dialysis, as younger and higher risk patients/surgeries 
(with presumably more inflammatory CPB-response) are 
standardized to receive peritoneal catheters and undergo 
dialysis postoperatively. We cannot surmise the direct 
impact of peritoneal drainage and dialysis in this cohort 
without paired analysis and baseline biomarker levels. 
Future studies comparing postoperative inflammatory 
biomarker concentrations over time, use of dialysis, and 
correlation with risk of persistent MODS, particularly in 
the neonates and infants who, in this study, comprise a 
majority of the most at risk population, are warranted.

Also limiting our study, 3 subjects who developed 
MODS had a residual lesion or complication of care that 
contributed to prolonged need for mechanical ventila-
tion and inotropic/vasopressor support. It would have 
been preferable to include only patients with MODS 
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resulting from biologic and physiologic consequences 
of surgery and their intrinsic response to inflammation. 
Lastly, although the small number of events in this study 
prevented validation beyond a tenfold cross-validation 
procedure, we hope to be able to enhance this in a future, 
multicenter study. Cross-validation AUC for our model 
showed acceptable ability to predict persistent MODS, 
comparable to postoperative PRISM III and PELOD-2.

Conclusions
Using known clinical risk factors and biomarkers of 
inflammation originally identified as key markers of 
inflammation in pediatric patients with septic shock, we 
have created a simple, biologically plausible model that 
accurately predicts risk of persistent organ dysfunction 
in pediatric patients after cardiac surgery for congenital 
heart disease. IL-8 concentration was the most predic-
tive variable for development of MODS after CPB in our 
patient population; future efforts to better define CPB-
related IL-8 pathophysiology and modifiable risk factors 
for IL-8 elevation after CPB are warranted.
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