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Abstract: Cardiac surgery employing cardiopulmonary bypass exposes infants to a high risk of
morbidity and mortality. The objective of this study was to assess the utility of clinical and laboratory
variables to predict the development of low cardiac output syndrome, a frequent complication
following cardiac surgery in infants. We performed a prospective observational study in the pediatric
cardiovascular ICU in an academic children’s hospital. Thirty-one patients with congenital heart
disease were included. Serum levels of nucleosomes and a panel of 20 cytokines were measured at
six time points in the perioperative period. Cardiopulmonary bypass patients were characterized by
increased levels of interleukin-10, -6, and -1α upon admission to the ICU compared to non-bypass
cardiac patients. Patients developing low cardiac output syndrome endured longer aortic cross-clamp
time and required greater inotropic support at 12 h postoperatively compared to bypass patients
not developing the condition. Higher preoperative interleukin-10 levels and 24 h postoperative
interleukin-8 levels were associated with low cardiac output syndrome. Receiver operating charac-
teristic curve analysis demonstrated a moderate capability of aortic cross-clamp duration to predict
low cardiac output syndrome but not IL-8. In conclusion, low cardiac output syndrome was best
predicted in our patient population by the surgical metric of aortic cross-clamp duration.

Keywords: low cardiac output syndrome; cardiopulmonary bypass; inflammation; congenital heart
disease; pediatric cardiology

1. Introduction

Low cardiac output syndrome (LCOS) is a serious and frequent complication of
cardiopulmonary bypass (CPB) in infants following cardiac surgery [1]. LCOS refers to
a postoperative state of reduced cardiac output, which may lead to multi-organ system
failure and death [2]. Predicting which patients will develop LCOS remains difficult, and
treatment at this time is limited to timely supportive care, often resulting in a greater
duration of postoperative mechanical ventilation, prolonged cardiovascular intensive care
unit (CVICU) length of stay (LOS), and more interventions for cardiac support [3,4].
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The etiology of LCOS is generally considered to be a multifactorial aggregate of fac-
tors related to both anatomical and physiological characteristics of the heart defect under
repair and additional physiological stress incurred during the surgery, including oxida-
tive stress [5] through the use of CPB and ischemia/reperfusion injuries of the heart and
lungs [1]. Most of these etiological factors induce systemic inflammation, thought to be a
major driver of several postoperative morbidities, including LCOS [6,7]. Pediatric cardiac
surgeons utilizing CPB routinely attempt to dampen associated postoperative systemic
inflammation through a variety of mechanisms, including administration of perioperative
steroids [8], ultrafiltration, and the use of heparin [9]. Postoperative systemic inflammation
is of particular concern in neonates, an age group characterized by comparatively hyperin-
flammatory responses [10]. Previous studies have reported elevated cytokine levels, both
inflammatory and anti-inflammatory [7,9,11–13], in infants following CPB.

Nucleosomes, complexes of DNA bound with histones, are either released during
cell death or secreted following cell damage or inflammation [14]. These complexes are
a marker of neutrophil extracellular traps (NETs), web-like structures released by neu-
trophils to ensnare potential pathogens. NETs are implicated in, or associated with, the
pathophysiology of several critical conditions, including the use of CPB during adult
cardiac surgery [15]. Elevated nucleosome levels have been noted following myocardial
ischemia-reperfusion injury [16], and prolonged elevations in extracellular DNA [17] or
rapidly peaking levels of circulating histones [18] have been correlated to poor postop-
erative outcomes following cardiac surgery in adults and young children, respectively.
Whether nucleosome release during CPB is associated with the development of LCOS,
however, is unknown. Few studies investigating clinical or laboratory correlates of poor
outcomes following cardiac surgery with CPB have included the development of LCOS as
an outcome of interest.

In this study, the hypothesis that histones and DNA (nucleosomes) are released in
pediatric cardiac patients who undergo cardiopulmonary bypass, and are superior in the
early detection of LCOS compared to cytokine/chemokine levels, was investigated. Thus,
both surgical characteristics and laboratory levels of circulating nucleosomes and cytokines
during the perioperative period in a control group of infants undergoing surgical repair of
congenital heart disease (CHD) without CPB were compared to those of a similar group of
surgical infants requiring cardiopulmonary bypass. Importantly, the potential correlations
of these variables with the development of LCOS in bypass patients were investigated.
Finally, the ability of these surgical or laboratory metrics to predict the development of
LCOS was examined in an attempt to identify early biomarkers or therapeutic targets for
the condition.

2. Materials and Methods
2.1. Study Design

This prospective observational study was approved by the Institutional Review Board
at the University of Oklahoma Health Sciences Center (IRB #7676, approved 03/10/2017;
ClinicalTrials.gov Identifier NCT03143348). Due to the lack of previous data on nucleosome
levels as predictors of LCOS, the study was designed as a convenience sample pilot study,
and sample size calculation was not performed. Written informed consent was obtained
from one or both parents. Thirty-two infants with CHD confirmed postnatally, born
at or above 36 weeks gestational age, with a birth weight greater than 2.5 kg, and less
than 6 months old, were enrolled from June 2017 through November 2018 (Figure S1 in
Supplementary Materials). Infants were excluded from the study due to the following: an
expectation of increased inflammatory markers before the study (e.g., requiring two or
more vasopressors); preoperative proven sepsis or cardiac catheterization within one week
of surgical date; previous surgery except for pulmonary artery banding; or presence of
significant extra-cardiac anomalies thought to impair organ function, including congenital
renal anomalies, airway anomalies, and gastrointestinal anomalies such as imperforate
anus and intestinal atresia.

ClinicalTrials.gov
ClinicalTrials.gov
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Infants were enrolled into one of two groups based on the anatomy of cardiac lesions.
Group 1 was composed of patients with CHD requiring cardiac surgery without CPB (e.g.,
coarctation of the aorta (COA) and pulmonary arterial bands for tricuspid atresia with
normally related great arteries (TA/NRGA)). Group 2 constituted CHD patients requiring
cardiac surgery with CPB (severe Group 1 anomalies, in addition to hypoplastic left heart
syndrome (HLHS), interrupted aortic arch (IAA), atrial septal defect (ASD), double outlet
right ventricle (DORV), pulmonary atresia (PA), dextro-transposition of the great arteries
(D-TGA), aortic valve stenosis (AS), and tetralogy of Fallot (TOF)). Demographic and
perioperative data were compared between groups, as well as stratified in Group 2 patients,
by the development of LCOS.

The short-term risk of mortality was estimated via the six-category RACHS-1 (Risk
Adjustment for Congenital Heart Surgery) model and the European Association for Cardio-
thoracic Surgery (EACTS) and the Society of Thoracic Surgeons (STS) mortality categories
(EACTS-STS mortality Categories) [19]. Mortality risk assessments at CVICU admission
were estimated by both PIM2 (Pediatric Index of Mortality 2) [20] and PRISM III (Pedi-
atric Risk of Mortality III) [21] models, using information collected during the first hour
(PIM2) or the first 12 h and 24 h (PRISM III) in the CVICU. Morbidity and mortality in
the CVICU were also estimated serially with the Sequential Organ Failure Assessment
(SOFA) score [22]. The vasoactive-inotropic score (VIS) was recorded at CVICU admission
and 12 h and 24 h into CVICU stay. VIS, a surrogate measure for morbidity and mortality
following cardiac surgery, was calculated as dopamine dose (µg/kg/min) + dobutamine
dose (µg/kg/min) + (100 × epinephrine dose (µg/kg/min)) + (10 × milrinone dose
(µg/kg/min)) + (10,000 × vasopressin dose (U/kg/min)) + (100 × norepinephrine dose
(µg/kg/min)) [23].

Diagnosis of LCOS, the primary outcome, was based on guidelines modified from
Carmona et al. [7], consisting of at least two of the following criteria at any postoperative
timepoint: prolonged capillary refill >3 s, systolic blood pressure <5th percentile for age
and gender, low urine output (<1 cc/kg/h) for at least 6 h despite diuretic use, persistently
elevated (>2 mmol/L) lactate, metabolic acidosis with an increase (>4 mmol/L) in the base
deficit, VIS at any point >20, and cardiac arrest or utilization of ECMO (extracorporeal
membrane oxygenation) for hemodynamic instability within 48 h. Secondary outcomes
included days on postoperative ventilation, development of acute kidney injury (AKI,
defined as doubling of preoperative creatinine), cardiac arrest, ECMO use, CVICU length
of stay (LOS), total postoperative LOS, and mortality.

2.2. Clinical and Surgical Management

Preoperative methylprednisolone (30 mg/kg) and heparin (400 U/kg, with a target
ACT or 380 s) were administered to all Group 2 patients. Induction of anesthesia was
performed in a standardized approach using ketamine, fentanyl, and rocuronium. Main-
tenance was achieved with fentanyl (2 µg/kg/h), dexmedetomidine (0.3 mg/kg/h), and
sevoflurane titrated based on the anesthetic depth. The CPB circuit had a prime volume of
150–180 mL. Additional packed red blood cell (pRBC) transfusions were given to maintain
a hematocrit of 30% or above during CPB and >40% prior to separation from CPB. CPB was
performed with varying degrees of hypothermia based on individual metrics. Antegrade
cold blood (20 mL/kg) was used to induce cardioplegia with an additional blood injection
(10 mL/kg) if the aortic cross clamp (ACC) duration exceeded 50 min. Cardiopulmonary
bypass pump flow was maintained at 100–150 mL/kg/min with mean arterial pressure
targeted at 30–50 mmHg. Arteriovenous modified ultrafiltration was performed on all CPB
patients for 15–20 min following separation from CPB. Approximately 10–20 mL/kg/min
of fluid was removed from the arterial cannula, passed through the filter, and returned
to the right atrium via the venous cannula. Following surgery, intravenous protamine
sulphate was administered to neutralize heparin. All cases were admitted to CVICU for
standard postoperative management by a dedicated team of pediatric intensivists with
cardiac ICU training.
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2.3. Sample Collection and Laboratory Protocol

Blood was collected serially from a central arterial line during the perioperative
period (Figure 1), immediately stored at 4 ◦C for less than 24 h until processing, and
placed at −80 ◦C until analysis; these methods are demonstrated to minimize cytokine
and histone loss in the clinical setting [24]. Circulating nucleosomes were measured from
serum using a quantitative sandwich enzyme-linked immunosorbent assay (ELISA; Cell
Death Detection ELISAplus Kit, Version 14, Roche Diagnostics, Indianapolis, IN, USA)
per the manufacturer’s instructions. Samples were run in duplicate and compared to the
background and positive control. Circulating nucleosome levels are expressed as arbitrary
units (AU).

Figure 1. Sample collection timeline. CVICU = cardiovascular intensive care unit.

Serum cytokines (interleukin-10 (IL-10)), IL-1α, IL-1β, IL-4, IL-6, IL-8, E-selectin,
interferon-alpha (IFN-α), IFN-γ, IL-12 p70, IL-13, IL-17α, monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-1 alpha (MIP-1α), MIP-1β, P-selectin,
soluble cell adhesion molecule-1 (sICAM-1), C-X-C motif chemokine 10 (CXCL10), and
tumor necrosis factor-alpha (TNF-α)) were measured using immunofluorescence technol-
ogy (Custom ProcartaPlex™ Multiplex Immunoassay; Thermo Fisher, Waltham, MA, USA)
per the manufacturer’s instructions. The plate was read on a Bio-Plex® 200 array reader
(Bio-Rad, Hercules, CA, USA). Samples were run in duplicate, and cytokine levels were
quantified via comparison to a 4PL algorithm standard curve specific to each analyte.

2.4. Statistical Analysis

Categorical variables were tabulated as frequencies (%), and comparisons were
achieved via chi-square or Fisher’s exact tests, as appropriate. Continuous variables
were reported as means (± standard deviation (SD)), and comparisons utilized two-tailed
Student’s t or Mann–Whitney U tests, as required. Correlations between continuous
variables were evaluated with the Spearman test. Cytokine and nucleosome data were
logarithmically transformed before analysis using log(x) (or log(x + 1) when values were
<1) to reduce skew in data. Outliers were identified through the ROUT (robust regression
and outlier removal) method, at a maximum false discovery rate of 0.1%, and excluded
from the analysis. A linear mixed model repeated-measures analysis was used to examine
the relationship between cytokine and histone levels and CPB or LCOS status. To establish
the potential to predict LCOS development, receiver operating characteristic (ROC) curves
were constructed for candidate clinical and laboratory variables previously identified as
significantly different in bypass patients stratified by LCOS status. Cut-off points were
determined using Youden’s J, and predictive ability was compared via area under the ROC
curve (AUC). All results were considered significant when p < 0.05. Statistical analyses
were performed with GraphPad Prism Version 6.07 (GraphPad Software, San Diego, CA,
USA), with ROC curve metrics calculated by MedCalc Version 19.0.4 (MedCalc Software
Ltd., Acacialaan, Belgium).
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3. Results
3.1. Patient Demographics by Group

Of a total of thirty-two patients enrolled in the study (Figure S1), one patient was
excluded from further analysis due to the use of ECMO intraoperatively for pulmonary
hypertension, precluding the patient from further assessment for LCOS. Thirty-one patients
(61.3% male), with a mean gestational age of 38.9 ± 0.58 weeks, completed the study (Table S1).
The average age at the time of first (preoperative) sampling was 18.81 ± 25.37 days. No
statistical differences in gender, gestational age at birth, age at first sample, or birth weight
were found between groups.

3.2. Perioperative Variables

As expected, bypass patients were characterized by significantly higher (p = 0.0027)
RACHS-1 classifications and EACTS-STS categories (p = 0.0022) as their heart defects were
generally more complex than those of non-bypass patients (Table 1). PRISM III scores for
12 and 24 h did not differ between the groups, but the Group 2 average at 24 h was above
5 [25]. Bypass patients also had significantly higher PIM2 and SOFA scores at the time of
CVICU admission, further underscoring the more serious nature of their heart defects.

Table 1. Perioperative variables by group.

Perioperative Characteristic Group 1 (n = 5) Group 2 (n = 26) p

RACHS-1, Category 1–3, n (%)
RACHS-1, Category 4–6, n (%)

5 (100)
0 (0)

6 (23.1)
20 (76.9) 0.0027

STS–EACTS, Category 1–2, n (%) 4 (80) 2 (7.7)
0.0022STS–EACTS, Category 3–5, n (%) 1 (20) 24 (92.3)

PRISM III Score, 12 h mean ± SD 3.83 ± 3.15 4.64 ± 3.97 0.7452
PRISM III Score, 24 h, mean ± SD 4.38 ± 2.89 6.79 ± 8 0.7434
PIM2 Score, CVICU, mean ± SD 1.45 ± 1.13 4.63 ± 3.07 0.003
SOFA Score, CVICU, mean ± SD 8.50 ± 1.29 10.63 ± 1.79 0.0342

SOFA Score, 12 h, mean ± SD 6.60 ± 3.98 9.52 ± 1.75 0.0691
SOFA Score, 24 h, mean ± SD 5.67 ± 5.13 9.06 ± 2.26 0.2639

VIS, CVICU, mean ± SD 0.70 ± 1.095 8.64 ± 3.51 <0.0001
IS, CVICU, mean ± SD 0.00 ± 0.00 1.37 ± 1.26 0.0298
VIS, 12 h, mean ± SD 1.70 ± 2.64 7.40 ± 2.80 0.0012
IS, 12 h, mean ± SD 0.00 ± 0.00 1.12 ± 1.24 0.0813

VIS, 24 h, mean ± SD 1.30 ± 1.86 8.74 ± 3.39 <0.0001
IS, 24 h, mean ± SD 0.00 ± 0.00 1.15 ± 1.43 0.1154

NIRS Left cRSO2, CVICU, %, mean ± SD 74.4 ± 11.52 62.62 ± 14.3 0.1056
NIRS Left cRSO2, 12 h, %, mean ± SD 73.2 ± 12.72 61.58 ± 12.66 0.0729
NIRS Left cRSO2, 24 h, %, mean ± SD 62.5 ± 14.85 64.54 ± 14.15 0.8175

NIRS Right cRSO2, CVICU, %, mean ± SD 75.5 ± 22.22 57.77 ± 17.91 0.1806
NIRS Right cRSO2, 12 h, %, mean ± SD 64.5 ± 18.52 60.42 ± 14.06 0.3658
NIRS Right cRSO2, 24 h, %, mean ± SD 57 ± 35.36 62.73 ± 14.72 >0.9999

NIRS rRSO2, CVICU, %, mean ± SD 74.2 ± 12.24 77.85 ± 16.02 0.4877
NIRS rRSO2, 12 h, %, mean ± SD 79.8 ± 19.68 76.58 ± 14.34 0.4553
NIRS rRSO2, 24 h, %, mean ± SD 75 ± 28.28 72.12 ± 12.78 0.963
Preoperative HCT, %, mean ± SD 44.88 ± 4.77 40.35 ± 5.4 0.0732
Postoperative HCT, %, mean ± SD 38 ± 7.38 36.56 ± 5.35 0.7251

pRBC, mL/kg, mean ± SD 8.2 ± 11.23 19.92 ± 19.46 0.2348
Preoperative Ventilation, n (%) 1 (20) 8 (30.77) 0.6271

RACHS-1 = Risk Adjustment for Congenital Heart Surgery, STS-EACTS mortality Categories = European Asso-
ciation for Cardiothoracic Surgery and the Society of Thoracic Surgeons, PRISM = Pediatric Risk of Mortality,
SD = standard deviation, PIM2 = Pediatric Index of Mortality 2, CVICU = cardiovascular intensive care unit,
SOFA = Sequential Organ Failure Assessment, VIS = vasoactive-inotropic score, IS = inotropic score, NIRS = near-
infrared spectroscopy, cRSO2 = cerebral regional oxygenation, rRSO2 = renal regional oxygenation, HCT = hemat-
ocrit, pRBC = packed red blood cell volume.
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There were no other significant differences in the measured through near-infrared
spectroscopy (NIRS) at renal and bilateral cerebral hemispheres, hematocrit levels pre- or
postoperatively, or preoperative ventilation.

3.3. Nucleosome and Cytokine Levels by Group

To test our hypothesis that circulating nucleosomes are released in infants undergoing
CPB, levels were serially measured and compared between the two groups. Notably, circu-
lating nucleosome levels (Figure 2A) decreased in both groups from elevated preoperative
levels, peaking postoperatively at 6 and 12 h in Group 2 and Group 1 patients, respectively.
By 24 h postoperatively, Group 2 patients maintained elevated levels of nucleosomes, while
levels in Group 1 patients were significantly lower. Levels of the cytokine IL-1α (Figure 2B)
remained relatively stable in both groups except for end-of-case and CVICU admission
timepoints, when levels spiked in bypass patients. In addition, levels of IL-10 (Figure 2C)
followed a similar trend, with levels remaining relatively stable in Group 1 patients, but
spiking in Group 2 patients at CVICU admission and plummeting 24 h after surgery. Levels
of IL-6 (Figure 2D) varied widely in both groups during the perioperative period with no
identifiable trend. However, Group 1 patients entered surgery with significantly higher
IL-6 levels compared to bypass patients, but by CVICU admission, levels of IL-6 in bypass
patients had spiked. Group 1 patients maintained higher levels of IL-1β (Figure 2G) across
the entire perioperative period, resulting in four statistically elevated timepoints. Levels
of MCP-1 (Figure S2G) and sICAM-1 (Figure S2K) were consistently higher in Group 1
patients, and significantly so at CVICU admission in sICAM-1 and 12 h in MCP-1. Levels
of all remaining cytokines (Figure 2 and Figure S2) showed no significant differences
between groups during the perioperative period. In all cases, a significant two-way nucleo-
some/cytokine × time interaction was noted on the status of CPB. Non-log-transformed
values for Figure 2 nucleosomes and cytokines are provided in Figure S3.

Compared to Group 1 patients, bypass patients experienced longer postoperative
ventilation, as well as longer CVICU and total postoperative length of stays. No patients
required ECMO postoperatively, experienced cardiac arrest, or died (Table S2).

3.4. Patient Demographics Stratified by LCOS Status

The development of LCOS occurred in 11 of 26 bypass patients (Group 2, 42.31%),
with a mean time of onset of 11.27 ± 4.43 h. No statistical differences in gender, gestational
age at birth, age at first sample, or birth weight differentiated patients developing LCOS
from those not developing the condition (Table 2). As anticipated, in the absence of CPB,
no Group 1 patients developed LCOS.

Table 2. Group 2 demographics stratified by primary outcome.

Demographics No LCOS (n = 15) LCOS (n = 11) p

Sex, male, n (%) 9 (60) 7 (63.6) 1.000
GA at Birth, weeks, mean ± SD 38.83 ± 0.54 38.9 ± 0.66 0.598

Age at First Sample, days, mean ± SD 20.20 ± 22.49 21.36 ± 34 0.298
Birth Weight, kg, mean ± SD 3.38 ± 0.63 3.45 ± 0.8 0.949

Type of CHD HLHS HLHS
COA IAA and VSD

DORV DORV, PA
COA, ASD, VSD, TA D-TGA

TOF COA and AS
TA, ASD, VSD COA and ASD

DORV, TGA, VSD, COA
DORV, TOF, PA

LCOS = low cardiac output syndrome, GA = gestational age, SD = standard deviation, COA = coarctation of
the aorta, TA = tricuspid valve atresia, VSD = ventricular septal defect, HLHS = hypoplastic heart syndrome,
IAA = interrupted aortic arch, ASD = atrial septal defect, DORV = double outlet right ventricle, PA = pulmonary
atresia, D-TGA = dextro-transposition of the great arteries, AS = aortic valve stenosis, TOF = tetralogy of Fallot,
CHD = congenital heart disease.
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Figure 2. Serum cytokine and nucleosome levels (log-transformed) by group during perioperative period. (A), Circulating
nucleosomes (log AU +1); p = 0.02 (24 h). (B), IL-1α (log pg/mL + 1); p = 0.03 (end of case) and p = 0.02 (CVICU). (C),
IL-10 (log pg/mL + 1); p = 0.002 (CVICU) and p = 0.04 (24 h). (D), IL-6 (log pg/mL); p = 0.027 (pre-op) and p = 0.01
(CVICU). (E), IL-4 (log pg/mL + 1). (F), IL-8 (log pg/mL + 1). (G), IL-1β (log pg/mL + 1); p = 0.032 (pre-op), p = 0.049 (6 h),
p = 0.014 (12 h), and p = 0.022 (24 h). (H), CXCL10 (log pg/mL). Whiskers extend to minimum and maximum values, box
represents 25th to 75th percentiles, line indicates median, and + indicates mean. IL = interleukin, AU = arbitrary units,
CPB = cardiopulmonary bypass, CVICU = cardiovascular intensive care unit, CXCL10 = C-X-C motif chemokine ligand 10,
asterisks denote statistical significance.
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3.5. Perioperative Variables Stratified by LCOS Status

Perioperative characteristics of bypass patients were classified by the presence or ab-
sence of LCOS and are noted in Table 3. The development of LCOS was not associated with
differences in RACHS-1 classifications, EACTS-STS categories, PRISM III, PIM-2, or SOFA
scores. Patients developing LCOS required significantly higher levels of inotropic medica-
tions at CVICU admission, and vasoactive-inotropic medications at 12 h postoperatively.
Regional oxygenation, hematocrit, and pRBC also did not differ based on LCOS status.
Preoperative ventilation was required in far fewer patients developing LCOS (9.09% vs.
46.67%, p = 0.04), potentially influencing secondary outcomes. Finally, patients developing
LCOS required significantly longer aortic cross-clamp durations. While ACC duration and
time on CPB were significantly correlated (ρ: 0.71, p < 0.0001), only ACC duration was
associated with the development of LCOS.

Table 3. Group 2 perioperative variables stratified by primary outcome.

Perioperative Characteristic No LCOS (n = 15) LCOS (n = 11) p

RACHS-1, Category 1–3, n (%) 4 (26.67) 2 (18.18)
1.000RACHS-1, Category 4–6, n (%) 11 (73.33) 9 (81.81)

STS–EACTS, Category 1–2, n (%) 1 (6.7) 0(0)
1.000STS–EACTS, Category 3–5, n (%) 14 (99.3) 100 (100)

PRISM III Score, 12 h, mean ± SD 4.86 ± 4.59 4.32 ± 3.12 0.788
PRISM III Score, 24 h, mean ± SD 7.7 ± 10.19 5.56 ± 3.43 0.73
PIM2 Score, CVICU, mean ± SD 4.85 ± 3.04 4.32 ± 3.23 0.646
SOFA Score, CVICU, mean ± SD 10.23 ± 2.09 11.09 ± 1.3 0.347

SOFA Score, 12 h, mean ± SD 9.4 ± 1.58 9.64 ± 1.96 0.588
SOFA Score, 24 h, mean ± SD 9.44 ± 2.19 8.67 ± 2.4 0.473

VIS, CVICU, mean ± SD 8.57 ± 3.82 8.73 ± 3.23 0.745
IS, CVICU, mean ± SD 1.00 ± 1.25 1.87 ± 1.14 0.0826
VIS, 12 h, mean ± SD 6.4 ± 1.97 8.77 ± 3.26 0.032
IS, 12 h, mean ± SD 0.93 ± 1.28 1.36 ± 1.21 0.292

VIS, 24 h, mean ± SD 7.87 ± 3.49 10.05 ± 2.93 0.061
IS, 24 h, mean ± SD 1.13 ± 1.46 1.18 ± 1.47 0.947

NIRS Left cRSO2, CVICU, %, mean ± SD 59.8 ± 15.89 66.45 ± 11.4 0.232
NIRS Left cRSO2, 12 h, %, mean ± SD 62.53 ± 14.2 60.27 ± 10.72 0.637
NIRS Left cRSO2, 24 h, %, mean ± SD 63.47 ± 16.54 66 ± 10.65 0.583

NIRS Right cRSO2, CVICU, %, mean ± SD 54 ± 20.87 62.91 ± 11.89 0.391
NIRS Right cRSO2, 12 h, %, mean ± SD 59.87 ± 16.81 61.18 ± 9.87 0.919
NIRS Right cRSO2, 24 h, %, mean ± SD 61.13 ± 18.28 64.91 ± 8.06 0.909

NIRS rRSO2, CVICU, %, mean ± SD 74.8 ± 19.25 82 ± 9.5 0.481
NIRS rRSO2, 12 h, %, mean ± SD 74.67 ± 12.78 79.18 ± 16.51 0.264
NIRS rRSO2, 24 h, %, mean ± SD 71.07 ± 13.74 73.55 ± 11.82 0.655
Preoperative HCT, %, mean ± SD 41.79 ± 5.76 38.39 ± 4.38 0.094
Postoperative HCT, %, mean ± SD 37.9 ± 5.48 34.98 ± 4.99 0.191

pRBC, mL/kg, mean ± SD 15.36 ± 14.56 26.15 ± 23.99 0.296
Preoperative Ventilation, n (%) 7 (46.67) 1 (9.09) 0.04
CPB Duration, min, mean ± SD 100.9 ± 25.9 111.9 ± 26.13 0.253
ACC Duration, min, mean ± SD 26.87 ± 18.22 45.55 ± 21.53 0.021

LCOS = low cardiac output syndrome, RACHS-1 = Risk Adjustment for Congenital Heart Surgery, STS-
EACTS = the Society of Thoracic Surgeons and European Association for Cardiothoracic Surgery, PRISM = Pedi-
atric Risk of Mortality, SD = standard deviation, PIM2 = Pediatric Index of Mortality 2, CVICU = cardiovascular
intensive care unit, SOFA = Sequential Organ Failure Assessment, VIS = vasoactive-inotropic score, IS = inotropic
score, NIRS = near-infrared spectroscopy, cRSO2 = cerebral regional oxygenation, rRSO2 = renal regional oxygena-
tion, HCT = hematocrit, pRBC = packed red blood cell volume, CPB = cardiopulmonary bypass, ACC = aortic
cross-clamp.

3.6. Nucleosome and Cytokine Levels Stratified by LCOS Status

In all bypass patients, levels of IL-10 (Figure 3C) spiked from a relatively low level
preoperatively to a peak during surgery, followed by a decline to near-baseline levels,
irrespective of LCOS status. However, patients developing LCOS were characterized by
significantly higher IL-10 levels preoperatively. Levels of IL-8 (Figure 3F) widely varied in
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all bypass patients during the perioperative period with no identifiable trend. However,
by 24 h postoperatively, patients developing LCOS were characterized by significantly
higher levels of IL-8. Patients developing LCOS also entered surgery with significantly
higher levels of MIP-1α (Figure S4H), a chemokine released by macrophages. Levels of
all remaining cytokines, as well as circulating nucleosomes, did not differ by LCOS status
during the perioperative period (Figure 3 and Figure S4). In all cases, a significant two-
way nucleosome/histone level x time interaction was noted on the primary outcome of
LCOS. Non-log transformed values for Figure 3 nucleosomes and cytokines are provided
in Figure S5.

3.7. Secondary Outcomes Stratified by LCOS Status

No secondary outcomes differed by LCOS status (Table 4). Counterintuitively, and
potentially related to the higher incidence of preoperative ventilation in patients not devel-
oping LCOS, durations of postoperative ventilation, CVICU LOS, and total postoperative
LOS were greater in patients not developing LCOS, though these trends did not reach sta-
tistical significance. Acute kidney injury occurred at a slightly higher incidence in patients
developing LCOS (27.7% vs. 13.3%, p = 0.62), but this difference was not significant.

Table 4. Group 2 secondary outcomes stratified by primary outcome.

Secondary Outcome No LCOS
(n = 15)

LCOS
(n = 11) p

Postoperative Ventilation, days, mean ± SD 8.53 ± 14.98 3.91 ± 1.7 0.305
AKI, n (%) 2 (13.3) 3 (27.7) 0.62

CVICU LOS, days, mean ± SD 14.93 ± 18.83 7.36 ± 2.01 0.18
Total Postoperative LOS, days, mean ± SD 44 ± 38.37 27.09 ± 16.7 0.35

LCOS = low cardiac output syndrome, AKI = acute kidney injury, CVICU = cardiovascular intensive care,
LOS = length of stay.

3.8. ROC Curve Analysis

To evaluate the potential ability of surgical metrics or laboratory data to predict the
development of LCOS in bypass patients, ROC curves were developed for several candidate
variables showing discriminative ability in Figure 3 and Table 3, including NIRS Left cRSO2,
preoperative IL-10 levels, preoperative hematocrit percentage, 24 h IL-8 levels, 12 h VIS,
and duration of ACC. ROC curve analysis for ACC duration was moderately predictive of
LCOS development with a cut-off of 45 min (AUC: 0.767; 95% confidence interval CI: 0.561
to 0.909; sensitivity: 63.64%; specificity 86.67%; p = 0.008; Figure 4). Though characterized
by slightly lower AUCs, 24 h IL-8 levels (p = 0.082) and 12 h VIS (p = 0.016) ROC curves
were also moderately predictive of LCOS development and not statistically different in
predictive ability compared with ACC duration.
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Figure 3. Group 2 serum cytokine and nucleosome levels (log-transformed) during the perioperative period stratified by
LCOS status. (A), Circulating nucleosomes (log AU + 1). (B), IL-1α (log pg/mL + 1). (C), IL-10 (log pg/mL + 1); * p = 0.01
(pre-op). (D), IL-6 (log pg/mL). (E), IL-4 (log pg/mL + 1). (F), IL-8 (log pg/mL + 1); * p = 0.027 (24 h). (G), IL-1β (log pg/mL
+ 1). (H), CXCL10 (log pg/mL). Whiskers extend to minimum and maximum values, box represents 25th to 75th percentiles,
line indicates median, and + indicates mean. LCOS = low cardiac output syndrome, IL = interleukin, AU = arbitrary units,
CVICU = cardiovascular intensive care unit, CXCL10 = C-X-C motif chemokine ligand 10.
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Figure 4. Performance of receiver operating characteristic (ROC) curves, representing the percentage of true positives
(sensitivity) against the percentage of false positives (100% specificity), for clinical and laboratory variables potentially
predicting the development of LCOS.

4. Discussion

We conducted this pilot study to determine whether any clinical metrics or periopera-
tive changes in cytokine or circulating nucleosome levels in patients undergoing cardiac
surgery could be of prognostic value for the development of LCOS. To our knowledge,
this is the first study to suggest the surgical metric, aortic cross-clamp duration, may
outperform more complex laboratory biomarker measurements in predicting the develop-
ment of LCOS in infants undergoing CHD repair with CPB. Cross-clamping of the aorta
induces myocardial ischemia, the effects of which are only somewhat mitigated through
modern methods of cardioplegia, hypothermia, and hemodilution [26]. The biomechanical
and metabolic stresses of this ischemia appear to be particularly pronounced in pediatric
patients, where myocardial immaturity may create heightened responses [27]. In addition,
longer aortic cross-clamping is often indicative of more complex surgical procedures, unan-
ticipated perioperative complications, or difficulties weaning the patient from CPB [28], all
of which increase the risk of poor postoperative outcomes, including the development of
LCOS. While time on CPB is generally tightly correlated with ACC duration [29], in this
study, there was no significant difference in CPB time based on LCOS status.
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Recent studies have suggested circulating nucleosomes or extracellular histones may
result in tissue damage through endothelial injury, platelet aggregation, coagulation activa-
tion, multisystem organ failure, and death [30–32]. Further, histones have been implicated
in myocardial dysfunction associated with sepsis [33]. A previous study examining circu-
lating nucleosome levels in infants with CHD demonstrated a correlation between peak
postoperative nucleosome levels and poor outcomes, including prolonged mechanical
ventilation and ICU LOS [18]. This information spurred the hypothesis that circulating
nucleosomes may lead to a low cardiac output state and worsen patient outcomes in pa-
tients undergoing CPB. In comparison with Group 1 patients, Group 2 patients experienced
elevated circulating nucleosomes during the entire perioperative period, but this was
significant only at the 24 h timepoint. In addition, circulating nucleosome levels in Group
2 patients dropped precipitously from a preoperative peak, likely due to the administration
of histone-binding heparin during CPB [34]. This is in line with previous studies revealing
that heparin, as a highly negatively charged molecule, binds to histones and prevents its
cytotoxicity [35,36]. Circulating nucleosome levels in bypass patients, however, did not
differ based on LCOS status.

The systemic inflammatory response induced by cardiopulmonary bypass has been
documented in pediatric patients through elevations of both pro- and anti-inflammatory
cytokines [7,9,11–13]. Elevations in cytokine levels are often still evident in bypass patients
despite the standard and intentional use of perioperative steroids to blunt this inflammatory
response [37]. Here, despite universal administration of preoperative steroids in Group
2 patients, bypass induced significantly higher levels of IL-1α, IL-10, and IL-6 compared
with Group 1 patients at admission to the CVICU, but these differences waned by the 6 h
mark. Interestingly, levels of IL-1α only differentiate Group 2 patients from Group 1 during
and immediately following surgery, with elevations of IL-1α potentially representing
a compensatory response to myocardial ischemia [38]. Within Group 2 patients, the
development of LCOS was only associated postoperatively with elevated IL-8 levels at the
24 h mark. Preoperatively, patients later developing LCOS were characterized by higher
IL-10 and MIP-1α levels. Interestingly, early elevation of IL-10 levels has been associated
with poor prognosis in several serious conditions [39–42], potentially warranting further
study in the infant CPB population. However, cytokine differences differentiated by LCOS
status were not able to predict the development of LCOS with much accuracy, potentially
due to variability in administration of inotropic medications, agents that are known to
influence cytokine levels [43]. Additional influences of heparin or protamine sulfate on
cytokine levels cannot be ruled out.

Patients most frequently met the criteria for LCOS determination due to hypotension
and/or oliguria and metabolic acidosis at an average postoperative duration of 11.27 h. This
timepoint is within the typically reported window of LCOS development [1]. Ninety-two
percent of Group 2 patients are considered developmentally neonatal. The 42% reported
incidence of LCOS in this study correlates well with prior literature in predominately or
exclusively neonatal cardiac patients [44,45], indicating our parameters for the diagnosis
of the often controversially defined LCOS were likely appropriate. Additionally, the high
RACHS-1 categorizations of our Group 2 patients (76.9% ≥ Category 4), consistent with
complex operations, likely contributed to our relatively high LCOS incidence. Given that
vasoactive and inotropic medications are often supplied in response to, or anticipation
of, LCOS, VIS was, unsurprisingly, higher in patients developing LCOS, but statistically
significant only at 12 h postoperatively. A high VIS (>15) has been associated with in-
creased morbidity and mortality in a similar population of infants undergoing cardiac
surgery [23], but patients developing LCOS in this study barely scored >10 at 24 h. While
studies have demonstrated inconsistent associations between the development of LCOS
and prolonged mechanical ventilation [3,44], CVICU LOS, and total postoperative LOS, our
LCOS patients trended toward fewer postoperative ventilation days and shorter CVICU
and total postoperative LOS. This lack of significant differences in secondary outcomes is
likely attributable to the significantly higher number of non-LCOS patients requiring preop-
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erative mechanical ventilation (46.67 vs. 9.09%, p = 0.04), potentially indicating additional
health complexities predating cardiac surgery. Mechanical ventilation has been shown to
induce inflammatory lung injury resulting in elevated histone levels [46], so the high rate
of preoperative ventilation in non-LCOS patients may also have influenced cytokine and
circulating nucleosome levels, potentially masking differences in these populations.

The results of this study are subject to several limitations. The study design was based
on a single site, resulting in a particularly complex and heterogeneous patient population
frequently requiring CPB. The findings here represent those of patients at one center with
one surgical approach and therefore cannot be extrapolated to other centers with different
patient populations and surgical approaches. Furthermore, the small sample size among
all the groups, specifically the patients who underwent cardiac surgery with no bypass, is
a limitation in our study and could have affected our results.

An additional limitation is the use of the clinical diagnostic criteria for LCOS without
invasive cardiac output monitoring, which could potentially influence our results. Another
limitation is the use of cytokine measurements as a proxy for processes involved in sys-
temic inflammation. Cytokines and chemokines have short half-lives and, in the case of
chemokines in particular, act on local cell populations, often resulting in low concentrations
in peripheral blood. The short-lived nature of these biomarkers means they provide only
a narrow glimpse of the inflammatory status of a patient, but measurements at six time
points in this study should serve to counteract this temporal variability. Additionally,
while attempts were made to limit variability in patient, clinical, and surgical management,
potential confounders influencing cytokine and circulating nucleosome concentrations,
such as ultrafiltrate volume, the volume of cardioplegic solution, use of inhaled nitric oxide,
transfused blood volume, or dosages of inotropic medications, are impossible to eliminate.

5. Conclusions

The use of cardiopulmonary bypass was associated with postoperative elevations
in circulating nucleosomes, IL-6, IL-10, and IL-1α levels, as well as longer postoperative
ventilation, CVICU LOS, and total postoperative LOS compared to cardiac surgery in
infants without CPB. Bypass patients developing LCOS were characterized by elevated
preoperative IL-10 and MIP-1α levels, as well as elevated 24 h IL-8 levels, but they did not
differ in recorded outcomes from bypass patients not developing LCOS. Further, differences
identified through laboratory biomarker measurements were insufficient compared to the
surgical metric of aortic cross-clamp duration in predicting the development of LCOS.
Larger studies may be warranted to further characterize population differences associated
with the development of LCOS.
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