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KEYWORDS Abstract

Inflammatory factors; Objective: This study aimed to evaluate the perioperative inflammatory cytokines in pediatric
Pulmonary arterial patients with pulmonary arterial hypertension secondary to congenital heart disease and also
hypertension second- sought to investigate the correlation between preoperative echocardiographic pulmonary artery
ary to congenital systolic pressure and inflammatory factors after cardiopulmonary bypass in these patients.

heart disease (PAH- Methods: A retrospective observational study was conducted involving 59 children under 2 years
CHD); old. Echocardiography was used to measure tricuspid annular peak systolic velocity. The levels
Cardiopulmonary of perioperative inflammatory cytokines in the plasma, including IL-6, IL-8, IL-10, IL-18, and
bypass TNF-«, were measured. Additionally, postoperative ventilation time, length of intensive care

unit stay, and ward stay were recorded.

Results: Patients with pulmonary hypertension experience longer postoperative ventilation
time, intensive care unit stay, and ward stay. Although no significant differences were observed
in the cardiopulmonary bypass and aortic cross-clamping, there was a more pronounced increase
in postoperative inflammatory cytokines, including IL-6, IL-8, and IL-10, in these patients follow-
ing cardiopulmonary bypass (p < 0.05). Preoperative echocardiographic pulmonary artery sys-
tolic pressure was found to be associated with the levels of IL-6 and IL-10 after surgery in
pulmonary hypertension patients. A pulmonary artery systolic pressure greater than 52 mmHg
was able to predict a postoperative ventilation time exceeding 21 h.

Conclusion: Higher levels of inflammatory cytokines were observed in pediatric patients with pul-
monary hypertension secondary to congenital heart disease following cardiopulmonary bypass.
Additionally, preoperative elevation in echocardiographic pulmonary artery systolic pressure was
associated with increased postoperative inflammatory markers, suggesting a potential correlation
with adverse early postoperative clinical outcomes.
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Introduction

Tremendous progress has occurred in the field of treating chil-
dren with congenital heart disease (CHD) over the past deca-
des, making the ongoing quest for improving outcomes
crucial for children with CHD after surgery. There are several
perioperative factors that determine outcomes, including the
type of CHD, risk category, age, gender, duration of cardiopul-
monary bypass (CPB), and aortic cross-clamp (ACC) time.'
PAH is also one of the most important causes of postoperative
morbidity and mortality in children after cardiac surgery.”*
PAH exhibits an estimated annual incidence and point preva-
lence averaging 2.2 and 15.6 cases per million children.* PAH
secondary to CHD (PAH—CHD) is a major subtype of PAH,
defined as a mean pulmonary arterial pressure (mPAP) > 20
mmHg.>® Left-to-right shunts CHD, including ventricular sep-
tal defects (VSD) and atrial septal defects (ASD), are the most
common types of CHD. These conditions are often compli-
cated by pulmonary arterial hypertension (PAH) of varying
severity due to increased pulmonary blood flow.?

Although early surgical repair can block this abnormal
shunt and reverse pulmonary hypertension, patients with
corrected PAH—CHD seem to have a poor prognosis com-
pared with other types of CHD.”'® The cause is largely due to
the closure of a large left-to-right shunt that triggers a series
of events in the vascular function of the pulmonary arteries,
leading to ventricular dysfunction.”'® It is also partly
related to myocardial and pulmonary dysfunction after car-
diopulmonary bypass (CPB). CPB is associated with systemic
inflammatory response syndrome (SIRS) and induces a vari-
ety of cytokines that may be linked to postoperative compli-
cations.

The concept that cytokines, chemokines, and perivascu-
lar inflammatory cell infiltrates play a role in PAH has gained
support. Elevated circulating levels of inflammatory cyto-
kines and increased pulmonary expression of several chemo-
kines have been observed in adult patients with PAH."
Studies revealed that PAH exacerbates the production of

inflammatory cytokines compared to patients without PAH
by inducing a systemic inflammatory response through the
activation of complement and leukocytes and the expression
of adhesive cytokines. >3

However, there are few reports on perioperative inflam-
matory cytokines in pediatric patients with PAH—CHD after
CPB. It is unknown whether preoperative PAH contributes to
a stronger systemic inflammatory response after CPB in
these patients and then leads to poor outcomes. In this
study, the authors evaluated the plasma levels of inflamma-
tory cytokines before and after CPB. The authors also inves-
tigated the association between PAH and postoperative
inflammatory cytokines in pediatric PAH—CHD patients.

Material and methods
Study design

This retrospective observational study was conducted in the
Department of Pediatric Cardiology between August 2021
and March 2022. Fifty-nine children (32 males and 27
females) were analyzed. This work was approved by the Hos-
pital Ethics Committee. All procedures were followed in
accordance with the ethical standards of the committee
responsible for human experimentation (institutional or
regional) and with the Helsinki Declaration of 1975.
Informed consent was not required in the present study. The
study cohort consisted of two groups. The PAH—CHD group
included 34 patients, and the No PAH—CHD group consisted
of 25 patients. Study flow chat was shown in Supplement
Figure 1. Inclusion criteria included children under 2 years
old diagnosed with unrestricted left-to-right shunts CHD by
echocardiography. Exclusion criteria included neonates,
individuals with acute infections, arrhythmia, respiratory
distress, recent administration of vasoactive drugs within 1
week before surgery, patients in the ICU before surgery, and
those with a residual shunt after surgery.
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Operation data, including aortic cross-clamping time and
cardiopulmonary bypass time, were recorded. Early postop-
erative outcomes, such as duration of mechanical ventila-
tion and length of stay in the ICU and ward after surgery,
were also assessed. Peripheral venous blood samples were
taken preoperatively and 2 h after CPB. Samples were col-
lected in tubes containing potassium ethylenediaminetetra-
acetic acid. According to the manufacturer’s procedure, the
levels of IL-18, TNF-«, IL-6, IL-8, and IL-10 were determined
by enzyme-linked immunosorbent assay.

Transthoracic Doppler echocardiography is considered
the primary screening tool for detecting PAH due to the
strong correlation between estimated right ventricular sys-
tolic pressure and invasively measured pulmonary artery
pressure. ' In this study, echocardiography evaluations were
conducted under post-induction sedation. Continuous-wave
Doppler echocardiographic sampling of TRV was performed
using the modified Bernoulli equation (4 [TRV] 2)."° The esti-
mation of right ventricular systolic pressure (RVSP) by Dopp-
ler transthoracic echocardiography (TTE) assessment of
tricuspid valve regurgitation (TR) jet peak velocity accu-
rately predicts the PASP observed by invasive measurement.
ATR velocity > 2.8 m/sec is considered a reasonable cutoff
to define elevated pulmonary pressures in the absence of
pulmonary stenosis of PAH—CHD patients.'®"”

Patients’ management

All patients had hemodynamic stability before surgery, and
none of them had Eisenmenger syndrome. The anesthetic man-
agement and monitoring were performed as follows: Induction
of anesthesia included midazolam and fentanyl. After the
rocuronium administration, the trachea of the patients was
intubated. Standard monitoring was performed, including an
arterial line for continuous blood pressure monitoring and
blood gas analysis, and a double-lumen central venous cathe-
ter was inserted to measure central venous pressure, deliver
vasoactive drugs, and repeatedly monitor venous oxygen satu-
rations. Anesthesia was maintained with propofol and addi-
tional fentanyl. Vasopressors were administered at the
discretion of the attending anesthesiologist. Cardiac surgical
procedures were performed under routine general anesthesia
and CPB, and all patients had no residual shunt and PAH after
surgery. Midazolam and dexmedetomidine were used as seda-
tives upon arrival in the pediatric cardiac ICU (PCICU), none of
the patients were extubated in the operating room, and daily
spontaneous breathing trial (DSBT) protocol'® was used to
assess patients’ readiness for extubation when the trachea will
be extubated in the PCICU. If all screening criteria were met,
patients were placed on continuous positive airway pressure of
5cm H20 with pressure support of 8 cm H,0 for up to 2 h. Extu-
bations were performed if this was well tolerated, and supple-
mental oxygen was delivered via nasal cannula, following
approval from the intensivist approval.

Statistical analysis

Data were analyzed using SPSS 18.0. Data were expressed as
either mean value + standard deviation or median and inter-
quartile ranges for continuous variables and as percentages
or numbers for categorical variables. The Student’s t-test
was used for analyzing normally distributed numeric
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variables, the Mann-Whitney U test was used for non-nor-
mally distributed numeric variables, and the chi-square test
was used for analyzing categorical variables. The correlation
of each variable with clinical outcomes was evaluated using
the Spearman test. A 2-sided p—value of < 0.05 indicated
statistical significance.

Results

Patient characteristics and clinical early
postoperative outcomes

During the study period, 59 children under 2 years old were
referred to the surgical unit for congenital heart disease
with a left-to-right shunt; 27 patients were female (45.76%),
and 32 patients were male (54.24%). Echocardiography
assessed patients before cardiac surgery; 34 patients
(57.63%) had PAH, and 25 patients (42.37%) did not have
PAH. Preoperative PASP was 59.94 mmHg + 17.56 mmHg in
the PAH group. All patients underwent successful closure of
the cardiac shunt. Demographic data and associated congen-
ital heart lesions are presented in Table 1. There were no
significant differences in the demographic characteristics of
the patients between those with PAH and those without PAH.
No significant difference in the preoperative serum levels of
inflammatory cytokines, including IL-8, IL-6, IL-10, IL-15,
and TNF-«, was found between these two groups (Table 1).

There was no mortality in either group. The PAH group
had a significant impact on early postoperative surgical out-
comes; the duration of mechanical ventilation time was sig-
nificantly longer in the PAH group (22.76 h + 2.49 h)
compared with the No PAH group (13.72 h + 2.51 h)
(p = 0.0485). Importantly, the lengths of ICU and ward stay
after surgery were also longer in the PAH group than in the
No PAH group (p = 0.0432 and 0.0039, respectively).

Change of inflammatory cytokines after CPB

After surgery, CPB can produce and release numerous pro-
inflammatory cytokines. The authors analyzed the changes
in postoperative inflammatory cytokines. As shown in
Figure 1, the levels of inflammatory cytokines, including IL-
6, IL-8, and IL-10, increased significantly after CPB in both
PAH and non-PAH patients (p < 0.05). However, the levels of
IL-18 and TNF-« did not show significant changes. Interest-
ingly, these inflammatory cytokines increased more in the
PAH group compared to the non-PAH group (P = 0.0380,
0.0359, and 0.0078, respectively). Then the authors com-
pared the duration of CPB time and aortic cross-clamping
(ACC) time of these two groups. The CPB time for patients
with PAH and without PAH was (66.64 + 7.53) h and
(75.63 + 3.65) h, respectively. The ACC time was
(48.19 + 6.23) min for PAH patients and (53.22 + 3.32) min
for patients without PAH. No significant difference was found
in the CPB and ACC durations between PAH and non-PAH
patients (p = 0.2438 and 0.4510).

To investigate whether preoperative PAH is associated
with higher levels of inflammatory cytokines, Spearman cor-
relation coefficients were calculated between preoperative
PASP and postoperative levels of inflammatory cytokines in
the PAH—CHD group. As shown in Table 2, preoperative PASP
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Table 1 Demographic data and outcomes of patients with and without PAH.
Variable No PAH group (n = 25) PAH group (n = 34) p-value
Age (months) 7.90 £0.75 6.62 +1.06 0.3597
Gender 0.8173

Male (n) 14 18

Female (n) 11 16

Weight (Kg) 7.49 +0.36 6.60 + 0.39 0.1162
PASP (mmHg) < 20 mmHg 56.73+20.58 <0.0001
Type of CHD 0.1693

VSD (n) 10 17

PAPVC (n) 8 3

PDA/VSD (n) 1 1

VSD/ASD (n) 4 7
VSD/MR (n) 2 1

DORV/VSD (n) 0 2
COA/VSD (n) 0 3
VIS 11.36 + 0.44 11.76 + 0.41 0.5089
Pre-IL-6 (pg/ml) 6.45 +2.79 5.52 +1.52 0.7616
Pre-IL-8 (pg/ml) 20.58 +5.54 44.10 £ 16.62 0.2267
Pre-IL-10 (pg/ml) 12.31 £ 6.79 7.98 +1.43 0.4936
Pre-IL-18 (pg/ml) 6.70 +0.80 7.18 +0.90 0.6940
Pre-TNF-« (pg/ml) 16.47 +1.44 19.51 +£1.98 0.2458
Mechanical ventilation time (hours) 13.72 £ 2.51 22.76 +2.49 0.0485
ICU stay 3.33£0.34 4.36 +0.34 0.0432
Ward stay 8.56 + 0.49 11.61 £0.78 0.0039

PAH, pulmonary atrial hypertension; PASP, pulmonary artery systolic pressure; VSD, ventricular septal defect; PAPVC, Partial anomalous
pulmonary venous connection; PDA, Patent ductus arteriosus; CAVC, Complete atrioventricular septal defect; COA, Coarctation of aorta;

VIS, vasoactive-inotropic score.

was found to be correlated with postoperative levels of IL-6
(rs =0.5156, p = 0.0083) and IL-10 (rs = 0.5027, p = 0.0397),
but not with the level of IL-8.

Preoperative PASP is associated with prolonged
postoperative mechanical ventilation

CPB causes a series of inflammatory events that have
adverse effects on postoperative outcomes, and the release
of cytokines plays a key role in the pathophysiology of this
process. Given that preoperative high PASP is associated
with higher levels of IL-6 and IL-10 after CPB, the authors
hypothesize that preoperative high PASP, linked to more
robust inflammatory responses by CPB, leads to subsequent
poor postoperative outcomes in pediatric patients with
PAH—CHD. To verify this hypothesis, the study assessed the
reliability of preoperative PASP in predicting early postoper-
ative outcomes. The results summarized in Figure 2 show
the sensitivity, specificity, AUC, and p-value of preoperative
PASP for predicting ventilation time > 21 h, ICU length of
stay > 4.5 days, and ward length of stay > 11 days.

Table 2

Preoperative PASP > 52 mmHg is associated with ventilation
time > 21 h, but not with ICU length of stay > 4.5 days and
ward length of stay > 11 days.

Discussion

PAH is one of the major challenges in pediatric surgery for
congenital heart disease, which is a crucial factor affecting
morbidity and mortality in the early postoperative follow-
up.”'” PAH associated with left-to-right shunts caused by high
pulmonary arterial flow can be reversed by early closure of
the shunt before a progressive increase in pulmonary vascular
resistance (PVR) and subsequent remodeling of the pulmonary
vasculature,”®?" however, CHD patients with preoperative
PAH seem to have an unfavorable prognosis compared with
other non-PAH. Therefore, it is crucial to continue searching
for ways to improve outcomes for PAH—CHD patients. The
findings of the present study indicate that inflammatory cyto-
kines, including IL-6, IL-8, and IL-10, rise after CPB in both
PAH—CHD and non-PAH CHD patients. The levels of these

Spearman’s correlation coefficient analysis between PASP and postoperative inflammatory cytokines.

Spearman’s correlation coefficient

Post-IL 6

Post-IL 8 Post-IL 10

rs p-value rs

p-value rs p-value

Pre- PASP 0.5156 0.0083

0.1099

0.6263 0.5027 0.0397
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Outcomes

Ventilation time > 21hours

ICU lengths of stay > 4.5 days

Ward lengths of stay > 11 days

AUC(95%C1)
0.822(0.636-0.938

0.530(0.343-0.711)

0.643(0.4510.806)

PASP (mmHg)

pvalue  Cutoff Specificity Sensitivity

0.0002 >52 76.92 93.75

0.7920 >80 23.08 94.44

0.1772 >75 35.71 94.12

Sensitivity (%)
60 80 100

40

20

PSAP : 80.0666

100 80

Figure 2

60

40 20 0

Specificity (%)

Preoperative PASP predict prolonged mechanical ventilation. A, Preoperative PASP for early postoperative outcomes after

CPB. B, ROC curve for preoperative PASP for predicting postoperative ventilation time >21 h.

inflammatory cytokines were significantly higher in PAH—CHD
patients. Based on the Spearman correlation coefficient anal-
ysis, a higher preoperative PASP, used to assess the severity of
PAH, is associated with the levels of IL-6 and IL-10 after CPB.
A preoperative PASP greater than 52 mmHg could predict ven-
tilation time exceeding 21 h after surgery, as determined by
ROC analysis.

Inflammation is a prominent feature in the development
of PAH, and elevated circulating levels of cytokines have
been reported in patients with PAH, such as TNF-«, IL-18,
and IL-6.222* However, the authors did not detect increasing
levels of TNF-«, IL-18, and IL-6 in the preoperative
PAH—CHD patients. The high pulmonary hypertension
observed in this study may be attributed to increased pulmo-
nary blood flow, rather than the remodeling of small to
medium-sized pulmonary arteries, which is characterized by
increased endothelial cell activation and platelet-mediated
inflammation.”® CPB is generally accompanied by a systemic
inflammatory response that increases the levels of cytokines
and acute phase reactants such as CRP, IL-6, IL-8, IL-10, IL-
18, and TNF-«, due to surgical trauma, blood contact with
the surface of the extracorporeal circulation devices, blood
loss, and ischemic reperfusion injury. These inflammatory
cytokines, such as IL-6, IL-8, IL-18, and TNF-«, subsequently
elevate the level of activated neutrophils, leading to cellu-
lar damage, increased leukocyte activation, chemotaxis,
and leukocyte-endothelial adherence.'>?¢ In the present
study, IL-6, IL-8, and IL-10 significantly increased after CPB
in both groups. However, TNF-« and IL-18 remained
unchanged compared to preoperative levels in both groups.
This could be attributed to the fact that TNF-« and IL-18 lev-
els rise early after cardiac surgery, while IL-6 and IL-8 peak
at a later stage.”’ In the present results, although no differ-
ence was found between patients with PAH and those with-
out PAH during CPB time, levels of IL-6, IL-8, and IL-10
increased significantly in PAH patients after CPB.
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Previous studies have revealed that cardiac surgery involv-
ing CPB is associated with less favorable outcomes, as it acti-
vates an inflammatory response that releases cytokines.?®?°
Holmes IV et al. demonstrated that patients with an exagger-
ated inflammatory response to CPB tend to require more
respiratory support. Therefore, the magnitude of the inflam-
matory response to CPB adversely influences clinical out-
comes.>° This study confirmed that patients with PAH—CHD
had higher levels of inflammatory cytokines after CPB, which
resulted in longer postoperative ventilation time, ICU stay,
and ward stay compared to non-PAH patients. Additionally,
preoperative PASP was associated with longer postoperative
ventilation time. Although patients with PAH had longer ICU
and general ward after surgery, this study did not find any cor-
relation with preoperative PASP based on ROC analysis.

There are still limitations to this study. First, the SPAP of
patients with CHD-PAH was measured using echocardiogra-
phy, which was not very close compared to measurements
obtained through cardiac catheterization. Secondly, this is a
retrospective study with a small sample size, and further
prospective large-scale studies are needed.

Conclusion

Pediatric patients with PAH—CHD exhibited a higher sys-
temic inflammatory response after CPB. Preoperative echo-
cardiographic PASP is correlated with the levels of IL-6 and
IL-10, which may contribute to unfavorable early postopera-
tive clinical outcomes.

Abbreviations

ACC, aortic cross-clamp; ASD, atrial septal defects; CHD,
congenital heart disease; CPB cardiopulmonary bypass; ICU,
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sure; PASP, pulmonary artery systolic pressure; PAH, pulmo-
nary arterial hypertension; RVSP, right ventricular systolic
pressure; SIRS, systemic inflammatory response syndrome;
TRV, tricuspid annular peak systolic velocity; TTE, transtho-
racic echocardiography; TR, tricuspid valve regurgitation;
VSD, ventricular septal defects.
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