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Abstract
Purpose: Cardiopulmonary bypass induces an ischaemia–reperfusion injury and systemic inflammatory response,
which contributes to low cardiac output syndrome following cardiac surgery. Exogenous nitric oxide during cardiopulmonary bypass has shown potential to ameliorate such injury. We undertook a large randomised controlled trial to
investigate the clinical effects of administering nitric oxide to the cardiopulmonary bypass circuit in children.
Methods: After written informed consent, children were randomised to receive 20 ppm nitric oxide to the gas inflow
of the cardiopulmonary bypass oxygenator, or standard conduct of bypass.
Results: 101 children received nitric oxide and developed low cardiac output syndrome less frequently (15 vs. 31 %,
p = 0.007) than the 97 children who did not receive nitric oxide. This effect was most marked in children aged less
than 6 weeks of age (20 vs. 52 %, p = 0.012) and in those aged 6 weeks to 2 years (6 vs. 24 %, p = 0.026), who also had
significantly reduced ICU length of stay (43 vs. 84 h, p = 0.031). Low cardiac output syndrome was less frequent following more complex surgeries if nitric oxide was administered (17 vs. 48 %, p = 0.018). ECMO was used less often in
the nitric oxide group (1 vs. 8 %, p = 0.014).
Conclusions: Delivery of nitric oxide to the oxygenator gas flow during paediatric cardiopulmonary bypass reduced
the incidence of low cardiac output syndrome by varying degrees, according to age group and surgery complexity.
Clinical Trial Registration: ACTRN12615001376538.
Keywords: Cardiopulmonary bypass, Nitric oxide, Low cardiac output syndrome, Congenital heart disease
Introduction
There is a predictable drop in cardiac output following
cardiac surgery and cardiopulmonary bypass (CPB) in
children [1]. The clinical picture associated with this fall
in cardiac output, low cardiac output syndrome (LCOS),
delays recovery and is associated with significant morbidity and mortality [2, 3]. Attenuation of this phenomenon
could have significant implications for clinical outcome.
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Surgery with CPB induces a generalized inflammatory response, triggered partly by ischaemia–reperfusion injury [4]. This inflammatory response contributes
to myocardial dysfunction and reduced cardiac output.
Nitric oxide (NO) has a complex role in the regulation
of acute inflammation [5] and has been the focus of multiple clinical trials since its discovery in 1987 [6]. NO is
a regulator of apoptosis [7], inhibits platelet adhesion
and aggregation [8], monocyte adherence and migration [9] and generation of oxygen free radicals [10].
There is evidence of NO inhibition during cardiac surgery, and administration of the NO precursor l-arginine
during surgery may improve NO bioavailability, with
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consequent improvement in cardiovascular function
[11]. Administration of NO or an NO donor ameliorates
injury in experimental models of ischaemia–reperfusion of the kidney, liver, lung [12] and brain [13]. NO is
a common effector molecule in multiple approaches to
cardioprotection [14], mediating such effects through
multiform cellular and subcellular interactions. Exogenous NO administered during experimental ischaemia
and reperfusion reduces markers of myocardial injury
and decreases infarct size [15, 16].
Two small clinical studies have explicitly pursued the
idea that NO delivery during CPB might limit myocardial
injury. Gianetti and colleagues demonstrated that inhaled
NO during and after adult CPB diminished serum markers of myocardial damage [17]. In 16 children undergoing tetralogy of Fallot repair, Checchia and colleagues
reported a reduction in serum markers of inflammation
and myocardial injury, and shorter mechanical ventilation and ICU stay in patients who had NO delivered to
the CPB circuit [18].
To further investigate these potential clinical benefits
we undertook a large, single-centre randomised controlled trial of NO delivery to the CPB oxygenator in
children undergoing cardiac surgery. Results have been
presented at the American Heart Association Scientific
Sessions 2015, and published in abstract form [19].

Methods
All children undergoing cardiac surgery with CPB at our
institution from 1 January to 31 December 2014 were eligible. Exclusion criteria were administration of inhaled
NO immediately prior to surgery or emergency surgery.
Sample size was determined with 80 % power to detect a
40 % reduction in LCOS with a significance level of 0.05.
Assumptions for the control group and treatment effect
were based on data reported by Checchia and colleagues
[18].
The study was approved by, and prospectively registered with, the institutional human research ethics committee (HREC 33112B). Subsequent to completion, the
study was registered with the Australia and New Zealand Clinical Trials Registry (ACTRN12615001376538).
Consent was obtained from parents or guardians of participants. Patients were randomised into two groups: NO
group (NO added to the oxygenator gas inflow at 20 ppm
throughout CPB) and control group (standard conduct of
CPB).
Randomisation and blinding

Randomisation was performed just before surgery by
the treating perfusionist. Randomisation was stratified
by age, corrected for gestation if younger than 6 months

postnatal age (<6 weeks, 6 weeks–2 years, >2 years) in
blocks of six to ensure balanced allocation in each group.
Sequentially ordered randomisation cards were generated by the institutional clinical epidemiology and biostatistics unit, stored in opaque envelopes and opened
immediately before surgery. The perfusionist alone was
unblinded and was responsible for NO delivery. Equipment and devices were identical, with opaque draping of
CPB and NO circuits to maintain allocation blinding to
all other operating room staff.
NO delivery

CPB devices included a Maquet HL-30 heart–lung
machine and HCU-30 heater-cooler. (Maquet, Hirrlingen, Germany). A Terumo Fx05 or Fx15 oxygenator
(Terumo Corporation, Tokyo, Japan) was used, depending on weight. For a blood prime, the reservoir was
primed with 500 ml Plasmalyte148 (Baxter Healthcare,
Australia), 100 ml sterile water, 100 ml 20 % albumin,
2500 IU heparin, 25 mmol Na2CO3 and 2.5 mmol CaCl2.
Donor packed red blood cells (approximately 250 ml)
were added to the prime, warmed to 32 °C and haemofiltered to a total prime volume of 300 ml. In greater than
10 kg, the blood component was replaced with proportionally more Plasmalyte148 and other circuit additives.
A minimum sweep gas flow of 2.5 l/min was used in all
patients, regardless of study group, with CO2 added or
sweep flow increased to maintain PaCO2 35–40 mmHg.
This minimum flow was necessary to ensure complete NO mixing and accurate delivery of 20 ppm in
NO group patients. NO was blended into the CPB gas
administration line upon initiation of CPB, via an Ikaria INOmax DSIR (Ikaria, NJ, USA), with continuous
sampling of NO and NO2 concentration from a port
just prior to the oxygenator. In all patients, sweep gas
FiO2 was 0.9–0.6, depending on temperature, aiming for
PaO2 450–550 mmHg. Blood gases were monitored continuously (CDI, Terumo Cardiovascular, MD, USA) and
measured intermittently, along with co-oximetry, every
30 min. Administration of NO or additional CO2 was not
recorded on the perfusion record.
Data collection

Arterial lactate, central venous saturation (ScvO2) and
vasoactive inotropic score (VIS) [20] were recorded on
ICU admission (time 0) and at 3, 6, 12, 24 and 48 h.
Blood loss was recorded for the first 24 post-operative
hours and blood product administration for the first 48 h.
Information pertaining to the entire ICU stay included
duration of mechanical ventilation; use of inhaled NO
(iNO), peritoneal dialysis and ECMO; cardiac arrest;
duration of ICU stay and mortality.
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Primary outcome

The primary outcome was LCOS, defined as any of the
following at any time during the first 48 h:
••  Lactate >4 mmol/l and ScvO2 <60 % (or SaO2–ScvO2
difference >35 % in single ventricle) [21]
••  VIS ≥ 10
••  ECMO.
Secondary outcomes

Secondary outcome measures were use of iNO, use of
peritoneal dialysis, delayed sternal closure, blood loss,
blood product transfusion, duration of mechanical ventilation, length of ICU and hospital stay.
Statistical analysis

Analyses were performed using Stata v13.1 (StataCorp,
College Station, TX, USA). Patient characteristics were
summarised for each group. A test of two proportions
was used to assess evidence of a difference between the
proportion of children with LCOS in each group. Primary outcome subgroup analyses were performed by age
group and surgical risk. No adjustments were made for
multiple comparisons. Secondary outcomes were compared between groups using Chi squared, Fisher’s exact
or Mann–Whitney U tests as appropriate, for the full
sample and by age subgroups. Additional clinical parameters were described separately for those who were diagnosed with LCOS and those who were not.

Results
During the study period 490 congenital cardiac operations were performed using CPB. A total of 198 children
were enrolled: 101 in the NO group and 97 in the control
group (Fig. 1). Groups were well matched with respect
to complexity of surgery and duration of CPB and crossclamp times (Table 1). No patient had deep hypothermic circulatory arrest. Peak methaemoglobin was higher
in the NO group (0.6 vs. 0.3 g/dl, p < 0.001). No patient
received perioperative corticosteroid. Operations performed are categorised in Supplementary Table 1.
Primary outcome

Fewer patients in the NO group developed LCOS in the
first 48 post-operative hours than in the control group
(15 vs. 31 %, p = 0.007) (Table 2). The effect was most
marked in children aged less than 6 weeks (20 vs. 52 %,
p = 0.012), those aged 6 weeks to 2 years (6 vs. 24 %,
p = 0.026) and following more complex surgeries (17 vs.
48 %, p = 0.018) (Table 3).
The NO group had a reduced incidence of LCOS at
almost every time point (Fig. 2). Most children who
developed LCOS were diagnosed on admission to ICU

and any child who developed LCOS did so within 12 h
(Supplementary Fig. 1).
Most patients with LCOS (89 %) had high inotrope
requirement. No patient was diagnosed with LCOS solely
because of high lactate and low ScvO2 (Supplementary
Table 2).
The proportion of patients requiring ECMO support
was an important difference between the groups. Nine
patients received ECMO during the 48 h following surgery
(one NO, eight control). Eight of these were younger than
6 weeks. Five had ECMO initiated in the operating theatre
because of inability to safely wean from CPB. Four patients
with refractory LCOS were cannulated in ICU, within 12 h
of admission, none of whom suffered a cardiac arrest.
Two ECMO patients died before discharge from ICU.
Secondary outcomes

There were no differences in duration of ventilation, ICU
stay or hospital stay between groups (Table 2). NO group
patients received iNO less often than the control group
(3 vs. 12 %, p = 0.015). iNO was initiated in the operating
theatre or within 4 h of admission to ICU to treat pulmonary hypertension or poor oxygenation in all but one
case (control group), where NO was initiated 1 month
after ICU admission. There was no difference between
groups in the amount of bleeding in the first 24 h. Seventeen patients had delayed sternal closure (eight NO, nine
control). Sixteen were admitted with an open sternum;
the remaining patient had emergency chest opening after
24 h because of refractory LCOS.
Secondary outcomes by age group are shown in Supplementary Table 3. In patients aged 6 weeks to 2 years,
ICU stay was shorter in the NO group (43 vs. 84 h,
p = 0.031). There was a trend toward fewer transfusions
in patients over 2 years old (8 vs. 24 %, p = 0.096).
Consequences of LCOS

Patients with LCOS more frequently received peritoneal dialysis (51 vs. 16 %, p < 0.001) and iNO (30 vs. 1 %,
p < 0.001), and had a longer period of mechanical ventilation (72 vs. 18 h, p < 0.001), ICU stay (144 vs. 46 h,
p < 0.001) and hospital stay (17 vs. 8 days, p < 0.001)
compared to patients without LCOS (Fig. 3).
Adverse events

No cardiac arrests occurred during the 48-h post-operative period. There were three later cardiac arrests, each
with successful return of circulation. No deaths occurred
during the 48-h post-operative period. Four patients
(control group) died before ICU discharge, 2 weeks to
2 months after surgery (bidirectional cavopulmonary
shunt, hypoplastic left heart syndrome; rhabdomyoma
removal with Norwood procedure; hypoplastic aortic

1747

Assessed for Eligibility (n-490)

Excluded (n=292)
- Did not meet inclusion criteria (n=38);
38 emergency cases
- Consent declined (n=56)
- Researcher not available to consent
(n=198)

Randomised (n=198)

Nitric Oxide group (n=101)

Control group (n=97)

Received Nitric Oxide (n=101)

Received Standard Care (n=97)

Lost to follow-up (n=0)

Lost to follow-up (n=0)

Disconnued intervenon (n=0)

Disconnued intervenon (n=0)

Analysed (n=101)

Analysed (n=97)

Fig. 1 CONSORT flow diagram of enrolment, allocation, follow-up and analysis

arch and ventricular septal defect (VSD) repair; tetralogy
of Fallot repair with hypoplastic pulmonary arteries).

Discussion
This prospective randomised controlled trial showed that
administration of NO to the CPB oxygenator in children
undergoing cardiac surgery reduced the incidence of postoperative LCOS. This effect was most marked in children
younger than 2 years or undergoing complex surgery. This
finding, consistent with smaller studies suggesting a beneficial clinical effect of NO administration during CPB,
may have important implications for future practice.
Paediatric cardiac surgical mortality is low, necessitating the use of surrogate outcome measures in interventional studies of this population. We used LCOS as the
primary outcome, given its association with adverse

outcomes, including mortality [3]. LCOS first occurring
more than 48 h after surgery was unlikely to be directly
related to the CPB and was therefore not part of the
outcome of interest. The incidence of LCOS in the control group (31 % overall, 52 % neonates) is comparable
to other reports [2, 22, 23]. However, these studies have
defined LCOS variably. We chose to use a simple definition incorporating three important and objective features: biochemical evidence of inadequate tissue oxygen
delivery, high inotrope or vasopressor requirement, or
the need for ECMO. The VIS cut-off in our definition
(>10) is relatively low and may have led to an over-reporting of LCOS. However, this was based on local data: 70 %
of infants in our PICU following high-risk cardiac surgery have a VIS of less than 10 [24]. Study patients fulfilling this definition received more complex therapies
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and had a longer post-operative stay in ICU and hospital.
Supplementary Table 4 shows how a higher VIS threshold for LCOS diagnosis would have affected the primary
outcome; the incidence of LCOS inevitably falls, but
the effect of the intervention remains significant in the
youngest patients. It is important for future studies that
a consensus objective definition of LCOS is agreed upon.
The reduction in LCOS was most evident in the youngest group. Our age cut-off of 6 weeks was chosen in an
attempt to capture most of the high-risk neonatal operations in this group (see Supplementary Table 1). Younger
children have an exaggerated inflammatory response

Table 1 Patient characteristics
Nitric oxide (n = 101)

Control (n = 97)

Age (months)

6.0 (1.0–43.0)

Gender—male

61 (60 %)

55 (57 %)

Weight (kg)

6.3 (3.6–16.0)

4.8 (3.5–14.2)

131.5 (85.0–183.5)

107.0 (65.0–186.0)

62.5 (30.0–107.0)

60.5 (30.0–105.0)

CPB time (min)
Cross-clamp time (min)
Methaemoglobin (g/dl)

4.0 (1.0–38.0)

0.6 (0.4–0.8)

0.3 (0.2–0.4)*

Risk adjustment for congenital heart surgery (RACHS)
1

8 (8 %)

8 (8 %)

2

32 (32 %)

32 (33 %)

3

32 (32 %)

34 (35 %)

4

25 (25 %)

17 (18 %)

5

0 (0 %)

0 (0 %)

6

4 (4 %)

6 (6 %)

All continuous outcomes are presented as medians (interquartile ranges)
* p < 0.001

to CPB [25] and limited cardiac reserve [26], rendering
them particularly vulnerable in the post-operative period.
Any intervention that might diminish inflammation and
preserve myocardial function would likely preferentially
benefit the youngest patients.
ECMO use, one component of our LCOS definition,
was less frequent in the NO group. Post-operative ECMO
is associated with an increased mortality risk: in more
than 96,000 children having cardiac surgery, Mascio and
colleagues reported a risk of death in patients requiring
post-operative ECMO of 53.2 %, compared to 2.9 % if
ECMO was not required [27]. The frequency with which
ECMO was used in our study (4.5 %) is higher than the
median rate (2.5 %), but within the range (0.6–9.3 %)
reported by Mascio. This variation in institutional postoperative ECMO rates means that our finding of a reduction in ECMO use may not be widely replicable.
The trend toward a shorter ventilation and ICU stay in
the NO group was not significant, apart from the 6 weeks
to 2 years subgroup. This is at odds with the findings of
Checchia, who reported reduced duration of ventilation
and ICU stay in patients who received intraoperative
NO [18]. The heterogeneity of surgical procedures in our
study may explain these discrepant findings. In addition,
both of these outcomes are readily confounded by factors
other than the immediate response to CPB and surgery.
Fewer patients in the NO group received post-operative
iNO, with this effect also being most evident in younger
patients. Our study cannot discern whether less frequent
iNO use was due to preserved pulmonary endothelial
function, rather than less lung injury or better preserved
right ventricular function, in the group that received NO
during CPB.

Table 2 Primary and secondary outcomes
Nitric oxide (n = 101)

Control (n = 97)

p value

Primary outcome
Incidence of low cardiac output syndrome (LCOS)

15 (15 %)

30 (31 %)

0.007

Secondary outcomes
Duration of ventilation (h)

20.0 (10.0–63.0)

24.0 (12.0–89.0)

ICU stay (h)

48.0 (24.0–105.0)

72.0 (26.0–144.0)

0.120
0.111

12.0 (6.0–20.0)

0.164

Hospital stay (days)

9.0 (6.0–17.0)

Peritoneal dialysis (%)

23 (23 %)

24 (25 %)

0.745

3 (3 %)

12 (13 %)

0.015

Inhaled NO (%)
Delayed sternal closure (%)

8 (8 %)

9 (%)

Blood loss (ml/kg/h)

0.4 (0.2–0.8)

0.5 (0.3–0.9)

Blood transfusion (%)

0.803
0.462

22 (22 %)

26 (28 %)

0.341

Platelet transfusion (%)

8 (8 %)

7 (8 %)

0.918

FFP transfusion (%)

8 (8 %)

13 (14 %)

0.183

All continuous outcomes are presented as medians (interquartile ranges)
ICU intensive care unit, NO nitric oxide, FFP fresh frozen plasma
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Fig. 2 Incidence of LCOS

Table 3 Incidence of low cardiac output syndrome (LCOS)
by age and risk adjustment for congenital heart surgery
(RACHS) classification
Nitric oxide

Control

p value

Incidence of low cardiac output syndrome by age
<6 weeks

(n = 30)

6 (20 %)
6 weeks–2 years

(n = 35)

2 (6 %)
>2 years

(n = 36)

7 (19 %)

(n = 27)

0.012

(n = 41)

0.026

(n = 29)

0.901

14 (52 %)
10 (24 %)
6 (21 %)

Incidence of low cardiac output syndrome by risk adjustment for
congenital heart surgery classification
1–3

(n = 72)

10 (14 %)
4–6

(n = 29)

5 (17 %)

(n = 74)

0.074

(n = 23)

0.018

19 (26 %)
11 (48 %)

Our study did not address protection from renal injury.
Peritoneal dialysis is an unreliable marker of renal injury
and is performed readily at our institution for fluid
removal, electrolyte management, cooling and cytokine
removal, particularly in neonates: more than 50 % of
the youngest patients had peritoneal dialysis. A trial has
been published in abstract form, reporting that NO during and after adult CPB may abrogate acute kidney injury

[28]. This suggests another beneficial remote effect of
NO administration during CPB and demands further
investigation.
Exogenous NO can exert effects in organs and tissues remote to the site of administration. Although NO
is largely inactivated rapidly in blood by binding to oxyand deoxyhaemoglobin, there is a circulating pool of
potentially bioavailable NO in relatively stable molecules
[29]. Some of these can act as NO donors, including simple nitrite and S-nitrosothiols [29, 30]. During the acute
inflammatory reaction to surgery and CPB, constitutive
NO production is impaired [4], and levels of the NO
inhibitor asymmetric dimethylarginine are increased
[11]. NO supplementation by administration of l-arginine in cardioplegia solution results in less myocardial
oxidative stress and better oxygen uptake [11]. Damage
to red blood cells during CPB liberates haemoglobin into
plasma. Stored blood contains deformed red cells, microparticles and free haemoglobin, which act as NO scavengers [31]. Exogenous NO may act to supplement reduced
production and increased removal of endogenous NO.
Stored red blood cells have impaired NO-synthesizing
capacity [32], an important function of native red cells,
which is activated by CPB [33]. This may further reduce
bioavailability of NO during paediatric CPB and could
help explain why NO did not affect LCOS in older children, where blood exposure was less.
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Fig. 3 Implications of LCOS

Ample experimental evidence exists for NO-mediated
protection from ischaemia–reperfusion injury in the
heart [34] and other organs [12], and diverse cardioprotective interventions rely on NO as an essential mediator
[14]. Clinical investigations report inhaled NO amelioration of injury during liver transplantation [35], cardiac
surgery [17] and knee surgery [36]. Ours is the second
study of NO administration directly to the CPB oxygenator in children, building on the work of Checchia and
colleagues [18]. This delivery method also reduces membrane platelet consumption [37, 38] and leukocyte activation and adhesion [39], suggesting specific benefits
during cardiac surgery.
Doses of NO from 20 to 80 ppm have been administered by different routes in clinical studies to ameliorate
injury [17, 18, 28, 35, 36]. We chose 20 ppm on the basis
of the most relevant of these studies [17, 18] and experience of this as a safe clinical dose in critically ill children. Methaemoglobin levels in the NO group confirmed
safe, effective delivery of NO. Further work is required to
ascertain the ideal dose under these circumstances.
There is little apparent cost-benefit from this intervention. More important cost-effective outcomes (e.g. reduction in duration of mechanical ventilation or length of
stay) would need to be evident in larger studies to recommend routine use of NO. The reduction in ECMO use
would also be an important consideration, if this were
reproducible in other centres; paediatric cardiac ECMO
costs have been reported as US$ 18–20,000 per day [40].

There are important limitations to the current study.
Forty per cent of eligible patients were not included
because of limited availability of a small research team.
We cannot say if this influenced results, but those that
were not included did not differ in age, weight or risk of
surgery from the study cohort (data not shown).
For safety reasons the perfusionist was not blinded to
group allocation. Although all other staff were blinded,
conduct of CPB was identical in both groups and NO
administration was not identified in the patient record,
this is a potential source of bias. Control placebo gas has
been used in trials investigating the effect of NO in the
past [41]. We made a pragmatic decision not to further
complicate conduct of CPB by using a control placebo
gas; study patients already had an additional NO cylinder and delivery device, along with opaque draping of the
entire apparatus.
Although the number of patients in the study is relatively large, this single-centre investigation is limited
in its general applicability. Local practices regarding
conduct of anaesthesia, CPB, surgery, ECMO deployment and post-operative care may all have influenced
outcomes.
In this study we chose to focus on clinical outcomes,
rather than to investigate mechanisms of protection or
markers of organ injury. There is a compelling case for
a larger, multicentre trial to confirm or refute our findings, and to further define which groups of patients
or operative procedures might most benefit from this
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intervention. Although reduction in LCOS was only
demonstrated in the younger cohort, there may be other
effects of NO administration in older children and adults
that deserve specific study. In addition, further investigations are necessary to address the means by which NO
may exert remote effects, and to elucidate organ-specific
effects and protective mechanisms.

Conclusions
Administration of nitric oxide to the CPB oxygenator
during paediatric cardiac surgery reduced the incidence of post-operative low cardiac output syndrome.
This effect was age-dependent, with the greatest effect
observed in younger children. We believe that this safe
and relatively simple intervention has the potential to
improve short-term outcomes for children undergoing
cardiac surgery. Larger studies are needed to validate
these findings.
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