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The burden of congenital heart disease

• About 1 in 100 newborn children (40,000 p.a. in the US)
• About 25% require surgery before age 2 years
• Most surgeries require cardiopulmonary bypass 
• Mortality in pediatric heart centers 1-2%
• >1.5 million adult CHD survivors in the U.S.
• Annual inpatient costs due to CHD >$5.6 billion
• Risk for long-term cognitive, behavioral, and physical sequelae

Triedman JK, Newburger JW. Circulation. 2016;133(25):2716-2733
Virani SS, Alonso A, Aparicio HJ, et al; Circulation. 2021;143(8):e254-E743
Simeone RM, Oster ME, Cassell CH, et al. Birth Defects Res A Clin Mol Teratol. 2014;100(12):934-943; 
Feldmann M, Bataillard C, Ehrler M, et al. Pediatrics. 2021;148(4):e2021050875.



Low cardiac output syndrome
• Cardiopulmonary bypass
• Surgical incision/trauma
• Reperfusion injury

• Complement & coagulation system 
activation

• Platelet + leukocyte activation
• Endothelial dysfunction
• Cytokine release (peak @ 6-12hrs)

Low cardiac output syndrome (LCOS) affects up to 26% of patients
Myocardial dysfunction with insufficient O2 delivery to tissues
delayed recovery, increased organ support (ventilation), worse short-
and long-term outcomes

Hoffman TM, Wernovsky G, Atz AM, et al. Circulation. 2003;107(7):996-1002.
Levy JH, Tanaka KA. Ann Thorac Surg. 2003;75 (2):S715-S720.



Potential of Nitric Oxide to mitigate CPB-
related side effects
• NO functions include endothelial regulation, inhibition of leukocyte 

adhesion & platelet activation, local vasodilatation
• CPB: - constitutive nitric oxide synthase (eNOS) downregulated

- oxidative stress lowers NO levels

• In vitro and in vivo studies: NO administration attenuates myocardial 
injury during heart surgery

Jones SP, Bolli R. J Mol Cell Cardiol 2006;40:16–23.
Jones SP, Girod WG, Palazzo AJ, et al. Am J Physiol 1999;276:H1567–73.
Minamishima S, Kida K, Tokuda K, et al. Circulation 2011;124:1645–53.
Schulz R, Kelm M, Heusch G. Cardiovasc Res 2004;61:402–13.



Pilot data on NO during CPB in children

• Checchia et al: single center; n=16 patients with Tetralogy of Fallot 
randomized to 20ppm NO during CPB vs standard CPB
- mechanical ventilation mean (SD) 8.4 (7.6) vs 16.3 (6.5) hours; P<.05
- ICU LOS 53.8 (19.7) vs 79.4 (37.7) hours; P<.05
- lower troponin and BNP in the NO arm 

• James et al: single center; n=198 children with CHD surgery randomized to 
20ppm NO during CPB vs standard CPB
- LCOS 15 vs. 31 %, p = 0.007
- effect on LCOS in younger patients and those with more complex surgery: 

< 6 wks 20 vs. 52 %; 6 wks – 2yrs 6 vs. 24 %; complex: 17% vs. 48%
- ECMO 1% vs. 8%, p = 0.014
- LCOS associated with duration of ventilation, ICU & hospital LOS

Checchia PA, Bronicki RA, Muenzer JT, et al. J Thorac Cardiovasc Surg. 2013; 146(3):530-536.
James C, Millar J, Horton S, Brizard C, Molesworth C, ButtW. Intensive Care Med. 2016;42(11):1744-1752. 



Pilot

James C, Millar J, Horton S, Brizard C, Molesworth C, ButtW. Intensive Care Med. 2016;42(11):1744-1752.



Hypothesis

• P: In children undergoing surgery for congenital heart disease
• I: nitric oxide applied into the cardiopulmonary bypass oxygenator
• C: compared to standard care cardiopulmonary bypass (no NO)
• O: will result in more ventilator-free days 



Study design

• investigator-initiated multicenter, randomized, double-blind, parallel-
group trial 

• Recruitment in 6 pediatric cardiac surgical centers in Australia, New 
Zealand, and The Netherlands 

• Trial management by the Child Health Research Center at The 
University of Queensland; HREC approved by participating sites

• Endorsed by ANZICS CTG and ANZICS PSG
• Australian New Zealand Clinical Trials Registry 

ACTRN12617000821392 





Inclusion and Exclusion criteria

Inclusion criteria 
• All infants and children 

<2 years of age 
undergoing open heart 
surgery on 
cardiopulmonary bypass. 

• Elective cardiac surgery 
and consent of 
parents/guardian. 

Exclusion criteria 
• elevated PVR requiring drug treatment
• ECLS
• Chronic ventilator dependency 
• Sepsis, ARDS, or high dose vasoactive drugs prior to 

surgery (inotrope score ≥15)
• Cardiac arrest within one week (7 days) prior to surgery
• Emergency cardiac surgery precluding informed consent
• Pre-existing methaemoglobinemia (MetHb>3%). 



Intervention
• NO connected to the gas inlet point 

of CPB oxygenator
• NO concentration @20ppm 
• continuous sampling from start of CPB (cannulation) until 

decannulation
• Arterial blood gas pCO2 targets as per local practice
• Mallinckrodt Pharmaceuticals and EKU Electronics provided NO 

delivery devices but had no involvement in design, conduct, analyses 
nor interpretation of the study



Controls and perioperative care

• No use of NO during CPB in controls

• All patients could receive inhalational NO during / after surgery if 
considered indicated by treating team

• No change in other perioperative care
• Pragmatic design: No prescription of pre-surgical, anaesthetic, 

surgical, perfusion, and ICU management (including respiratory 
management and weaning) procedures



Randomisation and blinding

• stratification variables: age group (<6 weeks vs ≥6 weeks), cardiac 
physiology (univentricular vs biventricular)

• REDCap trial database at The University of Queensland
• 1:1 randomization using permuted blocks (block sizes, 4, 6, 8, 10)
• Perfusionists performed randomization and were aware of allocation
• Intervention and control arm both had full NO on CPB delivery setup
• NO monitoring covered and only visible to perfusionist
• Surgical, anaesthetic, and PICU staff kept blinded



End Points

• Primary: ventilator-free days (VFD) from start of cardiopulmonary bypass 
to day 28; only invasive vent; zero value in children who died

• Secondary: 
- composite of LCOS*, ECMO (<48h), and/or mortality (≤28d)
- ICU LOS and hospital LOS
- postoperative troponin levels
*lactate >4 mmol/L + avO2 Extraction >35 and/or VISS ≥15; measured @0, 6, 12, 24, 48hrs 

• Exploratory:
- VISS, lactate, avO2 Extraction, creatinine values @0, 6, 12, 24, 48hrs 
- AKI, RRT, iNO, PELOD-2

• Ongoing investigations: 
- serum cytokines and host transcriptomics pre/post CPB
- healthcare costs
- questionnaire-by-proxy follow-up @ 12 months



Sample size considerations

• Informed by Melbourne pilot (James et al. ICM 2016)
• Assuming mean (±SD) number of 22.5 ± 8.10 ventilator-free days in 

control arm
• power of 90% to detect a small effect size (Cohen's d = 0.2; absolute 

between-group difference of 1.66 ventilator-free days, i.e. 40 hours)
• 15% inflation to account for rank-based testing and 10% inflation to 

account for withdrawals and interim analyses
• two-sided type I error rate of 0.05 
• N=1320 estimated



Statistical analysis plan
Protocol submitted Nov 19 2018, published Aug 15 2019:
Schlapbach LJ et al. BMJ Open 2019;9(8):e026664. 

SAP submitted Aug 2020 published March 2021:
Gibbons KS et al. Crit Care Resusc 2021;23(1):47-58

Analysis code uploaded on GitHub Nov 26, 2021:
https://github.com/kgibbons44/NITRICAnalysis/



Statistical analysis plan

• interim analyses once 660 and 1000 patients had reached 28d (DSMB)
• Analyses on consented and randomised patients who received CPB
• Wilcoxon rank-sum test for unadjusted analysis
• differences between medians calculated using quantile regression after 

adjustment for stratification variables (age group, single ventricle 
physiology, and site)

• Pre-specified secondary analyses (considered exploratory)
- secondary outcomes (regression models)
- subgroup analyses on stratification subgroups
- sensitivity analyses a priori adjusted for CPB duration, RACHS score, blood 
prime, sex, age, physiology, site



Recruitment July 2017 – April 2022

58% of eligible 
patients consented

71% of 
approached 
parents provided 
consent



Recruitment

• 679 randomized to NO 
included

• 685 randomized to 
standard care included



Baseline characteristics

• Well balanced
• Median age 14 weeks
• VSD, TOF, ASD, TGA, HAA 

most common
• Median RACHS-2 2 (IQR 2,3)
• 20% in PICU before surgery
• 8% ventilated before surgery
• 18% congenital syndromes



CPB procedures



Primary endpoint:
VFD @ 28 days



Primary endpoint VFD – subgroup analyses



Primary and secondary endpoints



Exploratory outcomes

No difference



Sensitivity analyses

adjusted for: 
• treatment group, duration of CPB, 

surgical complexity (RACHS), blood 
prime, sex and strata variables as fixed 
effects

• site as a random effect 

Jenkins KJ, Gauvreau K, Newburger JW, et al. J Thorac
Cardiovasc Surg. 2002;123(1):110-118.

No difference



Post hoc site-by-site analyses

No difference



Adverse 
events

11% of patients

1 intraoperative 
hypotension 
possibly related 
to NO on CPB
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Interpretation

• NO on CPB did not significantly affect VFD
• No evidence for benefit in any of the subgroups
• No signal for benefit in any of the secondary/exploratory outcomes
• Does not confirm findings from pediatric (n=16+198) and adult pilots

- n=60 CAPD randomized to 40ppm on CPB (troponin and VIS decrease)
- n=244 valve disease randomized to 80ppm on CPB and 24hrs iNO (less AKI)

• Largest RCT to date in CHD
• Awaiting cytokine, transcriptomic, and follow-up analyses

Kamenshchikov NO, Mandel IA, Podoksenov YK, et al. J Thorac Cardiovasc Surg. 2019;157(6):2328-2336.e1.
Lei C, Berra L, Rezoagli E, et al. Am J Respir Crit Care Med. 2018;198(10):1279-1287.



Strengths

• Blinding, size, balanced arms 
• Pragmatic design
• reasonable consent rates; 85% consent for biobanking in 5/6 sites
• high compliance with study protocol
• heterogenous contemporary cohort
• full Stata code uploaded to Github before trial completion
• Overall outcomes comparable to recent CHD reports (18 deaths = 1.3%) 

Nathan M, Levine JC, Van Rompay MI, et al; J AmColl Cardiol. 2021; 77(19):2382-2394.



Limitations

• No dose finding trial; no nitrosothiol compounds measured
• Perfusionists not blinded
• Open label iNO use allowed
• Choice of VFD as primary endpoint:

- no weaning/extubation readiness protocol mandated
- VFD may be influenced by staffing and practice rather than postop 
dysfunction

• Choice of LCOS for composite secondary endpoint



Nitric trial

Clear result achieved in
relevant time frame at 
modest cost

Cardiac cases too
Hard to study at scale

Never get consensus 
on usual care

PICU Trials are 
difficult & expensive

No equipoise 
to study

“Information is the resolution of uncertainty”

Courtesy of Mark Peters, GOSH



Nitric N=1364 Top 5 individual 
patient randomised

Sedation and Weaning in Childhood 18 8848

Courtesy of Mark Peters, GOSH



Courtesy of Mark Peters, GOSH



In both groups, other aspects of care …
were at the discretion of the treating clinician

Children with high PVR, chronic ventilator dependency, 
severe preoperative shock states and sepsis, ARDS, and methb or 
unlikely to survive hours without surgery were excluded

Courtesy of Mark Peters, GOSH



Protocol deviations



Our own reflection on HOW we did it….

WELL DONE
• Strong multiprofessional

involvement
• perfusionists, surgeons, PICU, nurse)
• Follow-up setup
• Biobanking in 70% of participants
• High data quality
• Dose based on strong pilot
• Population-based
• We didn’t stop early….

CAN BE DONE BETTER
• Minimal family/PPI involvement
• Minimal cardiology involvement 
• Follow-on trial on xy not setup
• No funding to look at DNA
• Leverage from EHR (physiological 

response; fluids, sedation, echos etc)
• No dose finding
• no LMIC?
• We didn’t stop early….



Data collection forms (CRFs, eCRFs, databases)

Statistical analysis plan + associated code to undertake analyses

Risk assessment to inform the data monitoring plan

Data and Safety Monitoring Boards

Reproducibility



Centralised MonitoringRemote MonitoringOn-site Monitoring

Monitoring
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Randomization to 
ensure that 
real world 
intervention = 
control

1 intervention to 
ensure that 
changes in outcome 
are likely related to 
the intervention
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NITRIC – CPB during infancy



• D: Double-blind placebo-controlled 
multicentre US

• P: < 1yrs undergoing CPB
• I: immunomodulation (30mg/kg 

methylpred into CPB)
• C: no methylpred (placebo)
• O: ranked composite death, tx, major 

complication, LOS

• Result: n=1200 patients
aOR 0.86 (0.71 to 1.05; P = 0.14)
win ratio 1.15 (1.00 to 1.32)









Pragmatic trials can be done - don’t STRESS too much?

STRESS
• Registry-based: STS-CHSD to 

collect patient and outcome 
information

• Blinded intervention 
administered by perfusionists

• 24 US CHD sites
• 1200 patients across CHD range
• 54 mo recruitment
• Total direct cost 3.2Mio USD

NITRIC
• All data manually collected and 

monitored, registry for QC
• Blinded intervention 

administered by perfusionists
• 6 CHD sites in 3 countries
• 1364 patients across CHD range
• 46 mo recruitment
• Total direct cost 2.2Mio AUD (ca. 

1.5 Mio USD)
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Recovery from CPB in 2022

• Mortality <2%
• Ventilation duration is <48h in most patients
• Optimization of CPB technique (MUF etc), less SIRS, less fluid 

overload?
• What is LCOS in 2022?
• Which children will develop LCOS?
• Biological phenotypes?
• Targeted interventions?



Targeting heterogeneity of disease

Data-driven 
Phenotypes  

Personalized medicineEminence-based 
disease entities  
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Intervention Y

Intervention Y



Step 1: Observational studies leveraging off “big data”

All patients – electronic health record/registry data (confounders, 
outcomes, etc)



Step 2: Nest pragmatic trials in large scale observational databases

All patients – electronic health record/registry data (confounders, 
outcomes, etc)

Pragmatic trial A
Pragmatic trial B

Pragmatic trial C



Step 3: Nest targeted & exploratory (omics etc) questions in 
pragmatic trials

All patients – electronic health record/registry data (confounders, 
outcomes, etc)

Pragmatic trial A
Pragmatic trial B

Pragmatic trial C

Target 1
Biobanking



Beyond NITRIC
Multi-omics
-Transcriptomics
-Metabolomics
-Proteomics

multi-omics



Consumer engagement & follow-up



https://www.picolo.org/research/nitric-follow-up
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