
Introduction

Pulmonary hypertension after surgery for congenital
heart disease may pose diagnostic and management di-
lemmas and complicate considerably the early post-
operative course [1±4]. Pulmonary hypertension may
be episodic or sustained in the immediate postoperative
period with resolution once recovery from cardiopul-
monary bypass is complete. Certain patients, particular-
ly neonates with obstructed anomalous pulmonary ve-
nous drainage, truncus arteriosus and hypoplastic left

heart syndrome, have marked pulmonary vascular labi-
lity postoperatively. Even with invasive monitoring it
may be difficult to differentiate pulmonary vascular la-
bility from residual obstruction at the surgical anasto-
mosis. Indeed, the measurement of elevated pulmonary
artery pressures from a proximally inserted catheter or
the noninvasive recognition of an elevated right ventri-
cular pressure by Doppler interrogation may represent
distal pulmonary artery obstruction, amenable to treat-
ment by surgical or interventional catheterisation tech-
niques or pulmonary vasospasm. It is especially impor-
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Abstract Objective: To evaluate
whether a trial of inhaled nitric
oxide (NO) differentiates reversible
pulmonary vasoconstriction from
fixed anatomic obstruction to pul-
monary blood flow after surgery for
congenital heart disease in patients
at risk for pulmonary hypertension.
Design: Prospective cohort study.
Setting: Tertiary care children's hos-
pital.
Patients: 15 neonate and infants with
elevated pulmonary artery or right
ventricular pressure or with clinical
signs suggestive of high pulmonary
vascular resistance in the early post-
operative period following repair of
congenital heart disease.
Intervention: 30-min trial of 40 ppm
inhaled NO.
Results: 5 patients responded to in-
haled NO, 2 patients were weaned
from extracorporeal support with
NO. Four were maintained on con-
tinuous inhaled NO for 3 to 5 days.
All the responders survived. Ten

patients did not respond to NO. An
important anatomic obstruction was
found with echocardiography or an-
giography in all 10 patients. Rein-
tervention was performed in 6/10 (4
stent placement, 1 balloon angio-
plasty of pulmonary arteries and
1 revision of systemic to pulmonary
shunt). Six of the nonresponders
died.
Conclusion: A trial of inhaled NO
after cardiac surgery in neonates
and infants may be useful to differ-
entiate reversible pulmonary vaso-
constriction from fixed anatomic
obstruction and may provide useful
information if temporary support
with extracorporeal membrane oxy-
genation is considered. Failure to
respond to inhaled NO should
prompt further investigations to rule
out a residual obstruction.
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tant to resolve vasospasm from fixed obstruction to pul-
monary blood flow when temporary support of the cir-
culation with extracorporeal membrane oxygenation
(ECMO) is considered [5, 6].

Therefore, we investigated the value of a trial of in-
haled nitric oxide (NO) to facilitate differentiation be-
tween pulmonary vasospasm and fixed obstruction to
pulmonary blood flow in postoperative patients with
clinical or haemodynamic signs of an elevated pulmon-
ary vascular resistance after congenital heart surgery.

Materials and methods

We enrolled consecutive patients over a 14-months period with
echocardiographic or directly measured pulmonary hypertension
(pulmonary artery pressure > half the systemic pressure) despite
conventional treatment including high inspired oxygen, hyperven-
tilation or alkalinisation, inotropic support, intravenous vasodila-
tors, deep sedation and muscle paralysis. All patients underwent
prior echocardiographic study to exclude the presence of residual
shunts and proximal right ventricular outflow tract obstruction.

Inhaled NO (500 ppm, Matheson gases, Ontario, Canada) was
administered at a dose of 40 ppm through the inspiratory limb of
the ventilator (Siemens Servo 900 C) for 30 min. NO levels were
measured with an electrochemical analyser (EIT Sensorstik, Ex-
tron, Penna., USA) [7]. NO2 and methaemoglobin levels were
measured daily if NO was delivered for L 30 min [8±10]. Pulmon-
ary or right ventricular and systemic arterial pressures and oxygen
saturation were recorded before and after 30 min of inhaled NO
in all except 2 patients receiving ECMO.

A positive response to inhaled NO was defined as a 20% de-
crease in the ratio between right ventricular or pulmonary arterial
pressure to systemic arterial pressure (or a 10% increase in sys-
temic oxygen saturation in 1 patient who underwent surgical crea-
tion of a systemic-to-pulmonary artery shunt as part of palliation
for the hypoplastic left heart syndrome). In 2 patients who could
not be separated from ECMO or cardiopulmonary bypass, a posi-
tive response to NO was inferred when a subsequent attempt with
the delivery of NO resulted in successful separation from mechan-
ical circulatory support.

Inhaled NO therapy was continued in the responders at the
lowest effective dose.

The study was approved by the hospital ethics committee. The
parents of all patients gave informed and written consent for the
administration of inhaled NO.

Results

Between January 1995 and March 1996, 15 patients
(7 females, 8 males, median age: 8 weeks, range 1 to
32 weeks) fulfilled the above criteria. The demographic
data, cardiac diagnoses and type of cardiac surgery are
described in Table 1.

We assessed the preoperative anatomy and haemo-
dynamics by echocardiography in all patients except pa-
tients 13 and 14. These 2 patients, with pulmonary atre-
sia with ventricular septal defect and major aortopul-
monary collaterals, underwent cardiac catheterisation

to delineate the major aortopulmonary collaterals, the
central pulmonary arteries and the number of lung seg-
ments supplied prior to unifocalisation. The response
to NO, catheterisation and echocardiogram results, in-
tervention and outcome are summarised in Table 2.

We observed a response to inhaled NO in 5/15 pa-
tients. All had undergone repair of obstructed total
anomalous pulmonary venous drainage (TAPVD). In
2/5 patients, inhaled NO therapy facilitated weaning
from extracorporeal support. We administered inhaled
NO continuously for 3 to 5 days to all responders with
progressive weaning. Patient 2, after an initial favour-
able response to inhaled NO, was weaned after 3 days
from continuous NO. However, pulmonary hyperten-
sion recurred but was unresponsive to treatment with
inhaled NO. Subsequent transoesophageal echocardio-
graphy revealed external compression of the pulmonary
venous confluence by thrombus. He underwent success-
ful surgical decompression with resolution of pulmon-
ary hypertension. All the responders survived to hospi-
tal discharge. No complications or side effects related
to inhaled NO therapy were noted.

We did not observe a response to NO in 10/15 pa-
tients. We documented an anatomic obstruction in all
10 nonresponders at subsequent cardiac catheterisation
or echocardiographic or autopsy examination. Eight pa-
tients underwent cardiac catheterisation, in 7/8 with
branch pulmonary artery obstruction, measurement of
mean pulmonary arterial pressure distal to the stenosis
was less than 22 mmHg. In 1 patient, discrete obstruc-
tion to the Blalock-Taussig shunt was documented (pul-
monary artery pressure measurement was not attemp-
ted) but with surgical revision of the shunt oxygen sa-
turations improved. Six of 10 nonresponders underwent
attempted surgical or transcatheter relief of branch pul-
monary artery stenosis. In 3/10 the pulmonary arteries
were considered diffusely hypoplastic and incapable of
rehabilitation. A single patient with suprasystemic pul-
monary artery pressures after repair of obstructed
TAPVD failed to respond to a challenge with inhaled
NO. Autopsy findings included marked pulmonary
lymphangiectasia, muscularised and dilated pulmonary
veins with many distal arteries that had failed to open.
The lung histology was consistent with the pattern de-
scribed in both fatal persistent pulmonary hypertension
of the neonate [11] and TAPVD [12].

Six of the nonresponders died, despite reintervention
in 3.

Discussion

The results of this study suggest that in infants and neo-
nates with high right ventricular pressure, failure to re-
spond to a brief trial of inhaled NO may be indicative
of residual and surgically correctable anatomic obstruc-
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tion to pulmonary blood flow. Inhaled NO has been
shown to be an effective treatment of postoperative pul-
monary hypertension in patients with congenital heart
defects. However, few studies have assessed the diag-
nostic value of a postoperative challenge to inhaled
NO despite animal and human studies demonstrating
that inhaled NO has little or no effect in the absence of
pulmonary vasoconstriction [13]. The normal pulmon-
ary arterial pressure measured beyond the anatomic ob-
struction, in the nonresponders in the present study, is in
agreement with these findings.

All 5 responders to inhaled NO survived and in 2 pa-
tients inhaled NO facilitated weaning from extracorpo-
real support. Indeed, weaning patients with high pul-
monary vascular resistance from cardiopulmonary by-
pass or ECMO may be an important application of in-
haled NO. As others have demonstrated, there were no
complications attributable to inhaled NO therapy [3, 4,
10]. However, we recommend gradual reduction in NO
dose with cautious monitoring to reduce the risk of re-

bound pulmonary hypertension after prolonged therapy
[14].

All 10 nonresponders presented immediately after
surgery with high right ventricular or pulmonary arterial
pressure and signs of low cardiac output. Nine had an
anatomic obstruction to pulmonary blood flow and 1
had severe pulmonary vascular disease with lymphan-
giectasia as described by Yamaki et al. in fatal cases of
TAPVD [12]. The mortality in the nonresponders was
high (60 %) and suggests that in such patients failure to
respond to a brief inhaled NO test should prompt fur-
ther aggressive investigation to exclude residual anato-
mical obstruction before embarking on demanding and
expensive supportive therapy such as ECMO, which
has a poor outcome in cardiac patients with residual de-
fects [15, 16].

We found, as previously reported, that postoperative
patients with TAPVD were extremely sensitive to in-
haled NO [13, 14], and it is of interest that in 1 patient
loss of a pulmonary vasodilator response prompted fur-
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Table 1 Patient diagnosis and surgical intervention (RV right ven-
tricle, PA pulmonary artery, LA left atrium, RPV right pulmonary
veins, LPV left pulmonary veins, HLHS hypoplastic left heart syn-
drome, MAPCAs major aortopulmonary collateral arteries, PAT

pulmonary atresia, PDA patent ductus arteriosus, VSD ventricular
septal defect, TAPVD total anomalous pulmonary venous drai-
nage, SVG superior vena cava, IAA Interrupted aortic arch, MPA
Main pulmonary artery)

Diagnosis Age Sex Surgery

Responders
1 Obstructed infradiaphragmatic TAPVD 1 w F Confluence to LA anastomosis

2 Obstructed TAPVD to coronary sinus 2 w F Confluence to LA anastomosis

3 Obstructed supradiaphragmatic TAPVD 2.5 m M Confluence to LA anastomosis

4 Obstructed infradiaphragmatic TAPVD 5 w F Confluence to LA anastomosis

5 Obstructed mixed TAPVD 5 m M RPV baffle from SVC to LA
LPV anastomosis to LA

Nonresponders
6 Obstructed supradiaphragmatic TAPVD 1 w F Confluence to LA anastomosis

7 Truncus arteriosus type 1 1 w F RV to PA conduit
VSD closure

8 Truncus arteriosus type 2 1 w M RV to PA conduit
VSD closure

9 Truncus arteriosus type 2 and IAA 2 w F RV to PA conduit
End to side anastomosis aorta
VSD closure

10 Hemitruncus 1 m M Reimplantation right pulmonary artery

11 Truncus arteriosus type 1 6 w F Anastomosis MPA to RV with pericar-
dial patch and monocusp valve
VSD closure

12 PAT/VSD
PDA

1 m M RV to PA conduit
VSD closure

13 PAT/VSD
MAPCAs

8 m M RV to PA conduit
unifocalisation

14 PAT/VSD
MAPCAs

8 m M RV to PA conduit
VSD closure
unifocalisation

15 HLHS 1 w M Norwood stage 1



ther investigation and treatment of a late haematoma
compressing the pulmonary venous anastomosis. The
pattern of response to inhaled NO has been reported to
be of value to differentiate reversible persistent pul-
monary hypertension of the neonate from pulmonary
hypoplasia [6]. However, neonates with pulmonary hy-
poplasia, in contrast to patients with postoperative fixed
pulmonary obstruction, respond to NO with an im-
proved oxygenation but require prolonged therapy
with higher NO doses [6].

In conclusion, this study demonstrates and confirms
that the response to an inhaled NO trial, after surgical
repair of congenital heart defects, is helpful to differ-
entiate reversible pulmonary vasoconstriction from resi-

dual anatomic obstruction or pulmonary hypoplasia
[13]. A 30-min trial of inhaled NO is simple to adminis-
ter and free of side effects and may be incorporated
with ease into the management algorithm of these fra-
gile patients. The absence of a response to inhaled NO
after neonatal repair of truncus arteriosus, pulmonary
atresia with ventricular septal defect, TAPVD or sys-
temic-to-pulmonary artery shunt suggests an anatomical
or fixed pulmonary vascular obstruction and should
prompt further investigations. Early diagnosis and inter-
vention secondary to an early trial of inhaled NO may
improve the outcome of these very precarious patients
and avoid the use of ECMO in patients with residual de-
fects.
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Table 2 Response to NO, imaging, intervention and outcome
(LPA left pulmonary artery, RPA right pulmonary artery, BT Bla-
lock-Taussig shunt, CPB cardiopulmonary bypass, ECMO extra-

corporeal membrane oxygenation, RV right ventricle, PAP pul-
monary arterial pressure, SAP systemic arterial pressure)

RV or PAP/SAP Imaging Intervention Outcome

pre-NO On NO

Responders
1 0.6 0.2 Unobstructed pulmonary veins Conventional treatment Alive

2 Weaned from
ECMO with NO

0.6 Unobstructed pulmonary veins Continuous NO for 5 days Alive

3 1.2 0.7 Confluence obstructed by clots Failed repeat trial of NO
Surgical decompression

Alive

4 Weaned from
CPB with NO

0.6 Unobstructed pulmonary veins Continuous NO for 3 days Alive

5 0.6 0.3 Unobstructed pulmonary veins Continuous NO for 3 days Alive

Nonresponders
6 1.1 1.1 Unobstructed pulmonary veins None Died

7 1.0 1.0 Proximal LPA stenosis Stent LPA Alive

8 0.7 0.7 Proximal RPA stenosis None Died

9 1.0 1.0 Hypoplastic bilateral distal PAs None Died

10 0.5 0.6 RPA stenosis Stent RPA Alive

11 0.8 0.8 Bilateral proximal PAs stenosis Stent L&RPA Died

12 1.1 1.1 Severe bilateral distal hypoplasia of
PAs

Balloon angioplasty of PAs Died

13 1.1 1.0 Proximal LPA stenosis Stent LPA

14 1.0 1.0 Bilateral distal PAs hypoplasia None Died

15 55 %a 55 a Narrowing distal insertion BT shunt Revision BT shunt Alive
a Patient's response assessed by oxygen saturation changes
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