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Abstract: We studied 22 patients with residual pulmonary hy- 
pertension or symptoms of postoperative pulmonary hyperten- 
sive crisis. They received low-dose inhalation (10 ppin) of 
nitric oxide (NO). a selective pulmonary vasodilator, after total 
correction for ccingenital heart anomalies. Fifteen minutes of 
NO inhalation improved the pulmonary circulation and less- 
ened the imbalance in the ventilation-perfusion ratio in both 
groups. Thus, NO inhalation is effective in the treatment of 

The resistance of the pulmonary circulation is a very 
important factor in the management of patients who have 
undergone total repair of congenital heart anomalies. In-  
halation of nitric oxide (NO), a selective pulmonary va- 
sodilator ( I ) ,  is a newly developed strategy for the treat- 
ment of primar) pulmonary hypertension of the newborn 
(PPHN) (2), primary pulmonary hypertension (PPH) of 
the adult (3,4). pulmonary hypertension (PHj in congen- 
ital cardiac disease (S), cardiac surgical patients (6-9), 
and patients with Fontan circulation (lo), and right ven- 
tricular failure in  patients with a pulmonary transplanta- 
tion (1 l) ,  or a left ventricular assist system ( 1  2). 

In this study, we evaluated the hemodynamic changes 
that followed inhalation of a low concentration (10 parts 
per million [ppm]) of NO in patients with residual PH 
and with the symptoms of pulmonary hypertensive crisis 
(PHC) after total correction for congenital heart anoma- 
lies. After the study period, all patients received addi- 
tional inhalation of NO therapeutically. We also assessed 
the factors influencing the required duration of therapeu- 
tic NO inhalation. 
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pulmonary hypertension and in the prevention of pulmonary 
hypertensive crises after total correction for congenital heart 
anomalies. All patients continued to receive NO therapeuti- 
cally. The duration of such therapeutic NO inhalation was well 
correlated with postoperative Qp/Qs (p = 0.014) and RpRs (p  
= 0.029). Key Words: Nitric oxide-Congenital heart dis- 
ease-Cardiac surgery-Pulmonary hypertension-Pulmonary 
hypertensive crises. 

MATERIALS AND METHODS 

The survey involved a total of 22 patients between the 
ages of 7 days and 10 months who had PH or symptoms 
of PHC after total correction for their congenital heart 
anomalies (Table 1 j. Of the 22 patients, 17 showed pul- 
monary hypertension of Pp/Ps > 0.4 during the operation 
after total correction (PH group). The remaining S pa- 
tients did not show residual PH but showed symptoms of 
hypoxia, hypotension, bradycardia, and increased right 
atrial pressure (RAP) associated with a stress event, such 
as tracheal suction, after surgical corrections (PHC 

Values for the Pao,/Fio, ratio (PIF ratio), RAP, left 
atrial pressure (LAP), and mean arterial pressure (mAP) 
just before NO inhalation were designated pre-NO. Val- 
ues at the end of 15 min after NO inhalation were des- 
ignated post-NO. 

Inhaled NO (400 ppm in nitrogen; Taiyo-Toyo Sanso 
Co. Ltd., Osaka, Japan) was introduced via a T-piece 
connector downstream of a humidifier in the inspiratory 
limb of a breathing system connected to a constant flow 
respirator (BP2001, Bear Medical Systems, Inc., River- 
side. California, U.S.A., or Newport E150, Newport 
Medical Instruments, Inc., Newport Beach, California, 
U.S.A.). It was initially administered at a concentration 
of 10 pprn for 15 min (10). All patients were supported 

group). 
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TABLE 1. Putient characteristics 

Precorrection Postcorrection Duration of 
Patient inhaling NO 

no. Sex Age Diagnosis" PplPr QplQs RpRs PpPs Qp/Qs RplRr Status" (h )  

PH group 
I M 
2 F 
3 F 
4 F 
5 M 
6 M 
7 F 
8 F 
9 F 

10 M 
1 1  F 
12 F 
I3 M 
14 M 
15 M 
16 F 
17 F 
Mean ? SD 

PHC group 
1 F 
2 M 
3 F 
4 F 
5 M 

Mean ? SD 

I2 days 
18 days 
I 6  days 
17 days 
17 days 
2 months 
3 months 
4 months 
7 months 
8 months 
10 months 
8 days 
8 monthr 
7 days 
26 days 
14 days 
20 days 

1 months 
I0 months 
5 months 
2 months 
18 days 

TGA(1) 
CoA, DORV. PDA, PFO 
TAPVC(la + 111) 
TAPVC(II1) 
TAPVC 
CoA, DORV, AS 
CoA, VSD, SAS, PFO 
VSD. ASD. PDA 
DORV, CoA, PDA 
VSD 
CAVC 
LV tumor 
VSD. PFO 
TGA(I), PDA 
CoA, VSD, PDA 
IAA, VSD, PDA, SAS 
CoA, VSD. PFO 

TGA(II), PDA 
cTGA, VSD 
DORV 
DORV, ASD 
VSD, PDA, PFO 

0.71 

0.89 

0.86 
1.08 
0.83 
0.46 
0.83 
0.92 
0.50 
0.90 

0.59 

0.78 

0.7 I 
0.82 
I .OO 
0.92 
0.82 

1.18 

2.50 
3.10 
3.74 
2.26 
2.65 
2.08 

2.44 

13.59 

9.16 

2.99 
4.45 
3.70 
4.24 

0.75 

0.34 

0.22 
0 18 
0.26 
0.34 

0.30 

0.03 

0.09 

0.24 

0.24 
0.15 
0.22 
0.22 

0.42 
0.47 
0 64 
0.51 
I .06 
0.44 
0.62 
0.54 
0.40 
0.41 
0.40 
0.80 
0.40 
0.80 
0.40 

0.41 
0.87 

0.39 
0.39 

0.39 
0.27 

1.25 
1 .OO 
1 .00 
I .OO 
1.50 
I .30 
1 s o  
0.98 
I .56 
0.83 
1.38 
I .00 
1.20 
1.02 
I .04 
I .86 
0,')s 

1.24 
1.20 
1.15 
1.26 

0.33 
0.47 
0.64 
0.51 
0.66 

0.41 
0.55 
0.24 
0.50 
0.28 

0.31 
0.78 

0.47 
0.41 

0.34 

0.80 

0.35 

0.32 
0.33 
0.24 
0.32 

A 58 
A 389 
A I l l  
A 47 
D 208 
D I47 
A 103 
A 57 
A 444 
A 10 
A 86 
A 259 
A 48 
A 40 I 
A 90 
D 342 
A 29 

170+ 140 

A 24 1 
A 97 
A 55 
A 52 
A 82 

105 2 70 

" TGA. transposition of great arteries: CoA, coarctation of aorta: DORV, double outlct of right ventricle; PDA, patent ductus arteriosus: PFO, patent foreman ovale: 
TAPVC, total anomalous of pulmonary venous connection: AS, aortic stenosis: VSD, ventricle septa1 defect: SAS, subaoltic atenosis: ASD. atrial Feptel defect: CAVC. 
common atrioventricular canal; LV, left ventricle; cTGA, corrected transposition of great arteries. 

" A, alive: D, dead 

with dobutamine or dopamine (3-5 bg/kg/min). The in- 
spired oxygen fraction was adjusted to keep Pao, at ap- 
proximately 100 mm Hg. 

All patients continued to receive the gas therapeuti- 
cally. The dose was gradually decreased to 1 ppm, and 
the gas was discontinued when clinical recovery allowed. 
The duration of inhalation was from 29 to 444 h, with an 
average of 169 h, in the PH group and from 52 to 241 h, 
with an average of 140 h, in the PHC group. The effect 
on the duration of NO inhalation of each hemodynamic 
parameter, including preoperative catheterization values 
and the intraoperative measurements taken after surgical 
correction, was analyzed statistically. The intraoperative 
hemodynamic measurements were made after patients 
were weaned from cardiopulmonary bypass. Qp/Qs and 
Rp/Rs were calculated using the standard formulae: 

QP/Qs = (CaO, - CW.O~)/(CIAO~ - CpAOd 
Rp/Rs = (Pp/Ps)/(Qp/Qs) 

Blood oxygen content was measured using a cooxymeter 
(OSM3; Radiometer, Copenhagen, Denmark). 

In addition, the blood methemoglobin level was mea- 
sured several times a day during NO inhalation. The 
concentrations of NO and NO, were measured just be- 
fore the intratracheal tube was inserted several times a 
day. The concentration of NO, did not exceed 0.1 ppm at 
any time. 

All values are presented as mean k standard deviation 
(SD). A paired Student's t-test was used for statistical 
analysis of the values before and after the 15 min inha- 
lation of NO. Simple linear regression analysis was used 
to compare the duration of therapeutic NO inhalation 
with measurements obtained by preoperative catheteriza- 
tion and with measurements of intraoperative hemody- 
namic parameters; p values of less than 0.05 were con- 
sidered significant. 

RESULTS 

Compared with the PHC group, which had no PH, the 
PH group exhibited low RAP, LAP, and mAP and poor 
oxygenation before NO administration (Figs. 1 and 2). In 
the PH group, the post-NO value for RAP was signifi- 
cantly lower than the pre-NO value. LAP and mAP in- 
creased slightly after NO inhalation, but not signifi- 
cantly. The post-NO value for the P/F ratio was 
significantly higher than the pre-NO value (Fig. I ) .  

Qualitatively similar, but more pronounced changes 
were obtained in the PHC group. In addition, no recur- 
rence of severe PHC was found in any patient after NO 
administration (Fig. 2). 

All patients continued to receive NO therapeutically. 
Table 2 shows that the duration of NO inhalation was 
well correlated with postoperative Qp/Qs (p = 0.014) 
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FIG. 1. Changes in RAP, LAP, mAP, and P/F ratio between pre- 
and post-NO inhalation in the pH group are shown. 

and Rp/Rs (p = 0.029). The blood methemoglobin level 
was 2.5 f 1.59 in the pH group and 3.4 f 2.2% in  the 
PHC group. I n  some patients, the maximum level 
reached was above 5%. 

DISCUSSION 

Our study demonstrates that inhaling 10 ppm NO for 
a 15 min period significantly reduced RAP without de- 
creasing mAP in the PH group and significantly reduced 
the RAP while increasing mAP and LAP in the PHC 
group, both groups being pediatric patients who under- 
went surgical correction for congenital heart disease 
(Figs. 1 and 2). Congenital cardiac disease that increases 
pulmonary blood flow or causes pulmonary venous ob- 
struction may induce hypertrophy of pulmonary artery 
smooth muscle and pulmonary vasoconstriction ( 5 ) .  Of 
the 17 patients in the PH group, 10 were neonates, and of 
the 5 patients in the PHC group, 2 were neonates. The 
remaining 10 patients in both groups had the greatest 
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FIG. 2. Changes in RAP, LAP, mAP, and P/F ratio between pre- 
and post-NO inhalation in the PHC group are shown. 

level of PH. Despite the heterogeneity of the patient 
population, inhaling NO produced a consistent improve- 
ment in the pulmonary circulation. 

All patients continued to receive NO therapeutically. 
Table 2 shows that the duration of this NO inhalation 
was well correlated with the postoperative Qp/Qs (p = 

0.014) and Rp/Rs (p = 0.029) in the PH group. The 
presence of a residual left-to-right shunt through the pe- 
riphery of a closure patch for atrial or ventricular septa1 

TABLE 2. Factors’ effects on diiration qf inhaling NO in 
PH group 

P 

Precorrection 
PplPs 
Qp/Qs 

PpIPs 
Qp/Qs 

RpRs 
Postcorrection 

RpIRs 

0.236 
0.167 
0.42 I 

0.606 
0.014 
0.029 
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defect and persistent pulmonary hypertension were indi- 
cations for prolonging NO inhalation. A residual intra- 
cardiac shunt may be the deteriorative factor for the cir- 
culation, because it increases the preload for both 
ventricles and may cause heart failure. There was no 
good correlation between preoperative parameters, in- 
cluding PpPs, Qp/Qs, or RpRs, and the duration of NO 
inhalation. In this PH group, 3 patients who had either 
mild Qp/Qs (1.3 and 1.56 in Patients 6 and 9, respec- 
tively) or high Rp/Rs (0.66 in Patient 5 )  showed symp- 
toms of a PHC, despite extended inhalation of NO. We 
advise caution in the use of inhaled NO for a patient who 
has a high Rp/Rs and also some residual intracardiac 
shunt because there may be no advantage in using the 
pulmonary dilator. 

Existing therapies for PHC are manual hyperventila- 
tion with oxygen, adequate sedation, use of a vasodilator 
(13,14), and extracorporeal membrane oxygenation (15). 
In our study, NO inhalation was initiated early against 
the symptoms of PHC, and all cases showed improve- 
ment in their hemodynamic values within the short study 
period. Furthermore, prolonged inhalation of a low dose 
of less than 10 ppm NO prevented the recurrence of PHC 
in the patients who had a Pp/Ps of less than 0.4 although 
3 patients in the PH group exhibited recurrent PHCs 
during extensive NO inhalation. 

The rise in the P/F ratio occurred probably because 
NO dilated pulmonary vessels and improved capillary 
flow over well-ventilated alveoli, improved the imbal- 
ance in the ventilation-perfusion ratio, and improved the 
blood gas status (16,17). In the PH group, the present 
results were obtained by improving the prolonged PH. 
More pronounced changes were obtained in the PHC 
group who showed symptoms of pulmonary constriction. 

It is unlikely that there was any pulmonary injury, 
which would be associated with NO, inhalation, in the 
patients who were treated with less than 10 ppm NO for 
1 0 4 4 4  h. In adults, it is very rare for NO administration 
to cause an increase in the blood methemoglobin level 
above 2%, but many of our infants showed a higher 
level. Therefore, the blood methemoglobin levels in in- 
fants should be frequently measured during NO inhala- 
tion. 

CONCLUSION 
Low-dose inhalation of 10 ppm NO improved the pul- 

monary circulation and lessened the imbalance in the 
V/P ratio of pediatric patients with residual PH or symp- 
toms of a postoperative PHC after surgical repair. NO 
inhalation is effective in the treatment of PH and in the 
prevention of PHC after total correction for congenital 
heart anomalies. All patients continued to receive NO 
therapeutically. The duration of such therapeutic NO in- 

halation was well correlated with postoperative Qp/Qs 
and RpRs. 
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