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Clinical Response to Inhaled Nitric Oxide in Persistent Pulmonary

Hypertension of the Newborn

We observed clinical response to inhaled nitric oxide (iNO) in 12 neonates with
persistent pulmonary hypertension of the newborn (PPHN). Clinical response
was defined as a decrease in oxygenation index (Ol) by 40%. Ten of 12 neo-
nates had response to iINO showing decrease Ol from 46.1+7.6 to 144+6.8
at 1 hour after inhalation. Sustained improvement of Ol was achieved in 8 neo-
nates and two neonates were relapsed. In the group of neonates who had Ol
above 40 (n=7), 6 of them showed the decrease of Ol from 66.1 4.8 to 18.3+
8.0 at 1 hour. In two groups, one had Ol of 40 or greater, and the other Ol
of 40 or less, there were no differences in pattern of response and early death
rate. The response rates according to underlying diseases were as follows; idio-
pathic PPHN 100%, respiratory distress syndrome 100%, and diaphragmatic
hernia 66.7%. Relapse was observed in one neonate with sepsis caused by
pneumonia and in one infant with meconium aspiration syndrome. Two infants
showed no response to iINO (one diaphragmatic hemia and one suspected pul-
monary hypoplasia). We conclude that iNO therapy could improve oxygenation
in high percentage of newborn infants with severe PPHN of various underlying
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conditions except pulmonary hypoplasia.

INTRODUCTION

Persistent pulmonary hypertension of the newborn
(PPHN) is a clinical syndrome, which has unknown
causes in most cases. It has developed pulmonary hypet-
tension, resulting R-L shunt through patent ductus arte-
riosus ot patent foramen ovale. These R-L shunt related
to increased pulmonary vascular resistance cause critical
hypoxemia. On the other hand, various pulmonary dis-
orders, such as meconium aspiration syndrome, paeumo-
nia, pulmonaty hypoplasia, and respiratory distress syn-
drome form intrapulmonary R-L shunt and cause severe
hypoxic respiratory failure (1-3). Curtent therapies (4)
with good oxygenation, alkalization, and vasodilation for
PPHN ate aimed at loweting pulmonary vascular resis-
tance. For the cases of no response to these manage-
ments, extracotporeal membtane oxygenation (ECMO)
should be considered. Vasodilator drug therapies have
been limited by the lack of the pharmacologic agents
with selective and sustained pulmonaty vasodilating
effects without adverse systemic hemodynamic actions
(4). Moreover they are not effective for severe parenchy-
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mal lung disease and systemic hemodynamic collapse.
Also ECMO which is a very expensive and invasive pto-
cedure has many limitations (5). The results of all these
therapies are not favorable. It has been reported that the
incidence of residual lung disease and neutologic sequelae
was high in infants survived from PPHN (6, 7).
Recent studies have suggested that endogenous vaso-
dilator NO might be a key factor responsible for the
decline of pulmonaty vascular resistance at birth and that
decreased production of endogenous NO caused by endo-
thelial dysfunction may play a critical role in the evolu-
tion of PPHN (8-10). Therefore, exogenous NO in the
form of INO gas has been regarded as an attractive new
selective pulmonaty vasodilator in the management of
PPHN. After eatly teports of effective NO therapy in
PPHN (11, 12), many clinical trials have been following.
We previously demonstrated that iNO could selec-
tively lower the pulmonaty artery pressure in the new-
born piglet with induced hypoxic pulmonaty hyperten-
sion (13). And as the first clinical report in Korea, we
successfully treated 2 cases with PPHN after surgical
repait of congenital diaphragmatic hernia by using iNO
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(14). The objectives of this study were to observe the
acute effect and safety of INO and to evaluate the pat-
tern of response in severe PPHN of various causes.

MATERIALS AND METHODS

Study population

Between October 1995 and April 1997, 12 newborn
infants with severe PPHN were enrolled in this study.
PPHN was defined by the echocardiographic evidence of
pulmonaty hypertension based on the presence of right-
to-left shunt at ductus arteriosus or foramen ovale, ot the
estimated right ventticular systolic pressure greater than
75% of the systemic systolic blood pressute, or by the
clinical evidence of difference in oxygen saturation mote
than 10% between ptre- and postductal circulation.

As initial treatment of PPHN, we started with con-
ventional mechanical pressure-limited ventlator (Infant
Star, Infrasonics Inc. USA), inotropic agents (dopamine
and dobutamine) and sedating drugs (fentanyl, midazol-
am) with occasional paralysis with pancuronium. In the
case of treatment failure with these managements, we
changed the ventilator to high frequency oscillatoty ven-
tilator (HFOV, SensorMedics 3100A, Metran Humming
V). INO therapy was introduced to the twelve neonates
with PPHN who failed to improve oxygenation with full
consetvative management.
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Fig. 1. Diagram of NO delivery system with mechanical venti-
lator: NO in nitrogen gas was injected into the inspiratory line
above humidifier of ventilator with a regulated pressure after
passing 3 staged regulator. The concentrations of NO and NO;
in the inspiratory limb of the circuit of ventilator just before entry
to the E-tube were monitored by using electrochemical ana-
lyzer. The concentrations of NO and NO. around the air of
expiratory line of ventilator were also measured.
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Administration and monitoring of iNO

The NO gas was obtained as a gas in balance nitrogen
in a concentration of approximately 800 ppm (Kotea In-
dustrial Gases). This source is certified to be under 2%
etror of the analyzed component (NO) and to contain less
than 5 ppm nitrogen dioxide. For NO gas delivety, we
used Massmixer (Metran, Japan) delivery system and
three staged stainless steel diffusion-free regulators spe-
clally invented at the Department of Medical Engineering
of Samsung Medical Center (Fig. 1, soutce; J Kor Pediatr
Soc 1997;40:1397). NO soutce gas was connected at a
regulated pressure by means of teflon tubing to the input
port of the flowmeter and was then injected at the
desired flow rate into the inspiratory line of ventilator
circuit by using a specially designed adapter fitted within
25 cm from the endotracheal tube, thus mixing the NO
gas with the fixed flow rate of circuit gas. We gradually
increased the dose of NO until the clinical response
occutred, starting from 6 ppm to maximum 80 ppm, and
then kept the lowest effective dose of INO. The gas mix-
ture sampled from the site between the entty to the
inspitatoty circuit and the infant’s endotracheal tube was
analysed for nitric oxide and nitrogen dioxide with elec-
trochemical analysers (Pulmonox, Draeger, USA). We
kept the level of nitrogen dioxide less than 5 ppm. Dut-
ing iNO therapy, monitoting of artetial blood methemo-
globin concentration was done every 24 hours with a
co-oximetet model IL-482 (Instrumentation Labotatoty
Co. Italy).

Outcome measures

PaQ; and associated FiQ,, ventilator settings, and oxy-
genation index (OI; percent inspired oxygen X mean ait-
way pressure/descending aortic oxygen temsion) were
tecorded at baseline, 0.5, 1, 2, 6, 12, 24, 48, 72 hr after
INO administration.

Reduction of QI of 40% ot more after INO was de-
fined as clinical response. The pattern of response was
categorized as rapid, intermediate, and delay according
to the time of clinical response, within 1 hour, within
6 hours and after 6 houts, respectively. Those cases who
had shown initial clinical response and then detetiorated
wete classified as “relapses”.

RESULTS

Characteristics of patients

Twelve newborn infants with a broad spectrum of
diagnosis within the clinical entity of PPHN wete given
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Table 1. Demographic data on the 12 neonates with PPHN studied

BW GA Baseline

Ql NO (ppmy) Duration

Patient (o)} (week) Diagnosis Ol at initial response  at initial response  of iINO (hour) Qutcome
Rapid responders (n=7)
1. 3,800 47 CDH 81 17.9 67 384 dead™
2. 3,370 39 CDH 68 11.8 12 84 survived
3. 2,900 39 Pn 13.2 33 36 29 dead™®
4. 4,190 40 idiopathic 20.8 53 12 72 AMATS
5. 2,540 36*° idiopathic 62 1.7 50 5 dead’
8. 3,360 39" RDS 68 8.4 6 120 survived
7. 3,070 36"° idiopathic 447 8.7 9 30 survived
Intermediate responders (n=2)
8. 1,769 317 RDS 36.8 17.6 24 30 survived
9. 824 26" RDS 51.4 297 36 240 AMATS
Delayed responder (n=1)
10*. 3,660 40 MAS 154 6.9 15 316 survived
Nonresponders (n=2)
11. 3,355 41 CDH 24.3 - - 72 dead’
12. 3,350 40" lung hypoplasia 39.8 - - 24 dead’

Abbreviations: CDH, congenital diaphragmatic hemia; Pn, pneumonia; RDS, respiratory distress syndrome; MAS, meconium aspiration

syndrome; idiopathic, idiopathic PPHN.
*: relapse,

T+ early death due to PPHN itself, T: late death after recovery from PPHN (the causes of deaths; 1. Respiratory-Syncytial

virus pneumonia 2. post-operative sepsis 3. discharge against medical advice).

a trial of INO between October 1995 and Aptil 1997.
Their mean gestational age and birth weight wete 37.5
+1.3 weeks (range; 26.2-41.1 weeks) and 3016+268
kg (range; 824-4190 kg). Four neonates wete ptemature
babies. The undetlying diseases of PPHN were as fol-
lows; idiopathic PPHN (n=3), respiratory distress syn-
drome (n=3), congenital diaphragmatic hernia (n=3),
meconium aspiration syndrome (n=1), sepsis with pneu-
monia (n=1), and suspected pulmonary hypoplasia (n=1)
(Table 1). The mean baseline OI was 44.1 7.9 (range;
13.2-81) and seven neonates had baseline OI greater
than 40 (Table 2).

Table 2. Pattem of response according to baseline Ol

| > 4 | <4
O(n:7)0 O(n:5)o p value
Baseline Ol (mean=+SE) 66.14.8 21+4.2
Response (n) 6 4 NS
rapid 5 2 NS
intermediate 1 1 NS
delayed - 1
Relapse after response - 2
No respose (n) 1 1 NS
Early death*(n) 2 1 NS

* death due to PPHN itself.
NS: no significant difference between two groups p>0.05 by
Fischer's exact test.

Initial response to iINO

Ten (83.3%) out of 12 neonates had shown successful
initial response to iINO therapy. Seven neonates showed
rapid response, two intermediate, one delayed response.
The mean OI was decreased from 52.2+£11.5 to 144+
6.8, from 44.1+7.3 t0 22.9+6.8, and from 15.4 to 6.9
in rapid, intermediate, and delayed response group,
respectively. Percent reduction in OI of rapid and intet-
mediate response groups wete shown in Fig. 2. One with
rapid response and one with delayed response wete
relapsed, therefore sustained response rate was 80% (8
out of 10 initial responders).

Response according to baseline Ol

Seven neonates had baseline OI greater than 40. Six
out of those seven (6/7, 86%) had immediate dectease in
OI from 66.1+4.8 t0 18.3+£8.0 at 1 hr and all of them
had sustained improvement in oxygenation. The other 5
neonates had OI of less than 40, and theit mean OI was
22.1+4.2. They showed various responses; rapid, intet-
mediate, delayed response, relapse, or nontesponse. But
between the two groups (initial OI greater than 40 or
less than 40), there were no significant differences in
response patterns and eatly death rate related to PPHN
(Table 2).
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Fig. 2. Reduction of Ol in rapid and intermediate responsers.
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Response according to underlying diseases

Among our 12 neonates, there were three idiopathic
PPHN patients. All of them showed immediate and sus-
tained improvements in oxygenation. There were 3 respi-
ratoty distress syndrome patients; one was rapid tespon-
det and two wete intermediate responders. Thete was one
neonate who had sepsis with pneumonia and one neonate
with meconium aspiration syndrome. But these two
showed only initial response and relapsed. There were 3
neonates with congenital diaphragmatic hernia. Two of
them showed rapid and sustained tesponse and one of
them did not respond. The last one with suspected pul-
monaty hypoplasia did not show improvement in sys-
temic oxygenation.

Clinical outcome

Inhalation therapy of NO was started at 30.5112.2
ht after birth in average. The mean duration of inhalation
was 4.6+ 1.4 days; 5.111.6 day in responders and 2.0
+1.0 days in non-responders. The longest therapy lasted
for 16 days in one newborn infant with congenital dia-
phragmatic hernia. Mortality rate of PPHN in acute
phase was 25% (three out of 12 died). Three neonates,
i.e., two pulmonary hypoplasia and one idiopathic PPHN
with complicated pneumothorax died due to PPHN
before the recovery from PPHN. The acute stage
mortality rate was 28.6% (2/7) in newborn infants with
baseline OI greater than 40. Four neonates died after
recovery from PPHN. The causes of this late mortality
wete Respiratory-Syncytial virus pneumonia, post-opera-

tive sepsis and discharge against medical advice (Table 1).
During iNO therapy, there wete no significant adverse
effects on systemic citculation ot hemoglobin metabolism.
No one in this study had a systemic hypotension or
methemoglobin level of more than 3%. The mean met-
hemoglobin concentration was 2.4+0.6%.

DISCUSSION

Our study with 12 neonates showed that inhaled nittic
oxide improved gas exchange immediately in most cases
of PPHN. All patients except two cases with pulmonaty
hypoplasia had a marked initial improvement in oxygen-
ation in tesponse to iNO. In our study, 86% of the
patients who had baseline OI greater than 40 had acute
and sustained improvement in systemic oxygenation, and
theit mortality rate associated with PPHN was only
29%. Usually, the patients with OI greater than 40 pre-
dicted a risk of mottality of approximately 80 petcent
(15).

NO inhalation therapy has been used tecently after a
report of that EDRF is NO (16, 17). Recent studies indi-
cate that severe hypoxemia or increased vascular resis-
tance may directly impede the release of nitric oxide,
possibly contributing to PPHN (18). So inhalational NO
therapy appears to offer a possible alternative to the
traditional treatment for PPHN without devastating side
effects and hazards commonly seen with intravenous
agents and conventional mechanical vendlation. In 1991
short-term NO treatment was tried in newborn babies
by Robert et al. (11). Kinsella et al. (12) reported iNO
treatment on nine newborns with PPHN who wete
ECMO candidates. In that report, six patients had sus-
tained improvement in oxygenation and did not requite
ECMO (12). We saved 70% patients among the patients
who would be ECMO candidates with OI greater than
40 by out iNO treatment.

When administeted by inhalation, NO diffuses to vas-
cular smooth muscle from the alveolar side. Rapid and
avid binding of NO by hemoglobin decteases its avail-
ability for causing systemic vasodilation, allowing for
selective pulmonary vasodilation (19). In addition, because
NO is administered by inhalation, it will most effectively
dilate pulmonary blood vessels that are associated with
the best-ventlated lung units, enhancing ventilation-
petfusion matching (20). In out study, systemic oxygena-
tion was not collectively improved in patients with lung
hypoplasia or patients with severe diffuse lung disease,
such as meconium aspiration syndrome and pneumonia.
Therefore, oxygenation improvement were noted with
inhaled nitric oxide to a greater extent in patients with
well-aerated lung lesions because of an improved match
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in ventilation and petfusion. Karamanoukan et al. report-
ed a patient with congenital hypoplasia of the lungs due
to diaphragmatic hernia or oligohydramnios who did not
respond to inhaled nitric oxide (21). Our patients with
suspected pulmonaty hypoplasia and congenital diaphrag-
matic hernia were not improved oxygenation at inhala-
tional NO therapy and died.

Although the optimal roles for high-frequency oscilla-
tory ventilation and NO in PPHN treatment are uncleat,
some patients appeat to benefit from combined treat-
ment. In randomized trial comparing NO plus intermit-
tent mandatoty ventilation and HFOV by Waffarn, there
was a higher response rate in NO/HFOV group (22). In
our study, all patients received high-frequency oscillatory
ventilation, so we were not able to comment the effect
and role of HFOV in treatment of PPHN. But we could
not exclude the therapeutic effect of HFOV on NO treat-
ment in this study because of a higher response rate and
sutvival rate than those in any other study.

Progtessive deterioration after surfactant therapy occurs
in subsets of premature neonates with respiratory distress
syndrome (RDS), leading to severe pulmonaty hyperten-
sion with right-to-left shunting across the ductus artetio-
sus (23). Kinsella et al. reported that NO lowered pulmo-
nary vascular resistance and improved gas exchange in
severe expetimental hyaline membrane disease (24). This
suggested that an eatly use of low-dose inhaled NO could
play a role in the management of premature infants with
severe tespiratory failure untesponsive to exogenous sut-
factant therapy. In our present study, thete were three
patients with RDS, and one neonate improved oxygena-
tion within 1 hour and the other two within 6 houts.
One neonate with RDS had chronic lung change, who
received 19-day vendilator care and 36- day oxygen thet-
apy. But potential pulmonaty and systemic toxic effects
of NO in prematute infants are unknown. So we should
use NO treatment in premature infants carefully and
further studies about such side effects in prematute
subjects ate needed.

There has been little data published concerning res-
ponse time to inhaled NO in PPHN patients. Eatlier
reports described patients with an immediate and sus-
tained imptovement in oxygenation within 15 to 30 min
of starting NO inhalation (11, 12). In our study, there
wete 10 patients with initial tesponse, among 10 respon-
dets, seven patient showed a decreased OI within 1 hout.
Tutbow et al. reported that variable oxygenation res-
ponse was shown in severe PPHN (25). According to the
repott of Tutbow (25), infant with meconium aspitation
syndrome had a variable response time to NO, which is
likely related to the complex etiologies of their hypox-
emia. Patients with MAS often have obstructive airway
disease and severe parenchymal lung disease. This can
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lead to diffusion block and ventilation/petrfusion muis-
match, therefore NO may not effectively restore the ven-
tilation-petfusion relationship across atelectatic ot edema-
tous tespiratoty units (26). In our study, one newborn
infant with meconium aspiration syndrome was a delayed
responder, but later relapsed. One neonate with sepsis
caused by pneumonia had an immediate tesponse to iINO
but later relapsed. Therefore, decreased cardiac perfor-
mance and changes in systemic vascular resistance may
play a role in refractory hypoxemia associated sepsis (27).
In our study, thete wete 7 neonates with OI greatet than
40 and 5 neonates with OI less than 40. Between the
two groups, there were no difference in number of res-
ponders, rapid responders, nonresponders, and death
related to PPHN. So we thought that OI before iNO
treatment did not influence the pattern of tesponse to
iNO therapy in PPHN.

Although many pharmacologic vasodilators such as
prostacyclin and sodium nitroptusside ate also capable of
lowering pulmonaty vascular resistance, these agents
often lower systemic artetial pressure and dectease oxy-
genation in the presence of parenchymal lung disease by
aggravating ventilation-perfusion mismatch (28). No in-
fant showed systemic hypotension during iINO in our
study.

The principal concerns with toxicity of iINO therapy
relate to the ditect and indirect effects of NO and its
metabolites. NO therapy is known to have side effects
such as severe acute pulmonaty edema by nitrogen diox-
ide, potent oxidant, methemoglobinemia and platelet
dysfunction. It is essential that gas is monitoted during
thetapy. There are chemiluminescence and electrochem-
ical monitoring devices. The ideal monitoring device of
NO & NO; should be small and quiet, and provide pre-
cise, continuous real-time analysis with minimal sampling
volumes (29). We used an electrochemical monitoring
device. It is smaller and less expensive, for either nitric
oxide ot nitrogen dioxide available, and free of the prob-
lems associated with large aspirating volumes. We kept
the level of nitrogen dioxide at less than 5 ppm. During
INO treatment, methemoglobin concentration in blood
was less than 3% in all cases and there was no side effect
such as a methemoglobinemia.

According to recent multicenter trials by neonatal
inhaled nitric oxide study group (30, 31), inhaled NO
improved systemic oxygenation in infants with PPHN
and hypoxic respiratory failure, and reduced the needs for
ECMO, but had no apparent effect on mortality. ECMO
remains the choice of therapy for severe PPHN when
other therapy fails. But ECMO procedure is difficult to
petform in terms of technique, cost, equipment, and ex-
petience in many clinical settings. Therefore, we believe
that iNO can be a vety effective and relatively safe treat-
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ment modality in severe PPHN with easy application.
Also, from our clinical study, we have learned that there
are different patterns of response and survival rates in
sub-group according to the cause of PPHN. Therefore,
when we consider these results for the management of
PPHN, NO therapy will be mote effective in clinical
application.
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