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Acute Effect of Oral Prostacyclin and
Inhaled Nitric Oxide on Pulmonary
Hypertension in Children
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The hemodynamic effects of acute oral administration of a newly-developed prostacyclin analogue
(beraprost sodium; 1-2 pg/kg), inhaled nitric oxide (NO; 20 ppm) and tolazoline hydrochloride (1 mg/kg)
were measured in 17 children (mean age 1 year and 9 months) with pulmonary hypertension complicating
congenital heart disease or primary pulmonary hypertension. Beraprost, NO and tolazoline achieved ap-
proximately equivalent reductions in pulmonary vascular resistance (20%, 26 % and 18%, p<0.05), but
the greatest percentage decrease of pulmonary to systemic resistance ratio was obtained after administra-
tion of NO (33%, p<0.05). Furthermore, combined administration of beraprost and NO produced the
maximum effect of pulmonary vasodilation without adverse effects (49%). Beraprost appears to be an
effective and available substitute for NO and tolazoline in screening for pulmonary vasodilator respon-
siveness. The combined use of beraprost and NO may provide an alternative treatment for pulmonary
hypertension in children without serious complications.
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INTRODUCTION

Nitric oxide (NO) and prostacyclin (PGIL) are
known endothelial products that are released from
the endothelium in sufficient quantities to achieve
relaxation and hyperpolarization in blood vessels.
Intravenous PGL?” and inhaled NO®*'» have been
successfully used for the treatment of pulmonary
hypertension. However, intravenous PGI: has major
drawbacks because of systemic hypotension, and is
limited in use especially in children'V. We report the
hemodynamic effects of acute oral administration of
a newly-developed prostacyclin analogue (berap-

Congenital heart disease,

Prostacyclin (analogue, oral)

rost sodium : Procylin®) and inhaled NO in chil-
dren with pulmonary hypertension complicating
congenital heart disease or primary pulmonary hy-
pertension in comparison with the conventional va-
sodilator tolazoline.

METHODS

Patient population ,

Seventeen patients (mean age 1year and 9
months, range 4 months—6 years) suffering from
pulmonary hypertension were evaluated. Eight pa-
tients had preoperative congenital heart disease and
eight had postoperative disease. The diagnoses were
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Selected abbreviations and acronyms

mPAP=mean pulmonary artery pressure
mSAP=mean systemic arterial pressure

NO =nitric oxide

Pp/Ps=pulmonary to systemic pressure ratio
PGL=prostacyclin

PVR =pulmonary vascular resistance
Qp/Qs=pulmonary to systemic blood flow ratio
Rp/Rs=pulmonary to systemic resistance ratio

TSR =total systemic resistance

ventricular septal defect in 12 patients, atrial septal
defect in 3, and patent ductus arteriosus in 1. Four
patients were also diagnosed as having 21 trisomy.
One patient with primary pulmonary hypertension
was also included. The diagnosis of pulmonary hy-
pertension was established by the presence of a
mean pulmonary artery pressure of higher than
20 mmHg. Patients with Eisenmenger’s syndrome
were excluded in this study.

Drug testing protocol

All evaluations were performed in the
catheterization laboratory of Toyama Medical and
Pharmaceutical University. Informed consent was
obtained from the parents of the patients before en-
rollment in this study. Any drug suspected of having
the potential to vasodilate the pulmonary vascular
bed was discontinued at least 2 days before the
study; all medications were withheld on the morn-
ing of the catheterization. Right and left heart
catheterization was performed on all patients using
standard techniques. Baseline hemodynamics were
obtained using the Fick principle prior to drug ad-
ministration. Vascular resistance and central shunt
were determined with standard formulae, and resis-
tance was indexed to body surface area'?.

The vasodilator protocols were as follows.
Tolazoline hydrochloride (Imidarin®) was infused
continuously into the pulmonary artery at a total
dose of 1 mg/kg for 4 min, and the hemodynamic
measurements were repeated immediately after the
infusion. NO was inhaled at 20 ppm with Flo: 0.3,
and the hemodynamic variables were obtained after
10 min inhalation. Beraprost was administered at a
dosage of 1-2 ug/kg, and the hemodynamic mea-
surements were repeated 30 min after administra-
tion. Furthermore, four of the patients received

combined administration of beraprost and inhaled
NO (20 ppm). After each agent was administered,
sufficient time was allowed for the hemodynamic
values to return to the baseline before the next agent
was administered.

Nitric oxide delivery system

Nitric oxide gas was mixed with oxygen shortly
before introduction into the reservoir of a
nonrebreathing mask worn by the patients. This sys-
tem allowed separate regulation of the inspired con-
centrations of NO as quantified by chemilumines-
cence (CLD 700 AL med ECO PHYSICS, Durnten)
and oxygen. Exhaled gases, as well as those dis-
charged from the chemiluminescence instrument,
were scavenged.

Comparison of vasodilator responses

Data are presented as mean =+ standard devia-
tions (SD). The hemodynamic responses to each va-
sodilator were evaluated by calculating the percent-
age change in pulmonary vascular resistance (PVR)
and mean pulmonary artery pressure (mPAP). Pa-
tients who exhibited a decrease of at least 15% in
calculated PVR to a test agent were classified as “re-
sponders™; all other patients were classified as
“nonresponders”. Statistical analysis was per-
formed using the ANOVA test, and a p value of less
than 0.05 was taken as significant.

RESULTS

Baseline hemodynamic profile

In all patients, resting mPAP was abnormally
high (40.9 £ 14.4 mmHg, range 25-68 mmHg), and
PVR was also high (6.8+5.4 Um? range 3.1-
19.9 Um?). Pulmonary to systemic pressure ratio
(Pp/Ps), resistance ratio (Rp/Rs) and blood flow ra-
tio (Qp/Qs) were 0.41-1.03 (0.62+0.24), 0.18-
0.78 (0.41£0.23) and 0.97-3.49 (2.25+£1.15), re-
spectively.

Vascular responses
Comparison of responses
beraprost and nitric oxide
Tolazoline, beraprost and NO elicited a vasodila-
tor response in 14, 14 and 16 of the patients, respec-
tively. Although three patients responded to neither
tolazoline nor beraprost, two also had 21 trisomy
(Table 1), only one of whom did respond to NO.
Two of the three nonresponders also had 21 tri-

to tolazoline,
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Table 1 Nonresponders to administration of tolazoline, beraprost and NO

PVR (Um?)
Case Age Diagnosis
Baseline Tolazoline Beraprost NO
1 5m VSD, 21 trisomy 6.3 NR NR —23%
2 ly6m VSD 9.4 NR NR NR
3 Sy p/oVSD, 21 trisomy 4.8 NR NR NR
y=year(s); m=months; VSD=ventricular septal defect; NR =no response.
mmH
o mPAP mSAP o Pp/Ps
80 08
70 4|- 07
60 o [
50 05
40 04 J
30 J 034 Fig.1 Mean values * standard deviation (SD) of
mPAP, mSAP and Pp/Ps recorded at baseline af-
s 024 ter administration of tolazoline, beraprost and
10 4 0.1 J NO
o T T Y 1 1 v . . : 0 y y T 1 There were no significant decreases in mPAP,
Baseline Beraprost Baseline  Beraprost Baseline Beraprost mSAP and Pp/Ps after each drug administration
Tolazoline No Tolazoline No Tolazoline NO compared to the baseline.

somy. Tolazoline, beraprost and NO elicited a de-
crease only in PVR without decrease in mPAP, in
four, three and two patients, respectively. Con-
versely, none of the responders showed a decrease
only in mPAP without decrease in PVR.

Effects of vasodilators on mean pulmonary ar-

terial pressure and mean systemic arterial

pressure

After administration of tolazoline, beraprost and
NO, a slight but insignificant decrease was observed
in mPAP and Pp/Ps (Fig. 1). No significant differ-
ences were observed in the percentage change of
mPAP and Pp/Ps between the vasodilators (Fig. 2).
In addition, tolazoline, beraprost and NO did not
produce systemic vasodilation and did not change
the mean systemic arterial pressure (mSAP; Figs. 1,
2).

Effects of vasodilators on pulmonary vascular

resistance and total systemic resistance

Tolazoline, beraprost and NO achieved approxi-
mately equivalent reductions in PVR, from 6.8 +5.4
to 4.9+3.2, to 4.8+3.1 and to 4.9+3.0 Um?, re-
spectively (20%, 26% and 18%, p<0.05). Rp/Rs
also decreased from 0.41+0.23 to 0.26+0.72, to
0.271+0.65 and to 0.26+0.60, respectively (p<
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0.05; Fig. 3). Although no significant differences
were observed in the percentage decrease of PVR
between the vasodilators, the greatest percentage
decrease of Rp/Rs was obtained after administration
of NO (p<0.05; Fig. 4). In addition, NO did not
cause reduction of total systemic resistance (TSR),
whereas a modest reduction of TSR was recognized
after administration of beraprost. NO is a more se-
lective pulmonary vasodilator than beraprost.

Effect of drugs on Qp/Qs

After administration of each vasodilator, Qp/Qs
increased modestly, and the percentage change of
Qp/Qs was the greatest with NO. In patients with
intracardiac shunts, NO increased left-to-right shunt
and pulmonary blood flow with reduction of pulmo-
nary vascular resistance, without decrease of pul-
monary arterial pressure (Fig. 5).

Effects of combined administration of

beraprost and nitric oxide

In addition to beraprost, inhalation of 20 ppm NO
was administered in four patients. The greatest de-
crease of PVR (49%) was observed with combined
administration of NO and beraprost in all four pa-
tients. Although 100% oxygen inhalation did not
elicit reduction of pulmonary artery pressure (PAP)
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or PVR in the patient with primary pulmonary hy-
pertension, NO and beraprost reduced PAP and
PVR to the same extent and similarly increased car-
diac index from 2.8 to 3.2 //min/m? (Fig. 6). Fur-
thermore, the maximum reductions of PAP and
PVR were achieved by combined administration of
NO and beraprost, and the cardiac index increased
dramatically to 4.1 //min/m?.

The vasodilating effect of NO developed rapidly
after the administration, and returned to the baseline
within minutes of cessation. In contrast to NO inha-
lation, beraprost acted gradually on pulmonary vas-
cular bed, and the maximum effects of vasodilation
were observed from 15 to 30 min after administra-
tion. No adverse effects such as systemic hypo-
tension were observed during the administration of
each vasodilator.

DISCUSSION

The continuous intravenous infusion of PGI: has
been used successfully for the treatment of primary
pulmonary hypertension and pulmonary hyper-
tensive crisis after operation?”. Unfortunately, in-
travenous PGl lacks specificity for the pulmonary
circulation and its use is frequently limited by the
systemic hypotensive effect, especially in chil-
dren!?. Furthermore, since intravenous PGI: is un-
stable at pH values below 10.5, it cannot be given
orally, and continuous intravenous infusion is nec-
essary because of its short half-life in the blood™.
Long-term use is limited by the complex delivery
system of continuous infusion and potential compli-
cation of sepsis caused by central venous catheters,
especially in children'®.

J Cardiol 1997; 29: 217-224
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Recently, aerosolized PGL. has been shown to
cause selective pulmonary vasodilation in patients
with adult respiratory distress syndrome'® and in an
infant with primary pulmonary hypertension'®.
However, long-term treatment with aerosolized
PGI: has not been performed because no nebulizer is
available which allows reliable control of the
amount of drug to avoid the potential hazards of an
accidental PGI: overdose, i.e., systemic hypotension
due to spillover of PGL into the systemic circula-
tion.

The newly-developed oral prostacyclin analogue,
beraprost, is a stable agent with a PGL:-like struc-
ture, causes strong vasodilation, and inhibits platelet
aggregation and adhesion in humans and experi-
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Tolazoline Beraprost
* p<0.05

significantly different (p<0.05) compared to
that with NO.
Abbreviation as in Fig. 1.

NO

mental animals'”. Clinical studies indicate the use-
fulness of beraprost in patients with peripheral vas-
cular diseases'®, and the clinical effectiveness of
the drug is probably due to the vasodilating,
antithrombotic, and platelet disaggregating effects.
The biological half-life of the drug administered
orally to healthy volunteers is 60 min, which is
much longer than intravenous PGL. Accordingly,
beraprost appears to be an effective and available
substitute for oral vasodilators and continuous intra-
venous infusion of PGL in the treatment of primary
pulmonary hypertension for both shert- and long-
term management'?. In this study, beraprost pro-
duced an approximately equivalent effect of pulmo-
nary vasodilation to NO, and combined administra-
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Fig. 6 Hemodynamic effects of combined administration of beraprost
and NO in a representative patient with primary pulmonary
hypertension

Hemodynamic variables were recorded at baseline after ad-
ministration of 100% oxygen, NO alone, beraprost alone, and
both NO and beraprost administered simultaneously. The
maximum reduction of mPAP and PVR was achieved by com-
bined administration of NO and beraprost with the maximum
cardiac index of 4.1 //min/m>

tion of beraprost and NO showed the maximum effi-
cacy in reduction of PVR and mPAP with sufficient
increase of cardiac index. Although we have shown
that combined therapy with beraprost and NO is su-
perior to prostacyclin alone or NO alone, no com-
parative data of combined therapy have been re-
ported.

In this study, NO did not elicit reduction of total
systemic resistance, whereas modest reduction of
TSR was recognized after administration of
beraprost, so NO is a more selective pulmonary va-
sodilator than beraprost. However, no serious sys-
temic hypotension was observed during administra-
tion of beraprost even in this study group of infants

and children, which has been frequently reported in
the treatment of intravenous infusion of PGL.

The conventional management of pulmonary
hypertensive crisis includes administration of
tolazoline, and which has been widely used in in-
fants and children®2b. However, due to the preva-
lence and severity of side-effects and its prolonged
duration of action, tolazoline is not considered the
ideal agent?. Our study shows that NO may offer
more than a pharmacologic alternative to increased
tolazoline dosage if tolazoline proves to be insuffi-
cient.

In one of the three patients defined as
nonresponders, vasodilation was observed in re-
sponse only to NO. This implies that there is endo-
thelial dysfunction or that the diminished reponse to
beraprost is due to increased background PGI. re-
leased by the endothelium stimulated by high flow,
leading to maximal relaxation of the underlying
smooth muscle?. Furthermore, in the nonresponder
both to NO and beraprost, endothelial cell injury
and a more advanced stage of pulmonary vascular
disease may have been present. Two of the three
nonresponders had 21 trisomy. Morphological
study of the pulmonary artery in pulmonary hyper-
tension indicated that intimal changes developed at
an earlier age in patients with 21 trisomy, and were
more severe than in those without 21 trisomy?®.
These results imply that nonresponders to vasodila-
tors may be frequently found in patients with 21 tri-
somy because of the characteristic morphological
differences in pulmonary arteries.

CONCLUSION

The acute effect of beraprost to relieve pulmo-
nary vasoconstriction compares favourably with
that of inhaled NO, which appears to be an effective
and available substitute for tolazoline and NO in
screening for pulmonary vasodilator responsiveness
in children. In addition, the combined use of
beraprost and NO may serve as an alternative treat-
ment for pulmonary hypertension in children.
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