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Abstract
Background The management of severe persistent pulmonary hypertension (PPHN) can be very challenging in many 
resource-limited centers without access to inhaled nitric oxide or extracorporeal membrane oxygenation.
Objectives The current study aimed to investigate the efficacy of oral sildenafil and intravenous milrinone infusion and 
compare the effects of these drugs in combination versus as monotherapy in neonates with PPHN.
Methods A double-blind randomized controlled trial was conducted in which neonates with PPHN were divided into three 
groups of 20 patients each: group 1 received oral sildenafil starting at 0.5 mg/kg every 6 h to a target maintenance dose of 
2 mg/kg every 6 h; group 2 received intravenous milrinone 0.5 μg/kg/min as a continuous infusion; and group 3 received 
both oral sildenafil and intravenous milrinone.
Results Post-treatment pulmonary artery systolic pressure was significantly lower in group 3 than in groups 1 and 2, 
which both received monotherapy (p = 0.031). The oxygenation index also decreased significantly in the dual-therapy group 
(p = 0.002) compared with the monotherapy groups. Combined use of both drugs demonstrated a beneficial synergistic effect 
with better outcomes and reduced mortality.
Conclusion Dual therapy using sildenafil and milrinone was superior to monotherapy with either drug in neonates with 
severe PPHN and is recommended for use in resource-constrained settings.
Registration Pan African Clinical Trial Registry identifier number PACTR201902691230243.
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Key Points 

Neonates with persistent pulmonary hypertension 
(PPHN) should ideally receive inhaled nitric oxide and 
extracorporeal membrane oxygenation.

In newborn care units lacking this gold standard therapy 
for PPHN, treatment comprises pulmonary vasodilators 
such as oral sildenafil or continuous intravenous infusion 
of milrinone.

In the current randomized controlled trial, sildenafil 
combined with milrinone was more effective at normal-
izing pulmonary artery pressure and improving survival 
rates than treatment with either of the two drugs as 
monotherapy.

1 Introduction

A series of circulatory events takes place at birth to ensure 
a smooth transition from fetal to extrauterine life. Clamp-
ing of the umbilical cord removes low-resistance placental 
circulation and increases systemic arterial pressure. Simulta-
neously, various mechanisms operate to rapidly reduce pul-
monary arterial pressure and increase pulmonary blood flow. 
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S5 ultrasound machine with a 7 MHz probe. M-mode, 2D, 
and color Doppler mode, with pulsed and continuous waves, 
were used to evaluate pulmonary artery pressure using the 
modified Bernoulli equation: pulmonary artery systolic 
pressure (PASP) = tricuspid regurgitation gradient + right 
atrial pressure (RAP), PASP = (Vmax

2 × 4) + RAP. Neonates 
with PPHN were those with PASP > 40 mmHg [5]. Tricus-
pid regurgitation was graded as mild, moderate, or severe, 
according to Go et al. [6].

2.2.2  Exclusion Criteria

We excluded neonates with any congenital heart disease, 
congenital diaphragmatic hernia, or lung anomalies and can-
didates for major surgical interventions.

The study population was randomized into the following 
three groups in a double-blind manner: group 1 received oral 
sildenafil starting at 0.5 mg/kg every 6 h with increments of 
0.5 mg/kg/dose and a target maintenance dose of 2 mg/kg 
every 6 h; group 2 received intravenous milrinone 0.5 μg/
kg/min as a continuous infusion; group 3 received both oral 
sildenafil and intravenous milrinone. Block randomization 
was conducted using web-based software [7] to assign a 
patient to one of the three groups in a 1:1:1 ratio and using 
sequentially numbered sealed envelopes. Drug therapy was 
administered for 14 days.

2.3  Endpoints

The primary endpoint was improvement of PASP after 24 h 
of treatment. Doppler echocardiography examination was 
done on day 1 (first 24 h) for all neonates included in this 
study. Follow-up Doppler echocardiography was performed 
after receiving medical therapy on the following schedule:

• within 24 h from the start of treatment
• as soon as possible for any case showing progressive res-

piratory distress and/or increased oxygen requirements
• follow-up was continued for 3 months according to the 

clinical condition of the case until clinical and echocar-
diographic improvement or death.

The secondary outcome was clinical improvement and 
fate during and until the end of the study duration.

2.4  Statistical Consideration

A sample size of 20 patients per group (total sample size 
60) was estimated as sufficient to provide statistical signifi-
cance with 80% power and at a significance level of 95% 
(accepted α error = 0.05) [8]. We used SPSS (Statistical 
Package for the Social Sciences) version 21 for statistical 
analysis. Since the Kolmogorov–Smirnov test of normality 

Of these, the most important stimuli appear to be ventilation 
of the lungs and increased oxygen tension [1].

Failure of the pulmonary circulation to undergo the 
normal transition after birth leads to persistent pulmonary 
hypertension (PPHN), which is characterized by an elevated 
pulmonary/systemic vascular resistance ratio resulting from 
either vasoconstriction, structural remodeling of the pulmo-
nary vasculature, intravascular obstruction, or lung hypo-
plasia. Right-to-left shunting of blood across the foramen 
ovale and ductus arteriosus results in hypoxemia and labile 
oxygen saturations [1].

The use of inhaled nitric oxide (iNO) therapy to obtain a 
sustained oxygenation response has a high failure rate, which 
has led to a search for other targets to enhance pulmonary 
vasodilatation. Two of the most promising therapies are oral 
sildenafil to stop cyclic guanosine monophosphate (cGMP) 
from degrading phosphodiesterase 5 and the use of intra-
venous milrinone to stop cyclic adenosine monophosphate 
(cAMP) from degrading phosphodiesterase 3 [2].

In developing countries, the high cost of iNO renders it 
unavailable; advanced ventilator support such as extracor-
poreal membrane oxygenation (ECMO) is also unavailable. 
This has necessitated a search for less expensive but effec-
tive therapies to allow the stabilization of neonates with 
PPHN [3].

Because many patients do not respond to monotherapy 
with milrinone or sildenafil, the current study aimed to 
investigate the efficacy of combined therapy.

2  Subject and Methods

2.1  Study Setting and Design

A double-blind randomized controlled trial (RCT) was 
conducted in the neonatal intensive care unit of Alexan-
dria University Children’s Hospital, a tertiary care hos-
pital. The study was registered in the Pan African Clini-
cal Trial Registry database [4] (identification number: 
PACTR201902691230243) and was approved by the insti-
tutional review board of the Faculty of Medicine, Alexandria 
University. Written informed consent was obtained from the 
legal guardian of all patients enrolled in the study.

2.2  Population

2.2.1  Inclusion Criteria

All newborn cases aged between 1 and 28 days, diagnosed 
with PPHN by echocardiography, and indicated for treatment 
were recruited for the study. A pediatric echocardiographer 
with 30 years of experience was blinded to the clinical trial 
groups and performed echocardiography using a GE vivid 
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revealed significance in the distribution of some vari-
ables, we adopted nonparametric statistics. Comparisons 
were conducted between independent subgroups with non-
normal distribution using the Mann–Whitney U test. The 
Kruskal–Wallis test was used if more than two independ-
ent subgroups were studied. When the Kruskal–Wallis test 
was significant, post hoc pairwise comparisons were carried 
out using the Dunn–Sidak test for multiple comparisons. 
Pearson’s correlation and point-biserial correlation were per-
formed. The Chi squared test was used to test the association 

between qualitative variables. Monte Carlo corrections were 
carried out when indicated.

3  Results

Figure 1 shows the process used for the recruitment of the 
study population and the outcomes of the three groups stud-
ied in this clinical trial.

No statistically significant differences were found among 
the three groups in terms of weight, stage of maturity, 

Fig. 1  CONSORT (Consolidated Standards of Reporting Trials) flow diagram of the study design



688 M. El-Ghandour et al.

and sex. Group 3 (dual therapy) took longer to normalize 
PASP (p = 0.036) and had the lowest incidence of mortality 
(n = 3 [15%]), although this was not statistically significant 
(Table 1).

The number of patients with patent ductus arteriosus 
(PDA) decreased through the course of management, but 
the size of ductus that remained patent at the end of manage-
ment was not affected by the treatment received in the three 
groups (Table 2).

Although group 3 had significantly more severe cases 
of tricuspid regurgitation (p = 0.03), there was no statisti-
cal difference between the three groups at day 2 and at the 
end of management (p = 0.974 and p = 0.771, respectively) 
(Table 3).

Assessment of left ventricular functions and mitral valve 
revealed that all cases in all three groups (n = 60) were com-
pletely normal at the beginning of the study, at day 2, and at 
the end of management.

Interestingly, PASP was significantly higher in group 3 at 
day 1 before the start of therapy (p = 0.002) but significantly 
lower than that in the two groups receiving monotherapy 
(p = 0.031) (Table 4).

The pairwise comparison of the effect of sildenafil was 
not statistically significant early in the course of therapy 
(from day 1 to day 2; p = 0.105), but at the end of manage-
ment there was a statistically significant decrease in PASP 
(from day 1 to the end of management; p = 0.001) (Fig. 2a).

The pairwise comparison of the effect of milrinone 
showed a statistical decrease of the PASP early in the course 
of therapy (from day 1 to day 2; p = 0.03), but milrinone was 
not significantly effective in the later part of the trial (from 
day 2 to the end of management; p = 0.215) (Fig. 2b).

The pairwise comparison in the dual therapy group 
showed statistically significant improvement of PASP in both 
the early and the later phase of therapy (from day 1 to day 2 
[p = 0.011], from day 2 to end of management [p = 0.045], 
and from day 1 to end of management [p < 0.001]) (Fig. 2c).

The oxygenation index statistically decreased among the 
sildenafil group and the dual therapy group (p = 0.041 and 
p = 0.002, respectively), but the decrease was not statistically 
proven among the milrinone group (Table 5).

Systolic and diastolic blood pressure before and after 
treatment did not differ in any of the groups (Table 6).

4  Discussion

The current study aimed to evaluate the effect of oral silde-
nafil plus intravenous milrinone infusion in newborns with 
PPHN compared with the use of monotherapy with either 
of these agents.

Results from the current study showed that the combina-
tion of oral sildenafil and intravenous milrinone resulted in 

improved clinical outcomes, reflected by reduced mortality 
and a significant decrease in PASP. In group 1 (sildenafil 
only), there was no significant change in PASP from day 
1 to day 2, with the difference only appearing at the end of 
management. This may be because sildenafil needs a longer 
treatment duration to induce a therapeutic effect. For group 
2 (milrinone only), there was a significant decrease in PASP 
from day 1 to day 2 but no significant change in PASP from 
day 2 to the end of management. This may reflect that mil-
rinone induced its therapeutic effect rapidly, but some sort 
of tolerance arose with continuing management as no further 
beneficial effect was seen. Group 3 (combined therapy) had 
a significant decrease in PASP from day 1 to day 2 and from 
day 2 to the end of management, suggesting that the dual 
therapy had a rapid therapeutic effect, and PASP continued 
to improve until normalization with no apparent tolerance 
arising. The use of milrinone in combination with sildenafil 
in a resource-limited setting has demonstrated a beneficial 
synergistic effect with better outcomes, especially in severe 
PPHN.

To the best of our knowledge, only a few studies have 
assessed the combined effect of sildenafil and milrinone in 
humans for the treatment of PPHN. An experimental study 
evaluated sildenafil and milrinone in combination after 
inducing pulmonary hypertension in 24 adult swines. This 
study demonstrated a statistically significant decline in pul-
monary vascular resistance and improved cardiac output in 
the group that received the combination therapy. We con-
clude that milrinone and sildenafil are effective pulmonary 
vasodilators with independent actions and an additive effect 
[9].

In a retrospective study, Khorana et al. [10] examined 40 
infants with PPHN. All infants received standard therapy 
with mechanical ventilation, sedation, and inotropic drugs: 
11 received oral sildenafil, and 6 of these responded to the 
drug. Three of the five nonresponders showed an improve-
ment in their oxygenation when their treatment was com-
bined with another pulmonary vasodilator such as milrinone.

A Cochrane meta-analysis from 2007 included two eligi-
ble trials from resource-limited settings and showed signifi-
cant improvement in oxygenation in those receiving silde-
nafil compared with those receiving placebo [11]. Prithviraj 
et al. [12] conducted a prospective observational study to 
evaluate the use of oral sildenafil in neonates with PPHN 
and demonstrated improvement in oxygenation index and a 
decrease in PASP.

Milrinone has also shown effectiveness in reducing pul-
monary vascular resistance and PASP in experimental mod-
els of pulmonary hypertension in adult humans and neonates 
[13–15].

Managing severe PPHN without the use of iNO or ECMO 
is challenging. In such situations, dual therapy using oral 
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Table 1  Comparison of clinical data among the three studied groups

Data are presented as N (%) unless otherwise indicated
IQR interquartile range, KW Kruskal–Wallis test, MC Monte Carlo test, max maximum, min minimum, PASP pulmonary artery systolic pres-
sure, SD standard deviation
*Significant p value < 0.05

Data Group 1
Sildenafil alone (n = 20)

Group 2
Milrinone alone (n = 20)

Group 3
Sildenafil plus mil-
rinone (n = 20)

Test of significance

Weight (kg) χ2 (KW) = 0.101
p = 0.951 Min; max 2.20; 3.70 1.80; 4.00 2.10; 3.70

 Mean ± SD 3.00 ± 0.44 3.02 ± 0.55 2.96 ± 0.46
 Median (IQR) 3.00 (2.65–3.35) 3.00 (2.70–3.4) 3.00 (2.65–3.4)

Stage of maturity χ2 = 1.336
p(MC) = 0.884 Full term 14 (70) 12 (60) 12 (60)

 Late preterm 5 (25) 6 (30) 5 (25)
 Post date 1 (5) 2 (10) 3 (15)

Sex χ2 = 1.905
p(MC) = 0.386 Male 16 (80) 14 (70) 12 (60)

 Female 4 (20) 6 (30) 8 (40)
Cases with heart failure 2 (10) 1 (5) 5 (25) χ2 = 3.750

p(MC) = 0.241
Length to normalize PASP (days) χ2 = 6.671

p = 0.036* Min; max 5.00; 18.00 6.00; 17.00 9.00; 26.00
 Mean ± SD 10.80 ± 3.23 10.43 ± 2.65 13.82 ± 4.95
 Median (IQR) 11.00 (9.0–13.0) 10.00 (9.0–11.0) 12.00 (11.0–14.0)

Outcome χ2 = 1.304
p(MC) = 0.644 Improved 15 (75) 14 (70) 17 (85)

 Deceased 5 (25) 6 (30) 3 (15)

Table 2  Comparison of patent ductus arteriosus size within the three groups at different stages of the study

IQR interquartile range, max maximum, min minimum, PDA patent ductus arteriosus, SD standard deviation

PDA size (mm) Group 1
Sildenafil alone

Group 2
Milrinone alone

Group 3
Sildenafil plus milrinone

Test of significance

Day 1 χ2 = 0.040
p = 0.980 n 11 14 16

 Min; max 2.80; 4.50 2.20; 6.00 2.60; 7.20
 Mean ± SD 3.75 ± 0.55 3.79 ± 0.99 4.11 ± 1.43
 Median (IQR) 3.80 (3.30–4.40) 3.80 (3.20–4.00) 3.70 (3.10–5.00)

Day 2 χ2 = 0.003
p = 0.998 n 11 14 15

 Min; max 2.50; 4.50 1.60; 4.50 2.10; 7.10
 Mean ± SD 3.48 ± 0.62 3.40 ± 0.73 3.89 ± 1.55
 Median (IQR) 3.40 (3.00–4.00) 3.50 (3.00–3.80) 3.00 (3.00–5.00)

At end of management χ2 = 2.694
p = 0.260 n 2 3 3

 Min; max 3.80; 4.00 2.00; 3.50 2.50; 6.50
 Mean ± SD 3.90 ± 0.14 2.90 ± 0.79 4.67 ± 2.02
 Median (IQR) 3.90 (3.80–4.00) 3.20 (2.00–3.50) 5.00 (2.50–6.50)



690 M. El-Ghandour et al.

sildenafil and intravenous milrinone infusion might be a 
suitable option.

Importantly, no significant side effects were found with 
this combination of drugs; in particular, no decrease in 

systolic or diastolic blood pressure was observed in any 
recipients. This has also been observed in other studies 
[12, 16, 17]. Therefore, all available data indicate that dual 

Table 3  Comparison of right ventricular function and categories of tricuspid regurgitation within the three groups at different stages of the study

Data are presented as n (%) within the TR group
MC Monte Carlo test, RVF right ventricular function, TR tricuspid regurgitation
*Significant p value < 0.05

RVF and TR Group 1
Sildenafil alone

Group 2
Milrinone alone

Group 3
Sildenafil plus milrinone

Test of significance

Day 1 χ2 = 13.438
p(MC) = 0.030* Normal 2 (100) 0 (0.0) 0 (0.0)

 Mild TR 9 (33.33) 13 (48.15) 5 (18.52)
 Moderate TR 7 (41.18) 3 (17.65) 7 (41.18)
 Severe TR 2 (14.29) 4 (28.57) 8 (57.14)

Day 2 χ2 = 1.669
p(MC) = 0.974 Normal 5 (33.33) 4 (26.67) 6 (40.00)

 Mild TR 10 (34.48) 10 (34.48) 9 (31.03)
 Moderate TR 3 (30.00) 3 (30.00) 4 (40.00)
 Severe TR 2 (33.33) 3 (50.00) 1 (16.67)

At end of management χ2 = 1.804
p(MC) = 0.771 Normal 10 (31.25) 8 (25.0) 14 (43.75)

 Mild TR 0 (0.0) 0 (0.0) 0 (0.0)
 Moderate TR 1 (50.00) 1 (50.00) 0 (0.0)
 Severe TR 4 (33.33) 5 (41.67) 3 (25.00)

Table 4  Comparison of the three groups regarding pulmonary arterial systolic pressure at different treatment stages

PASP is presented in mmHg
IQR interquartile range, KW Kruskal–Wallis test, max maximum, min minimum, PASP pulmonary artery systolic pressure, SD standard devia-
tion
*p < 0.05

PASP Group 1
Sildenafil alone (n = 20)

Group 2
Milrinone alone (n = 20)

Group 3
Sildenafil plus mil-
rinone (n = 20)

Test of significance

Day 1 χ2
(KW) = 12.618

p = 0.002* Min; max 46.00; 91.00 45.00; 82.00 50.00; 100.00
 Mean ± SD 57.45 ± 10.36 66.05 ± 11.73 72.10 ± 14.94
 Median (IQR) 55.00 (50.0–60.0) 67.50 (55.50–76.50) 69.00 (61.00–85.00)

Day 2 χ2
(KW) = 4.857

p = 0.088 Min; max 41.00; 75.00 40.00; 80.00 40.00; 100.00
 Mean ± SD 53.55 ± 9.48 61.05 ± 11.60 56.70 ± 15.97
 Median (IQR) 50.00 (45.00–60.00) 61.00 (52.50–70.00) 54.50 (45.00–60.00)

At end of management χ2
(KW) = 6.923

p = 0.031* Min; max 28.00; 81.00 28.00; 85.00 22.00; 100.00
 Mean ± SD 41.05 ± 16.75 45.90 ± 21.51 38.60 ± 23.59
 Median (IQR) 34.5 (30.0–49.0) 35.00 (30.5–70.00) 30.00 (27.5–33.50)

Test of significance (within group) χ2 = 12.182
p = 0.002*

χ2 = 16.333
p = 0.000*

χ2 = 30.152
p = 0.000*
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therapy does not decrease systemic blood pressure as a side 
effect in patients with severe PPHN.

This study was not without limitations. First, the study 
was conducted in one center, and results were dependent on 
the type of supportive care provided in this center so results 
are not generalizable. A second limitation is the relatively 
small sample size even though we calculated it to give 80% 
power for the statistical analysis. For more robust results, 
the study should be repeated in a larger population and in 
multiple settings. Third, the clinical trial was designed to 
compare the effects of the drugs without the gold standard 
therapy for severe PPHN (iNO and ECMO) being used as 
a comparator. However, these results remain crucial for 
developing countries without access to the gold standard 

therapy. Lastly, the relatively short duration of follow-up 
for patients in this study did not allow a comparison of 
the neurodevelopmental outcomes of the three treatment 
groups.

5  Conclusion

Combined therapy with oral sildenafil and intravenous mil-
rinone had significantly better outcomes than monotherapy 
with either agent in neonates with PPHN. The combina-
tion delivered added therapeutic effect with no additional 
side effects over the study duration of 3 months. Future tri-
als with longer durations and more patients are needed to 

Fig. 2  Pairwise comparison of 
therapeutic effect at three differ-
ent points: day 1, day 2, and at 
the end of management
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Table 5  Comparison of oxygenation index before and after treatment among the three groups

IQR interquartile range, KW Kruskal–Wallis test, max maximum, min minimum, SD standard deviation, WSR Wilcoxon signed ranks
*p < 0.05

Oxygenation index (%) Group 1
Sildenafil alone (n = 20)

Group 2
Milrinone alone (n = 20)

Group 3
Sildenafil plus milrinone 
(n = 20)

Test of significance

Before treatment χ2
(KW) = 1.701

p = 0.427 Min; max 25.00; 50.00 20.0; 50.0 25.0; 45.0
 Mean ± SD 33.0 ± 6.37 34.0 ± 8.37 36.0 ± 7.36
 Median (IQR) 30.0 (30.0–35.0) 30.0 (30.0–40.0) 40.0 (30.0–40.0)

After treatment χ2
(KW) = 0.277

p = 0.871 Min; max 15.0; 60.0 15.0; 60.0 15.0; 50.0
 Mean ± SD 27.0 ± 14.55 28.0 ± 16.5 24.25 ± 11.39
 Median (IQR) 20.0 (20.0–32.50) 20.0 (15.0–40.0) 20.0 (17.5–25.0)

Percentage change χ2
(KW) = 1.870

p = 0.393 Min; max − 50.0; − 66.67 − 66.67; 66.67 − 66.67; 66.67
 Mean ± SD − 20.03 ± 34.63 − 19.13 ± 37.88 − 30.82 ± 32.03
 Median (IQR) − 33.33 (− 36.67 to − 11.11) − 33.33 (− 45–16.25) − 37.5 (− 52.78 to − 20.0)

Test of significance (within 
group)

Z(WSR) = 2.046
p = 0.041*

Z(WSR) = 1.795
p = 0.073

Z(WSR) = 3.104
p = 0.002*

Table 6  Comparison of systolic and diastolic blood pressure before and after treatment among the three studied groups

DBP diastolic blood pressure, IQR interquartile range, max maximum, min minimum, SBP systolic blood pressure, SD standard deviation, WSR 
Wilcoxon signed ranks

Blood pressure (mmHg) Group 1
Sildenafil alone (n = 20)

Group 2
Milrinone alone (n = 20)

Group 3
Sildenafil plus 
milrinone 
(n = 20)

SBP before treatment
 Min; max 65.0; 86.0 68.0; 96.0 61.0; 98.0
 Mean ± SD 75.90 ± 6.98 80.5 ± 8.29 81.7 ± 11.20
 Median (IQR) 76.5 (69.0–81.0) 78.0 (74.0–87.5) 81.5 (72.5–91.0)

SBP after treatment
 Min; max 52.0; 110.0 55.0; 114.0 52.0; 114.0
 Mean ± SD 77.55 ± 15.12 81.7 ± 17.43 81.45 ± 16.39
 Median (IQR) 77.0 (68.0–87.0) 85.0 (64.0–93.5) 79.5 (72.5–92.0)

Test of significance Z(WSR) = 0.280
p = 0.779

Z(WSR) = 0.262
p = 0.794

Z(WSR) = 0.242
p = 0.809

DBP before treatment
 Min; max 34.00; 55.00 35.00; 61.00 33.00; 67.00
 Mean ± SD 42.40 ± 5.59 46.60 ± 6.83 46.70 ± 8.52
 Median (IQR) 40.5 (39.0–46.0) 47.0 (41.5–49.5) 45.0 (40.0–53.50)

DBP after treatment
 Min; max 25.00–58.00 29.0–60.0 30.0–66.0
 Mean ± SD 41.3 ± 8.21 44.90 ± 10.44 46.65 ± 9.70
 Median (IQR) 40.50 (35.5–48.00) 49.0 (33.0–52.0) 48.0 (39.0–52.5)

Test of significance Z(WSR) = 0.625
p = 0.532

Z(WSR) = 0.698
p = 485

Z(WSR) = 0.037
p = 0.970
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confirm the benefits and evaluate the neurodevelopmental 
effects of the different treatment modalities in these patients.
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