
ARTICLE

Worsened short-term clinical outcomes in a cohort of patients
with iNO-unresponsive PPHN: a case for improving iNO
responsiveness
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OBJECTIVES: To identify distinguishing characteristics of neonates with persistent pulmonary hypertension of the newborn (PPHN)
unresponsive to inhaled nitric oxide (iNO) and evaluate the use of milrinone in this cohort.
STUDY DESIGN: Retrospective chart review of 99 neonates with PPHN treated with iNO over a five-year period at a quaternary
neonatal intensive care unit.
RESULTS: Neonates with iNO-unresponsive PPHN had an increased number of ventilator days (10 vs 7 days, p= 0.02), greater
length of hospital stay (30 vs 22 days, p= 0.02), and increased risk of death or ECMO than iNO-responsive neonates (p= 0.03).
Inhaled NO non-responders treated with milrinone had improved oxygenation (p < 0.03) and no change in systemic
hemodynamics.
CONCLUSION: Neonates with iNO-unresponsive PPHN had worse clinical outcomes than iNO responders. Milrinone may be a safe
and effective adjuvant therapy, although large-scale studies are lacking. Identifying early predictors of iNO response and novel
strategies to enhance iNO responsiveness should be prioritized.
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INTRODUCTION
Persistent pulmonary hypertension of the newborn (PPHN) results
when the normal circulatory transition fails to occur at birth,
resulting in elevated pulmonary vascular resistance (PVR). The
elevated pulmonary vascular pressure leads to right-to-left
shunting of blood across the patent ductus arteriosus (PDA) and
patent foramen ovale (PFO), resulting in hypoxemia [1–3]. PPHN
carries mortality rates of up to 10% and is associated with long-
term morbidities including high rates of neurodevelopmental
impairment [4–6]. Inhaled nitric oxide (iNO) remains the only FDA-
approved therapy for PPHN/hypoxic respiratory failure (HRF),
although a large percentage of neonates do not respond to this
treatment [7, 8]. Not surprising, this cohort of iNO non-responders
has been a focus of study for additional therapies to prevent
morbidity and mortality due to PPHN/HRF. However, studying the
iNO-unresponsive group has been a challenge due to lack of a
universal criteria to define iNO response in HRF, with significant
variability in the literature on the method by which iNO response
is defined.
Some evidence exists to support the use of milrinone, a

phosphodiesterase 3 (PDE3) inhibitor, in the treatment of PPHN
unresponsive to iNO. In the pulmonary vasculature, PDE3
regulates vascular tone via hydrolysis of the cyclic nucleotides,
resulting in vasoconstriction [9, 10]. Animal studies demonstrate
an increase in PDE3 protein expression and activity in the
pulmonary vasculature following treatment with NO, and

enhanced relaxation of the pulmonary vasculature with the
addition of milrinone [11–14]. Additionally, case reports in
neonates with PPHN show an improvement in oxygenation after
the addition of milrinone to iNO, without impacting systemic
perfusion [15–18]. The objective of our present study was to
identify distinguishing characteristics and evaluate short-term
outcomes of neonates with PPHN who respond to iNO compared
to those who fail to respond to iNO at our institution, as well as to
evaluate the use of milrinone in this population.

METHODS
This was a retrospective study conducted at Nationwide Children’s
Hospital, an all-referral Level IV neonatal intensive care unit from
2014–2019. This study was reviewed and approved by the local IRB at
Nationwide Children’s Hospital. The goal of this study was to identify
unique characteristics of neonates with PPHN who were iNO unresponsive.
Furthermore, we aimed to determine if milrinone improved oxygenation
without compromising systemic perfusion in neonates with iNO-
unresponsive PPHN. We included neonates >34 weeks gestational age
diagnosed with PPHN who were treated with iNO. All neonates had an
oxygenation index (OI) ≥15 prior to initiation of iNO and echocardio-
graphic evidence of PPHN at some point during the treatment period.
Neonates were excluded if they had congenital heart defects (except for
PDA, PFO, small atrial septal defect, or ventricular septal defect), multiple
congenital anomalies, lethal genetic syndrome, pulmonary hypoplasia, or
congenital diaphragmatic hernia (CDH). Neonates were also excluded if
iNO was started at the birth hospital and records were not available for
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review. All data were extracted from the electronic medical record for the
period of study, up to 48 h following the start of iNO or milrinone as
applicable. In addition to demographic data, the time and duration of iNO
and milrinone administration, indices of oxygenation (fraction of inspired
oxygen (FiO2), partial pressure of oxygen (PaO2), OI, mean airway pressure
(MAP)), and indices of systemic perfusion (heart rate, systolic blood
pressure, vasopressor need) were documented. Outcome measures
included air leak requiring chest tube placement, ventilator days, length
of hospital stay, need for extracorporeal membrane oxygenation (ECMO),
and death. The use of additional pulmonary vasodilator therapy
throughout the study period was documented. Response to iNO was
defined as having a 20% or greater reduction in OI and an OI < 40 at four
hours after initiation of the drug. OI was calculated using the standard
formula: MAP x FiO2 x 100/PaO2.
Descriptive statistics were calculated for demographic data and baseline

characteristics. Continuous variables were analyzed using a t-test for
parametric data or Mann–Whitney U test for nonparametric data.
Categorical variables were analyzed using Chi-square or Fisher’s exact test
as appropriate. One- or two-way ANOVA mixed-effects analysis was used to
calculate the differences between responders and non-responders and the
effects of milrinone on the reported variables. Šídák’s multiple comparisons
test or Fisher’s least significant difference test was performed to compare
distinct time points. A p value <0.05 was considered statistically significant.
GraphPad Prism was used to complete all statistical analyses.

RESULTS
A total of 99 neonates were diagnosed with PPHN and treated
with iNO during the study period. Of those 99 neonates, 60 (61%)
were classified as responders and 39 (39%) as non-responders
based on the study definition. There were no differences in the
demographics between the two groups, including gestational age,
birth weight, gender, mode of delivery, primary diagnosis, and
Apgar scores at one and 5min (Table 1). There was no difference
in the mode of ventilation or percent of patients who received
surfactant in the responders vs non-responders (Table 1). There
was also no significant difference in the duration of iNO use
between groups, with the responders receiving a mean of 110 h
and the non-responders receiving a mean of 128 h (Table 1).
Interestingly, there was increased use of vasopressors in the non-
responder group, which correlated to greater systolic blood
pressure in the non-responders vs the responders (65.8 vs
56mmHg, p= 0.001) (Table 1). The majority of neonates showed
no evidence of left or right ventricular dysfunction on the initial
echocardiogram, and there was no difference between the
responders and non-responders (Table 1). Sixteen of the iNO
non-responders received additional pulmonary vasodilator ther-
apy during the study period (12 received milrinone, three received
inhaled iloprost, and one received inhaled treprostinil).
We compared several indices of oxygenation, including PaO2,

FiO2, MAP, and OI between the two groups (Fig. 1). There were no
differences in any of the indices of oxygenation prior to initiation
of iNO between the iNO responders vs non-responders (Fig. 1).
Compared to the non-responders, the group of iNO responders
had a significantly higher PaO2 at 4 h after iNO initiation (p <
0.001). Responders also received a lower FiO2 at 4, 12, and 24 h (p
< 0.01), and had a lower MAP at 4, 12, 24, and 48 h following iNO
initiation (p ≤ 0.01). As expected, the overall OI was significantly
higher in non-responders (32, 23, 17.1) compared to the
responders (12, 11.6, 10.2) at 4, 12, and 24 h post-iNO initiation,
respectively (p < 0.05).
Table 1 shows the outcome measures of iNO responders vs

non-responders. Among survivors, the non-responders required
increased ventilator days (median 10 vs 7, p= 0.02) and a longer
length of hospital stay (median 30 vs 22, p= 0.02) compared to
responders. While there was no difference between the groups in
the use of ECMO or overall survival alone, the composite outcome
of death or ECMO was significantly higher in the non-responders
(p= 0.03). In the non-responders, the etiologies of death were

Table 1. Demographic characteristics and short-term outcomes of
iNO responders and non-responders.

Responder
n= 60

Non-
responder
n= 39

p value

Gestational age 38+ 2/7 ± 2 37+ 6/7 ± 2 p= 0.28

Birth weight (g) 3274 ± 640 3234 ± 671 p= 0.77

Sex

Male 38 (63%) 22 (56%) p = 0.53

Female 22 (37%) 17 (44%)

Mode of delivery

Stat CS 33 (55%) 19 (49%) p= 0.27

Routine CS 10 (17%) 4 (10%)

Spontaneous VD 15 (25%) 11 (28%)

Operative VD 2 (3%) 5 (13%)

Primary diagnoses

PPHN 24 (40%) 11 (28%) p= 0.71

MAS 31 (52%) 18 (46%)

Pneumonia 3 (5%) 1 (3%)

HIE 22 (37%) 16 (41%)

Sepsis 5 (8%) 1 (3%)

Apgars

1min 4 ± 3 4 ± 3 p= 0.27

5min 6 ± 3 5 ± 3

Mode of ventilation

Conventional 43 24 p= 0.38

High-frequency
oscillator

17 15

Vasopressor use

0 29 6 p= 0.002

1 24 22

≥2 7 11

Systolic blood
pressure

56 ± 6.4 65.8 ± 6.7 p= 0.001

Surfactant 45 (75%) 29 (74%) p= 0.99

Duration of iNO (h) 110 ± 71 128 ± 95 p= 0.29

Air leak+ Chest tube 14 11 p= 0.66

LV dysfunction

None 53 35 p= 0.66

Mild 6 2

Moderate 1 2

RV dysfunction

None 47 29 p= 0.52

Mild 5 6

Moderate 8 4

Ventilator days 7 (3, 10) 10 (6, 12) p= 0.02

Length of stay (days) 22 (12.5, 34.5) 30 (22, 42) p= 0.02

ECMO 8 (13%) 9 (23%) p= 0.41

Survival 55 (92%) 31 (79%) p= 0.12

Death or ECMO 13 (22%) 16 (41%) p= 0.03

Data presented as means ± SD, or median (25%, 75%).
iNO inhaled nitric oxide, CS cesarean section, VD vaginal delivery, PPHN
persistent pulmonary hypertension of the newborn, MAS meconium
aspiration syndrome, HIE hypoxic ischemic encephalopathy, LV left
ventricle, RV right ventricle, ECMO extracorporeal membrane oxygenation.
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intracranial hemorrhage (2), sepsis (2), pulmonary hemorrhage (1),
and withdrawal of support related to ischemic brain injury (3);
whereas in the responders, the cause of death was the withdrawal
of support related to ischemic brain injury in all five patients.
Of the 39 non-responders, 12 (31%) received treatment with

milrinone in addition to iNO (Table 2). None of the patients treated
with milrinone received other pulmonary vasodilators during the
study period. These neonates had an average gestational age of
38 weeks and six days, and a mean birth weight of 3549 grams.
The primary diagnosis was meconium aspiration syndrome (MAS)
in 9/12 (75%) neonates. The average OI was 32.2 ± 14 before
starting iNO in this cohort, and 34.1 ± 15 after four hours of iNO
use. The average dose and duration of milrinone were 0.36 ±
0.03mcg/kg/min and 5.75 ± 0.9 days, and no neonates received a
loading dose. Three of the neonates went on to require ECMO.
Table 2 compares the demographics and clinical characteristics of
the non-responders who did not receive milrinone and those who
did receive milrinone. There was a difference in the gestational
age at birth and birth weight between groups, with those non-
responders who did not receive milrinone being younger (37+ 2/
7 vs 38+ 6/7, p= 0.02) and smaller (3073 vs 3549 g, p= 0.03) than
the milrinone cohort. Interestingly, there were more neonates in
the milrinone cohort who were delivered by emergency cesarean
section (p= 0.03) compared to those non-responders who did not
receive milrinone. The median length of stay was 45 days in the
non-responders who received milrinone vs 25 days in those who
did not receive milrinone (p= 0.02). There was no difference
between groups in the incidence of left or right ventricular
dysfunction, need for ECMO, or the composite outcome of ECMO
or death.
Inhaled NO non-responders who received milrinone had a

statistically significant reduction in the OI at four hours after starting
milrinone that persisted throughout the study period, including
those who required ECMO (Fig. 2A, B, p < 0.03). They had stable
hemodynamics, with no significant differences noted in heart rate or
systolic blood pressure at any time during the study period (Fig. 2C,
D). Additionally, there was no increased use of the vasopressors
dopamine and epinephrine during the study period (Fig. 2E, F).

DISCUSSION
This study had two main aims: (1) To classify neonates who were
iNO non-responders and identify clinical characteristics that differed
from iNO responders, and (2) To establish the effects of milrinone on
oxygenation and systemic perfusion in a subgroup of iNO non-
responders. Overall, we found that 40% of neonates with PPHN were
not responsive to iNO. There were no differences in demographics
or clinical characteristics of the iNO responders vs non-responders.
The non-responders had a greater number of ventilator days and
length of hospital stay, and an increased risk of the composite
outcome of death or ECMO compared to iNO responders. Of those
patients who were non-responders, 12 (31%) were treated with
milrinone in combination with iNO. Milrinone improved oxygenation
without affecting systemic perfusion in these patients.
In neonates with PPHN, iNO remains the gold standard

treatment to reduce PVR and improve oxygenation [1, 2, 19].
The early studies that led to the 1999 FDA approval of iNO found
that low-dose iNO decreased the need for ECMO in neonates with
HRF [7, 8, 19]. A 2017 meta-analysis of 17 randomized clinical trials
evaluating the use of iNO in this population confirmed these
findings, concluding that iNO is a safe and effective treatment for
the term and near-term neonates with HRF [19]. However, these
studies did not show a reduction in mortality. Despite the
widespread use of iNO in neonates with HRF in recent years,
mortality remains approximately 11% [19]. In previous studies, iNO
did not reduce hospital length of stay [8] or improve neurode-
velopmental outcomes of survivors [5, 6, 20]. Moreover, up to 50%
of neonates are considered iNO non-responders and fail to show
improvement in oxygenation following iNO administration
[7, 8, 19]. Our findings are consistent with previous reports, with
40% of our study population meeting the criteria for iNO non-
response. However, in the present study, we observed longer
lengths of stay for the iNO non-responders compared to iNO
responders. Our knowledge of the underlying mechanism of iNO
non-response remains unclear and consequently, there are no
well-studied alternative therapies for this subgroup of patients.
A major barrier in studying iNO responsiveness in neonates with

HRF is a lack of universal criteria to distinguish non-responders

Fig. 1 Indices of oxygenation in iNO responders and non-responders. A PaO2, (B) FiO2, (C) Mean Airway Pressure, and (D) Oxygenation
Index. Data presented as means ± SEM. Two-way ANOVA mixed-effects analysis, Šídák’s multiple comparisons test; *p < 0.05, all non-
responders different from responders at the specified time point; n= 26–60 for each time point.

J. Dillard et al.

39

Journal of Perinatology (2022) 42:37 – 44



from responders. In fact, marked differences exist in the
oxygenation indices and time frames that have been used as
criteria to determine iNO responsiveness in various studies
(Table 3) [7, 8, 16, 17, 21–27]. Measures of PaO2, oxygen
saturations, OI, and the need for ECMO are amongst the different
indices of oxygenation used. Even more varied is the time frame
following iNO administration that has been used to define
responsiveness, ranging from 20min to 24 h (Table 3). Considering
this significant variability, it is plausible that neonates labeled as
iNO responders in one study may be labeled iNO non-responders
in another study based upon the different definitions. This is
problematic as it limits our ability to further study the group of

patients who do not respond to iNO. In this study, we chose to use
the oxygenation index, as it is an accepted marker of HRF severity
and a better indicator of lung disease as compared to PaO2 or FiO2

alone [28, 29]. We chose a time point at four hours to assess
responsiveness to iNO. While many of the initial studies used
shorter time points given the fast onset of action of iNO, more
recent evidence suggests that some neonates may respond later
[27, 30]. A recent post hoc analysis of data from the CINRGI trial
showed that 12% of patients who did not respond within the
defined 60min, had a late response between 1–24 h [27]. Overall,
there remains a critical need to develop a consistent and accurate
definition of iNO responsiveness, taking into account indicators of
oxygenation, and an appropriate time point, which remains
unknown.
It is critical to develop tools that will predict iNO responsiveness

given the large percentage of neonates who do not respond to
iNO, the cost of iNO, as well as the invasiveness, morbidities, and
healthcare-related costs associated with ECMO. To date, no studies
have identified consistent variables that correlate with iNO
response [7, 22, 31, 32]. Several studies have found that lower
OI is associated with a better response to iNO [7, 31]. However,
Roberts et al. [22] found that amongst the iNO responders, those
with the highest baseline OI had the greatest reduction in OI after
starting iNO. In a retrospective study designed to evaluate
predictors of iNO response in neonates with HRF, Truog et al.
[32] found that more iNO responders were >24 h-old at the time
of iNO initiation and had a primary diagnosis of PPHN compared
to non-responders. However, they found no difference in
demographic factors or baseline PaO2 between the two groups
[32]. Conversely, in a retrospective study of 51 neonates with
PPHN, Hwang et al. [31] reported significantly higher birth weight
and one-minute Apgar scores in the responder group compared
to the non-responders. Non-responders also had significantly
higher initial FiO2, MAP, and OI than did responders. However, a
significant number of the non-responders carried a diagnosis of
CDH (nine non-responders vs one responder) which likely
impacted these results [31]. We found no difference in the
demographics and most clinical characteristics of those neonates
who responded to iNO, including mode of ventilation pre-iNO
initiation, age at the time of iNO initiation (data not shown),
baseline FiO2, MAP, PaO2, OI, or echocardiographic evidence of left
or right ventricular dysfunction (Table 1). While there was
increased use of vasopressors in the non-responder group, this
was associated with a greater systolic blood pressure compared to
the responders. We speculate that this increased use of
vasopressors and increased systolic blood pressure may have
been an attempt to overcome the intracardiac right-to-left
shunting of blood seen in HRF.
As expected, by four hours after iNO initiation, there were

significant differences in oxygenation indices between the two
groups, with the responders having a significantly lower OI at 4,
12, and 24 h after iNO initiation compared to non-responders
(Fig. 1D). Importantly, non-responders required significantly
higher ventilatory support in the form of FiO2 and MAP compared
to responders in the 24 h after iNO was initiated (Fig. 1B, C). At that
time point, the mean PaO2 in the non-responder group was
>100mmHg, which may have reflected a failure to wean support.
Furthermore, despite a lack of iNO response, this cohort received a
similar, and perhaps on average a longer duration of iNO (128 vs
110 h), although not statistically significant (Table 1). We suspect
that the persistent use of iNO as part of maximal medical
management may reflect attempts to avoid ECMO, although it is
possible that attempts to discontinue iNO resulted in worsening
oxygenation. Additionally, the prolonged use of iNO despite a lack
of response contributes to the increased healthcare costs and
utilization, which may be reduced if those iNO non-responsive
neonates could be identified prior to iNO initiation.

Table 2. Demographic characteristics of iNO non-responders treated
with IV milrinone.

No milrinone
n= 27

Milrinone
n= 12

p value

Gestational Age 37+ 2/7 ± 2 38+ 6/7 ± 3 p= 0.02

Birth Weight (g) 3073 ± 594 3549 ± 631 p= 0.03

Sex

Male 14 (52%) 8 (67%) p= 0.33

Female 13 (48%) 4 (33%)

Mode of delivery

Stat CS 9 (33%) 10 (83%) p= 0.03

Routine CS 3 (11%) 1 (8%)

Spontaneous VD 10 (37%) 1 (8%)

Operative VD 5 (18%) 0

Primary diagnoses

PPHN 10 (37%) 1 (8%) p= 0.06

MAS 9 (33%) 9 (75%)

HIE 12 (44%) 4 (33%)

Apgars

1min 4 ± 3 3 ± 4 p= 0.35

5min 5 ± 3 6 ± 3

Time between iNO and
milrinone (h)

NA 34 ± 9

Dose of milrinone (mcg/
kg/min)

NA 0.36 ± 0.03

Duration of milrinone (d) NA 5.75 ± 0.9

LV dysfunction

None 25 10 p= 0.64

Mild 1 1

Moderate 1 1

RV dysfunction

None 20 9 p= 0.85

Mild 4 2

Moderate 3 1

Ventilator days 9 (6, 11) 11 (6, 17.5) p= 0.38

Length of stay (d) 25 (22, 33) 45 (25, 79) p= 0.02

ECMO 6 3 p= 0.99

Death or ECMO 13 3 p= 0.29

Data presented as means ± SD, or median (25%, 75%).
CS cesarean section, VD vaginal delivery, PPHN persistent pulmonary
hypertension of the newborn, MAS meconium aspiration syndrome, HIE
hypoxic ischemic encephalopathy, iNO inhaled nitric oxide, LV left ventricle,
RV right ventricle, ECMO extracorporeal membrane oxygenation.
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In contrast to previous reports, in our study iNO non-responders
had an increased number of ventilator days and overall length of
stay compared to the iNO responders (Table 1). Additionally, there
was an increased risk of the composite outcome of death or
ECMO, but not either alone (Table 1). This is an important finding
as ventilator days, length of initial hospital admission, and ECMO
increase resource utilization and healthcare costs and may lead to
worse health outcomes. Although our data did not include long-
term outcomes, based on these findings iNO non-responders are
likely to be at higher risk for impaired neurodevelopment, and this
should be evaluated in future studies. We speculate the difference
in our findings may be related to the definition we chose for the
iNO non-responder group. Nelin et al. [27] found that a moderate
percentage of neonates (12%) demonstrated a late response
between one to 24 h after starting iNO. Thus, some of the
neonates who were labeled as non-responders in our study may
have had a late response to iNO. Alternatively, it is documented
that some neonates who have an initial response to iNO fail to
sustain that response over time [27, 33, 34], and this may have
been the case in some of our patients who were labeled as
responders. Some studies classified any neonate who required
ECMO during the hospitalization as iNO non-responsive [8]. Given
that we were attempting to identify clinical characteristics that
may predict early response to iNO to guide the use of alternative
therapies, we chose to use four hours as the time point to define
iNO responsiveness, regardless of the eventual need for ECMO.
Furthermore, ECMO may be indicated for reasons other than
pulmonary hypertension, such as refractory hypotension or
cardiac dysfunction. In conclusion, there remains a critical need
to identify clinical, biochemical, and genetic factors that may
predict iNO responsiveness. This will aid in the development of
alternative treatment strategies for iNO non-responders and for
more personalized therapies to improve outcomes.
Given the large percentage of neonates with PPHN who do not

respond or fail to sustain a response to iNO, there remains a need
to investigate alternative treatment strategies for these groups of
patients. There is emerging evidence to suggest that the PDE3
inhibitor, milrinone improves oxygenation and exhibits synergism
with iNO [11, 18, 35, 36]. PDE3 regulates vascular tone via
hydrolysis of both cyclic adenosine monophosphate (cAMP) and

cyclic guanosine monophosphate (cGMP), leading to vasoconstric-
tion [9, 10]. Animal studies have demonstrated increased PDE3
protein expression and/or activity following treatment with NO,
implicating a role for PDE3 in the poor response to NO [11, 13, 14].
For example, increased PDE3 activity and protein expression were
observed in a study of rat pulmonary artery smooth muscle cells
(PASMC) exposed to an NO donor [14]. Similarly, pulmonary
arteries from one-day-old lambs ventilated with 100% oxygen and
iNO had the highest PDE3 activity and the greatest relaxation
response to milrinone compared to ventilation with oxygen alone
[11]. Interestingly, in the same study PDE3 activity was shown to
be significantly higher in one-day-old spontaneously breathing
healthy lambs compared to fetal lambs, thus indicating a
developmental regulation of PDE3 in the pulmonary vasculature
[11]. The higher levels of PDE3 expression after birth could
potentially be the reason for the failure of a neonate to sustain a
response to iNO following an initial relaxation response when
PDE3 levels are low. We recently demonstrated that human
neonatal PASMC had increased PDE3A protein expression and
increased PDE3 activity, with a concomitant decrease in cAMP
levels after treatment with an NO donor [37]. Furthermore, there
are several small studies of neonates with PPHN that demonstrate
improved oxygenation with the addition of milrinone to iNO in
those who were unresponsive to iNO alone [15–17, 33, 38]. In a
prospective case series, McNamara et al. [17] showed that the
addition of milrinone to iNO improved pulmonary arterial pressure
and PVR, and increased cardiac output. Consistent with these
reports, in our present study iNO non-responders who were
treated with milrinone had improved oxygenation, with a
significant reduction in the OI at 4, 12, 24, and 48 h after starting
milrinone (Fig. 2). Cumulatively, this evidence suggests that
milrinone may be of benefit in those who fail to respond to
iNO, although further prospective, large-scale studies are needed
to confirm these findings. Unfortunately, attempts at large-scale
randomized-controlled studies to evaluate the use of milrinone in
PPHN have been unsuccessful with early termination due to low
enrollment numbers [39].
Interestingly, the group of patients treated with milrinone in the

present study were of later GA, higher birth weight, and more
often delivered by emergency cesarean section compared to

Fig. 2 Oxygenation, systemic hemodynamics, and vasopressor use in iNO non-responders treated with IV milrinone. A Oxygenation
Index, (B) Oxygenation Index of individual patients, (C) Heart rate, (D) Systolic blood pressure, (E) Dopamine, (F) Epinephrine. Data are
presented as means ± SEM. One-way ANOVA mixed-effects analysis, Fisher’s LSD; *p < 0.05, different from start of milrinone time point; n=
8–12 for each time point.
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those non-responders who did not receive milrinone. Additionally,
the median length of stay was 45 days for the milrinone cohort,
which was much longer than that of the non-responders as a
whole. It is not clear the reason for these differences given the
small sample size, but it may be reflective of a sicker group of
patients (Table 2). As shown in Fig. 1D, the non-responders who
received milrinone also had a higher overall OI compared to those
who did not receive milrinone, although this was not statistically
significant in this small sample size. As there was no protocol
during the study period in our neonatal intensive care unit to
guide the use of milrinone in neonates with HRF, we speculate
that it was administered after other measures were exhausted, in
an effort to avoid ECMO. If we exclude the patients who required
ECMO, the median length of stay was not different between the
non-responders who received milrinone and the non-responders
who did not receive milrinone (38 vs 30 days, p= 0.28).
Furthermore, while eight patients in the non-responder cohort
died, no patients who received milrinone died, which may
confound length of stay data. Nonetheless, this should be
evaluated in future studies. Additionally, the time between
starting iNO and adding milrinone was 34 ± 9 h, longer than
reported in other studies, which further points to its use as rescue
therapy during the study time period. The average dose of
milrinone used was 0.36 ± 0.03 mcg/kg/minute, which was lower
compared to previous reports (Table 2). During the study period,
there was no standard dosing regimen for milrinone in PPHN at
our institution. The starting dose of milrinone in this cohort was
0.25–0.35 mcg/kg/minute, with a maximum dose of 0.5 mcg/kg/
minute. Follow-up echocardiograms to assess PPHN were not
routinely performed after starting milrinone. We speculate that the
lack of a bolus and low dose of milrinone used may be related to
concerns for the possibility of systemic hypotension related to
milrinone administration.
Concerns remain regarding the effects of milrinone on systemic

perfusion. It is known that milrinone decreases systemic vascular
resistance. Theoretically, a decrease in systemic vascular resistance
may result in a greater degree of right-to-left shunting, ultimately
worsening hypoxemia. McNamara et al. [16] reported a significant
improvement in heart rate and no change in blood pressure or
inotropic support after the addition of milrinone in neonates with
PPHN. However, in a retrospective study, James et al. [33] reported
a significant decrease in the mean blood pressure six hours after
initiating a milrinone infusion. Importantly, this reduction in blood
pressure was associated with an increase in vasopressor use at six
and 12 h after the initiation of milrinone [33]. Although a loading
dose was not administered, they used higher overall doses of

milrinone (0.5–0.75 mcg/kg/minute), which may account for this
difference. In our study, there were no significant changes in heart
rate, systolic blood pressure, or the use of dopamine and
epinephrine for 48 h after initiation of milrinone (Fig. 2C-F).
Conversely, there was a non-significant trend toward lower heart
rate and increased systolic blood pressure at the four-hour time
point. These findings may be related to a lower dose of milrinone
used in our study.
There are several limitations to our study. As a quaternary

referral hospital, it is likely that our population of neonates with
PPHN represents a sicker group than the general population, as
some neonates were transferred for ECMO evaluation after failing
iNO at the referring facility. Furthermore, we excluded those
neonates who were started on iNO at a referring facility if records
were not available for review. During the study period, there was
no set protocol for the management of neonates who were iNO
non-responsive, which may have resulted in significant practice
variability. However, we did record the use of all pulmonary
vasodilators, vasopressors, ventilator mode (high-frequency oscil-
latory ventilation, conventional ventilation), and MAP to assess for
these differences. This was a retrospective study and therefore no
causal inference can be made. Additionally, given the small
sample size, comparisons between groups, specifically amongst
the non-responders who did and did not receive milrinone may
fail to identify important differences that exist or may find
differences that are not true due to significant outliers. It is
possible that time alone, or some other factor is responsible for
the improvement in oxygenation in iNO non-responders who
were administered milrinone. Additionally, as no universally
accepted definition of iNO-response exists, we used a definition
that we felt was most appropriate and took into account
oxygenation and time. However, we accept that it remains
unknown as to the best definition for iNO responsiveness, and
this may have impacted our results. Finally, additional maternal
characteristics such as age, ethnicity, comorbid conditions, and
medications may have an impact on iNO response and should be
investigated in future studies, along with long-term outcomes.
In conclusion, our present study found that neonates with PPHN

who did not respond to iNO had an increased number of
ventilator days, a greater length of hospital stay, and an increased
risk of death or ECMO than neonates who responded to iNO.
Furthermore, the addition of milrinone in iNO non-responders
resulted in improvement in oxygenation without impacting
systemic hemodynamics. Studies are needed to further character-
ize iNO responders and non-responders in an effort to decrease
the need for ECMO and improve mortality in the non-responders.

Table 3. A summary of criteria used to determine iNO responsiveness in various studies evaluating the use of iNO in neonatal hypoxic respiratory
failure.

Study Criteria Timing

NINOs. N Engl J Med [7] PaO2 increase >20 30min

Kinsella et al. J Pediatr [21] PaO2 ≥ 60 sustained 120min

Roberts et al. N Engl J Med [22] PaO2 > 55, OI < 40 20min

Clark et al. CINRGI. N Engl J Med [8] PaO2 ≥ 60, pH ≤7.55, did not require ECMO Evaluated at 4 h intervals

Konduri et al. Pediatrics [23] PaO2 increase ≥20 30min

McNamara et al. J Crit Care [16] OI < 20 × 2 20min apart

Field et al. INNOVO. Neonatology [24] PaO2 increase >22.5 15min

Liu et al. Zhonghua Er Ke za Zhi [25] PaO2 increase >10+ 10% increase SpO2 60min

González et al. J Perinatol [26] OI < 40 48 h

McNamara et al. Pediatr Crit Care Med [17] OI < 25 sustained 6 h

Nelin and Potenziano. BMC Pediatr [27] PaO2 increase ≥10% or OI decrease ≥10%, did not
require ECMO

Evaluated at 30min, 1 h, 24 h, and >24 h

PaO2 partial pressure of oxygen, OI oxygenation index, SpO2 oxygen saturation, ECMO extracorporeal membrane oxygenation.
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Specifically, there is a need to identify clinical, biochemical, and
genetic factors that may predict iNO responsiveness resulting in
more personalized care for neonates with PPHN. Furthermore, it is
apparent that large-scale, prospective studies to evaluate the
efficacy of milrinone as an adjuvant pulmonary vasodilator in this
population, including long-term outcomes, are needed. However,
given the lack of success to date in obtaining these data, perhaps
future studies should focus on identifying therapies that could be
initiated early to improve iNO responsiveness, in addition to
identifying rescue therapies for the iNO-unresponsive neonate. A
question that remains to be determined is whether milrinone or
other pharmacotherapies can be used to enhance the respon-
siveness to iNO in neonates with PPHN.
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