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Abstract

Objective Meta-analysis of individual-patient clinical trial data suggests that inhaled nitric oxide (iNO) improves respiratory
outcomes in premature African American neonates. We hypothesized that early iNO therapy would be associated with lower
mortality and less chronic lung disease (CLD) in extremely premature African American neonates.

Study design We conducted a retrospective cohort study of propensity score- and race-matched neonates 22-29 weeks
gestation who were mechanically ventilated for treatment of respiratory distress and associated pulmonary hypertension
(RDS + PPHN). We evaluated the association of iNO within 7 days of life with in-hospital mortality and CLD, using Cox
proportional hazards regression and logistic regression, respectively.

Result Among 178 matched pairs of African American patients, iNO was not associated with lower mortality (HR = 0.94,
95% CI 0.69-1.30) or less CLD (OR = 0.94, 95% CI 0.47-1.87).

Conclusions Early, off-label iNO use is not associated with improved outcomes in premature African American neonates

with RDS 4 PPHN.

Introduction

Inhaled nitric oxide (iNO) is not approved for use in neo-
nates <34 weeks gestation as it neither improves survival
nor prevents long-term morbidity in this population [1-14].
Both the American Academy of Pediatrics and the National
Institutes of Health discourage its use in premature neo-
nates, noting a lack of evidence to support iNO even among
those with pulmonary hypertension (PPHN) [15, 16]. In
our recent study of extremely premature neonates with
PPHN, we likewise found that the off-label prescription of
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iNO during the first week of life was not associated
with improvement in survival or any of several major
morbidities [17].

After completing the above cohort study, we were
encouraged to learn that iNO may reduce the rate of chronic
lung disease (CLD) in premature African American neo-
nates [18]. Among the three clinical trials included in this
individual-patient data meta-analysis [4, 10, 19], only one
enrolled subjects exclusively during the first week of life
[4]. This single-center study piqued our interest for two
reasons: it revealed that iNO reduced the risk of death or
CLD with a relatively low number needed to treat (seven),
and a large majority of its subjects (70%) were African
American. The other two studies enrolled the majority of
their subjects beyond the first week of life, with lesser
treatment effects seeming to correlate with lower enrollment
of African American subjects [10, 19].

Among 1278 neonates with PPHN in our recent study
382 (30%) were African American [17], a proportion
intermediate to those observed in two largest American
trials of early iNO therapy [6, 9]. Although neonates in our
PPHN cohort were not matched directly on race, our post-
hoc assessment of African American neonates suggested
that early initiation of iNO might improve outcomes in this
population (unpublished data). We therefore conducted the
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present study, matching on race, to test our hypothesis that
iNO use during the first week of life would be associated
with lower mortality and less CLD among extremely pre-
mature African American neonates.

Methods
Study design

We performed a retrospective cohort study using data from
the Clinical Data Warechouse (CDW). The CDW includes
information on more than one million neonates who were
hospitalized in a Pediatrix Medical Group (PMG) neonatal
intensive care unit (NICU) [20]. The study was approved by
the Western Institutional Review Board (IRB) and was con-
sidered exempt by the Mayo Clinic IRB (Rochester, MN).

Study setting and population

We identified all neonates admitted to a PMG NICU and
discharged between 1 January 2004 and 31 December 2014.
We included in our study singletons born at 22-29 weeks
gestation who were mechanically ventilated for treatment of
respiratory distress and concomitant PPHN. We excluded
from our analysis neonates with major anomalies (including
pulmonary hypoplasia), those admitted for comfort care
only and those who died in the delivery room.

Patient characteristics and outcomes

We obtained various maternal and neonatal characteristics
for each neonate in our study sample (Table 1). Race/eth-
nicity was based on maternal origin and was recorded in the
electronic documentation tool as Asian, black (African
American), Hispanic, Native American/Alaskan, Pacific
Islander, white or other/unknown. The diagnosis of PPHN
was at the discretion of the treating neonatologist—that is,
there were no predetermined criteria required for diagnosis
(e.g., echocardiography, pre-/post-ductal saturation differ-
ential, etc.). That said, in a prior study using this data set we
demonstrated that PPHN was associated with increased
mortality among patients with RDS [17], suggesting that
this clinical diagnosis of PPHN is a meaningful dis-
criminant. Information regarding iNO dosing and patients’
responses to iNO was not available.

The primary outcome was in-hospital mortality, defined
as death prior to transfer or discharge. Secondary outcomes
included necrotizing enterocolitis of any stage (NEC);
retinopathy of prematurity that required treatment (tROP);
CLD, defined as a need for supplemental oxygen or pres-
sure support at 36 weeks corrected gestational age (CGA);
and periventricular leukomalacia (PVL).
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Data analysis

Given our previous findings [17], we anticipated that
patients who received iNO would have less-favorable
baseline characteristics than those who did not receive
iNO (i.e., they would seem “sicker”). We therefore used
propensity score (PS) matching to balance the measured
baseline characteristics between patients who received iNO
during the first week of life and the referents to whom they
were matched [21]. Because iNO could have been initiated
at any time during the first week of life, we employed a risk
set approach to match a patient who initiated iNO on day
t (exposed) to a patient with similar baseline characteristics
who had not received iNO as of day ¢ (referent).

As previously described [17], we first built a risk set of
all neonates “at risk” for receiving iNO on day ¢ = 0. Using
these neonates, we fit a multivariable logistic model to
estimate PS, defined as the probability that a neonate would
receive iNO on day =0 conditional on the measured
covariates. This model included main effect terms for each
of the variables listed in Table 1 along with race; gestational
age, birth weight, and calendar year were modeled as linear
terms, with an interaction between gestational age and
inborn/outborn status. For each neonate who received iNO
on day t=0, one matched referent was randomly selected
without replacement from the pool of neonates who had not
received iNO as of day = 0 that matched on race (African
American, white, Hispanic, Asian, or other) and within +
0.2 standard deviations of the logit of the PS values. We
then repeated this sequential process for each of the days
t=1-7, excluding from each risk set neonates who had
either received iNO, transferred, or died prior to time ¢. Last,
we combined the matched pairs into race subgroups for
analysis. The date of iNO initiation for an iNO-exposed
patient was defined as the “index date” for both the iNO-
exposed and their matched referent.

We examined covariate imbalance between the exposed
and referent groups by assessing the standardized difference
for each baseline covariate. We defined the standardized
difference for a continuous covariate as the absolute dif-
ference in group means divided by an estimate of the pooled
standard deviation. The derivation is similar for nominal
covariates. A standardized difference less than 0.10 signifies
minimal covariate imbalance between groups [22].

The association between iNO exposure and each of the
outcomes was evaluated separately for each race (African
American, white, and Hispanic). We employed a Cox pro-
portional hazards model to determine the association
between iNO status and in-hospital mortality. We used age
as the time scale, with neonates entering the risk set at their
respective age at the index date [23]. Using the counting
process formulation of a Cox model, neonates entered the
analysis at their index age (left truncation) and exited at
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their death/transfer/discharge age. We used the robust
sandwich covariance estimate in the Cox model to account
for neonates included in both the exposed and referent
cohorts (i.e., referents who later received iNO). Associa-
tions were summarized using the hazard ratio and corre-
sponding 95% confidence interval (CI). We used the same
time-to-event methodology to assess NEC as a secondary
outcome. Last, we determined the duration of iNO therapy
in each race sub-cohort by subtracting the age at which iNO
was first initiated from either (a) the age at which it was
discontinued or (b) the age at which a patient was trans-
ferred or died, if iNO was still prescribed that day.

For each of the other secondary outcomes we built
separate PS- and race-matched sub-cohorts of patients who
were eligible for evaluation of these diagnoses. For tROP
we restricted the starting cohort to neonates who had been
evaluated for ROP; for CLD we restricted the starting
cohort to neonates still hospitalized at 36 weeks CGA; and
for PVL we restricted the starting cohort to neonates who
had undergone brain imaging. As iNO exposure status was
known by the time each of these three outcomes was
clinically evaluated, we estimated PS values and performed
matching in one step for each sub-cohort. Thus, we con-
sidered iNO exposure status as a baseline covariate and
evaluated the association between iNO and each secondary
outcome using logistic regression. Associations were sum-
marized using the odds ratio (OR) and corresponding 95%
confidence interval (CI). Unbalanced covariates in the PS-
matched cohorts within each sub-cohort were adjusted for in
the regression models evaluating the outcomes.

Last, we performed sensitivity analyses for the mortality
and NEC outcomes to alternatively address the matched
referents who subsequently received iNO within the first
7 days of life. Among the 558 referents in the PS- and race-
matched cohort, 147 received iNO within the first seven
days of life, of whom only 124 also had been included in
the matched cohort as “exposed” as there were no matched
referents for the remaining 23 based on our matching cali-
pers. In the sensitivity analysis using all 558 PS-matched
pairs, we censored the follow-up of these 147 referents at
the age they received iNO rather than at the age of their
death/transfer/discharge. In this manner, the 124 matched
referents who were also in the exposed group were handled
as “referents” in the time interval prior to receiving iNO and
as “exposed” in the time interval after receiving iNO.

Results

There were 73,594 neonates born at 22—-29 weeks gestation
and admitted to PMG NICUs from 2004 to 2014, during
which time iNO was prescribed to at least 1% of neonates in
this gestational age range. As shown in Fig. 1, a total of

SPRINGER NATURE

Neonates born at 22-29
weeks gestation during
2004-2014
N=73,5%4

Excluded
N=71,130
with other diagnoses

Respiratory Distress with
Pulmonary Hypertension
N=2,464

Excluded
N =356
with major anomalies

No Major Anomalies
N=2,108

Excluded
N =529
non-singleton births

Singleton Birth

N=1,573 Excluded
N=48
with max supportrank < 6
onday0,1,2
Max Support Rank
day012=6o0r7
N=1,531

iNO within first No iNO within first
7 days 7 days
N=661 N=870

Fig. 1 Consort flow diagram

2464 patients received a primary respiratory diagnosis of
RDS + PPHN. From this group of patients we sequentially
excluded those with major congenital anomalies; non-
singleton birth status; or no requirement for either con-
ventional or high-frequency ventilation on days 0-2 (max
support rank 6 or 7, respectively).

The analysis cohort was comprised of 1531 patients, of
whom 661 (43.2%) initiated iNO therapy within the first
7 days of life. The majority of iNO therapy was initiated
soon after birth: 313 (47.4%) initiated on day 0, 172
(26.0%) initiated on day 1, 68 (10.3%) initiated on day 2
and 108 (16.3%) initiated on days 3-7. Characteristics of
this unmatched cohort can be found in Supplemental
Table 1. Most notably, patients treated with iNO more often
required high-frequency ventilation and vasopressor
therapy.

To reduce the imbalance in observed baseline covariates
between iNO-exposed and referent patients, we built a
cohort matched on race and PS values derived from all of
the characteristics listed in Table 1. As shown by the
standardized differences in Table 1 and Supplemental
Fig. 1, there was fairly good covariate balance within each
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of race sub-cohorts (African American, n = 356; white,
n =502; Hispanic, n =258). The median duration of iNO
therapy was 5 days for all sub-cohorts (African American:
IQR, 3-9 days; white: IQR, 47 days; Hispanic: IQR, 3-8
days).

The primary outcome was death prior to transfer/dis-
charge, and neonates were followed until the date of their
discharge/transfer. Among the neonates in the iNO-exposed
group, 58 African Americans died at a median age of nine
days (IQR, 4-25 days); 85 whites died at a median age of
seven days (IQR, 2-14 days); and 39 Hispanics died at a
median age of 5 days (IQR, 2-11 days). Among the mat-
ched referents, 58 African Americans died at a median age
of nine days (IQR, 5-13 days); 91 whites died at a median
age of six days (IQR, 2—14 days); and 48 Hispanics died at a
median age of 7 days (IQR, 2—-13 days). As shown in Fig. 2,
we did not observe a significant association between
iNO exposure and in-hospital mortality within any of
the race sub-cohorts (African Americans: HR = 0.94, 95%

CI: 0.69-1.30; whites: HR =0.92, 95% CI: 0.71-1.20;
Hispanics, adjusted for max support rating: HR = 0.74,
95% CI 0.51-1.08).

Among the neonates in the iNO-exposed group, 20
African Americans were diagnosed with NEC at a median
age of 27 days (IQR, 19-43days); 25 whites were diag-
nosed at a median age of 20 days (IQR, 8—46 days); and 22
Hispanics were diagnosed at a median age of 22 days (IQR,
16-30 days). Among the matched referents, 20 African
Americans were diagnosed with NEC at a median age of 27
days (IQR, 1-42days); 21 whites were diagnosed at a
median age of 28 days (IQR, 24-40 days); and 18 Hispanics
were diagnosed at a median age of 21 days (IQR, 940
days). Our analyses did not reveal a significant association
between iNO exposure and NEC within any of the race sub-
cohorts (African Americans: HR =0.88, 95% CI: 0.52—
1.48; whites: HR = 1.23, 95% CI: 0.75-2.03; Hispanics,
adjusted for max support rating: HR =1.09, 95% CI 0.61-
1.97; Fig. 3). Among the remaining secondary outcomes,

SPRINGER NATURE
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early iNO exposure was associated only with a lower rate of
CLD in Hispanics (adjusted for birth size assessment and
inborn/outborn status, OR =0.39, 95% CI: 0.17-0.87) and
a higher rate of PVL in African Americans (OR =2.45,
95% CI: 1.03-5.85).

The results from the sensitivity analysis were consistent
with the primary analysis. There was no association
between iNO exposure and in-hospital mortality within any
of the race sub-cohorts (African Americans: HR = 1.08,
95% CI: 0.72—-1.64; whites: HR = 1.11, 95% CI: 0.80-1.55;
Hispanics, adjusted for max support rating: HR =0.81,
95% CI 0.51-1.28). Likewise, there was no association
between iNO exposure and NEC (African Americans: HR
=0.87, 95% CI: 0.4-1.70; whites: HR =1.22, 95% CI:
0.65-2.32; Hispanics, adjusted for max support rating: HR
=1.06, 95% CI 0.55-2.03).

Discussion

After two decades of conflicting trial data and much debate
in the field of neonatology, it was encouraging to read that a
subgroup of premature neonates might truly benefit from
iNO therapy [18]. Compared with white and Hispanic
neonates, non-Hispanic black neonates endure higher rates
of prematurity, low birth weight and death at <28 days
of life [24, 25]. Disparities in care delivery are known
to exacerbate these problems [26, 27]. Thus, it was hopeful
to think that iNO might represent a new means by which to
close the long-standing quality gap experienced by African
American neonates.

Unfortunately, among a large cohort of patients with
RDS + PPHN we found that early iNO treatment was not
associated with less CLD in African Americans. This out-
come is discordant with that of the RiNOP study [18], a
meta-analysis in which at least one-third of the African
American subjects were enrolled during the first week of
life. Compared with the trial conducted by Schreiber et al.
[4], mortality was higher among patients in our PS-matched
cohort and CLD was more common among Survivors.
These outcomes disparities may relate to the fact that our
patients were smaller, less mature and had more severe
baseline characteristics (similar to patients enrolled in the
PiNO trial) [6]. However, since the time of the Schreiber
publication most iNO-treated neonates < 30 weeks gestation
have RDS that is accompanied by a diagnosis of PPHN
[17]. There also is evidence that early iNO therapy may be
harmful when it is prescribed to treat RDS in the absence of
PPHN [17]. Thus, it is still unclear whether there truly is a
subpopulation of premature neonates who might benefit
from iNO.

Similarly, the optimal dosage and timing of iNO was not
clarified by the RiNOP meta-analysis. For example,
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Schreiber et al. initiated iNO at 10 ppm for 1 day, then
weaned to 5 ppm 6 days [4]. The NEWNO and NO CLD
trials initiated iNO at 20 ppm for up to 4 days, continued at
10 ppm for 1 week, then weaned further to complete at least
24 total days of therapy [10, 19]. Likewise, Schreiber et al.
enrolled most of their subjects at < 1 day of life [4], whereas
the NEWNO and NO CLD trials enrolled the majority of
their subjects during the second and third week of life,
respectively [10, 19]. Age at enrollment is important to
consider because it influences the outcomes of neonatal
study populations, survival in particular [27]. Most mor-
tality in the NICU occurs during the first week of life.
Because this phenomenon is inversely proportional to
gestational age [27], the potential for survivorship bias
prevents us drawing any conclusions from the RiNOP
study. In our present study, African American neonates
initiated iNO at a median age of one day and received just
5 days of treatment (IQR 3-9 days). Although our patients’
comparably brief (and possibly lower-dose) iNO course
could explain the null result, it is worth noting that the NO
CLD and NEWNO trials yielded divergent outcomes
despite their similar study populations and iNO adminis-
tration protocols [10, 19].

In addition to the unexpectedly null result, we identified
[28] two outcomes of early iNO exposure that are worth
mentioning. First, exposure to iNO was associated with a
much lower rate of CLD among Hispanic neonates
(Table 2). One-quarter of the 220 matched pairs whom we
assessed for CLD were Hispanic, a proportion that is higher
than that of the RiNOP study (= 15%) but nearly identical to
the percentage of American live births < 32 weeks gestation
[24]. Because Hispanic ethnicity appears to be protective
against RDS and PPHN [29, 30], it is conceivable that
Hispanic patients might respond more favorably to iNO
therapy than neonates of other racial backgrounds. Second,
we were troubled to find an association between early iNO
exposure and PVL in the African American sub-cohort
(Table 2). This finding might be spurious, as the relatively
small sample size of each race sub-cohort prevented us from
matching on potential confounders, such as center and
gestational age. Nevertheless, out of caution we conclude
that iNO should not be prescribed for the prevention of
bronchopulmonary dysplasia in this subpopulation. Instead,
and bearing in mind the limitations of the present study and
the RiINOP meta-analysis, we strongly endorse the conduct
of clinical trials that specifically enroll African American
and Hispanic neonates. Even in the era of the 21st Century
Cures Act, adequately powered and generalizable clinical
trials remain the gold standard in evidence-based medicine.
Based on our review of the literature [6, 17, 18, 24], we
suggest that a trial of early iNO in extremely premature
African American and Hispanic neonates with PPHN would
be an important and feasible step toward eliminating the
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disparities that currently plague our system on neonatal
care [26, 27].

Limitations and strengths

Our retrospective study design posed a few limitations that
we address here. As we state above, our patients’ diagnosis
of PPHN was made at the discretion of the treating neo-
natologists. Likewise, we were unable to determine the
doses at which PMG neonatologists initiated, escalated or
weaned iNO in response to their patients’ clinical status. As
a result, we are unable to compare the outcomes of this
study to those included in the RiNOP study [4, 10, 19].
Next, in our PS model we included only one variable that
directly reflected the severity of our patients’ respiratory
disease: maximum level of ventilator support on days of life
0-2. Although it would have been valuable to include other
characteristics (e.g., oxygenation index), we were limited to
those that were included in our data source. Last, our study
design also impacted our assessment of secondary out-
comes. For example, we could not assess intraventricular
hemorrhage (IVH) because we could not determine with
certainty whether a patient’s IVH occurred before or after
initiating iNO. For the three secondary outcomes we did
assess, the number of patients included in each analysis was
limited by our need to PS- and race-match patients who
were alive and eligible for evaluation of these diagnoses.
For the same reason, we were unable to match patients on
site—for example, we compared the survival of 178 PS-
matched pairs of African American patients and there are >
300 hospitals included in our data source (PMG CDW).

Perhaps the greatest strength of this study is quality of the
CDW data. As reported by our group and others, the rate of
off-label iNO utilization by PMG neonatologists is similar to
those of the New South Wales/Australian Capital Territory
network and the Vermont-Oxford Network [20, 31]. Fur-
thermore, the demographic characteristics and clinical out-
comes of our PS-matched cohort were comparable to those
of the two largest multicenter trials of early iNO conducted
in the United States [6, 9]. Thus the PMG experience—its
physicians’ practices and its patients’ response those
practices—seems generalizable to the broader neonatology
community.

Conclusion

Off-label prescription of iNO does not improve respiratory
outcomes in extremely premature African American neo-
nates with RDS + PPHN. Along with recent meta-analyzed
clinical trial data, our findings provide additional evidence
that a clinical trial is warranted in this at-risk population.
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