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BACKGROUND: Exhaled nitric oxide (eNQ) is one of the airway condensate derived markers,
reflecting mainly airway inflammation in asthma and other lung diseases. The changes of eNO
levels as pathophysiology of neonatal hypoxemic respiratory failure (HRF) in early postnatal life
have not been thoroughly studied. The present study was to establish a method for measuring eNO
concentrations in neonates with or without HRF.

METHODS: Twenty-two newborn infants with HRF and 26 non-NRF controls were included
within the first 24 hours of postnatal life. Their eNO levels were detected with a rapid-response
chemiluminescence analyzer daily during the first week of their postnatal life, and lung mechanics
and gas exchange efficiency were monitored at the same time, such as pulse oxygen saturation
(Sp0O,), inspired fraction of oxygen (FiO,) and other parameters.

RESULTS: During the first two days of postnatal life, eNO values of HRF neonates were
significantly higher than those of the control neonates (day 1, 7.94£3.2 vs. 5.8+1.8 parts per billion
[ppb], P<0.05; day 2, 8.8+3.2 vs. 6.0+2.4 ppb, P<0.05), but there were no significant differences in the
following days. With SpO,/FiO, increasing, difference of eNO values between the HRF and non-HRF
neonates became narrowed, but there was still a two-fold difference of eNO/[SpO./(FiO,x100)] on
days 5-7.

CONCLUSION: We established a method for measuring eNO and found difference in neonates
with or without HRF, which diminished with prolonged postnatal days, reflecting pathophysiological
characteristics of HRF.
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INTRODUCTION

Neonatal hypoxemic respiratory failure (HRF) is one
of the most common and serious clinical problems, and
a major cause of death in newborn infants, especially
in preterm newborns.!"! HRF, usually secondary to
meconium aspiration, pneumonia with or without
sepsis, respiratory distress syndrome (RDS) and primary
pulmonary hypertension of the newborn (PPHN), is the
most common reason for routine mechanical ventilation.
However, long-term ventilator support may lead to
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acute and chronic lung injury. At present, more and
more studies related to lung injury and repair as well
as lung development and function compensation have
focused on the relationship of physiological functions
and bio-pathology or pathophysiology of endogenous
factors, such as nitric oxide (NO). NO is an endothelium
derived relaxant factor, generated from L-arginine by
nitric oxide synthases (NOS), which are predominantly
inhabited in vascular endothelial cells, white blood cells
and neurons, among other cells of the body. Exhaled

www.wjem.org



196 Liu et al

World J Emerg Med, Vol 2, No 3, 2011

nitric oxide (eNO) reflecting the endogenous pulmonary
NO production is one of the airway condensate derived
markers, reflecting mainly airway inflammation in
asthma and other lung diseases.” eNO in humans
originates mainly in the paranasal sinuses, then goes into
the lung during inspiration and out during expiration,
which can be detected by means of real-time NO
minotor. We examined eNO in neonates with or without
HREF in order to find out changes of airway derived
endogenous NO levels as pathophysiology of neonatal
HREF in early postnatal life.

METHODS
The protocol of study was approved by the Ethics

Committee of Children's Hospital of Fudan University
and Hunan Provincial Children's Hospital Review Board.
Informed consent, either written or orally agreed, was
obtained from the family members of infants enrolled in
the study.

Patient selection and protocols

The newborns with HRF were studied in the
neonatal intensive care unit (NICU) of Hunan
Provincial Children's Hospital from November 2009 to
February 2010. Infants were selected for study if they
demonstrated characteristic physical and radiographic
findings and evidence of respiratory failure requiring
intratracheal intubation and mechanical ventilation using
intermittent mandatory mode in the first 24 hours of their
life. Control infants included preterm and term infants
without diffusive lung diseases admitted to the NICU
of Children's Hospital of Fudan University from May to
June 2010. Infants were excluded from the study if they
had major congenital anomalies.

At the enrollment, blood samples in HRF were
collected from peripheral artery daily, and analyzed
with a Rapidlab 348 analyzer (Bayer Corp., Medfield,
MA) for blood gas. At the same time, we detected their
eNO and performed respiratory monitoring for 7 days or
until extubation, whichever occurred earlier. The control
infants breathed spontaneously and were enrolled when
they entered the NICU. They had been detected eNO
and other respiratory parameters daily for 7 days or until
discharge from the NICU.

Measurements of online eNO

eNO was detected according to the standard
procedures for measuring eNO recommended by the
American Thoracic Society and European Respiratory
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Society.”) eNO was measured using a Sievers 280
Chemiluminescence analyzer (Sievers, Boulder, CO.
USA). NO gas reacts with ozone, producing energy in
the form of light that is proportional to the amount of NO
and can be measured using a luminometer. The analyzer
measured accurately to 1 part per billion (ppb) and had a
90% response time of 400 ms. Prior to each measurement,
the NO analyzer was calibrated with NO-free air (filtered
through an NO scavenger) and an NO calibration
gas certified at 20 parts per million (ppm) (Shanghai
Noventek, Shanghai, China). The analyzer had a linearity
between 0-500 ppb at a sampling rate of 100 mL/min.

When making eNO measurements in ventilated
infants, expired gas from the side port of the endotracheal
tube was directed to the analyzer at a constant flow rate.
In the control infants, a facemask was held snugly over
the infant's nose and mouth. A 4 1/min bias flow of air
from the wall outlet was passed through the facemask
via a T-piece, this did not pressurize the circuit and hence
did not result in leaks. A valve was put in the distal part
of the facemask. A 6 Fr gauge catheter was fed through
the leak free valve and the tip positioned so that it could
lay at the infant's lips. The catheter was attached to the
NO analyzer. Thirty-two measurements per second were
made for 1 minute at a time. After a period of 1 minute to
allow for the stabilization of eNO levels, the maximum
eNO levels were calculated for 1 minute by a breath
program (NO Analysis 3.21 BREATH, Sievers). The
NO concentrations of the hospital compressed air was
measured, and they were subtracted from the measured
eNO levels, and mean values were recorded by three
repeated measurements. "

Respiratory monitoring

When detecting eNO, we also performed respiratory
monitoring on lung mechanics and gas exchange
efficiency with RSS100-HR Research Pneumotach
System (Hans Rudolph, Kansas City, KA, USA), coupled
with a non-heated 8311B flow sensor (Flow Range:
0-10 L/min) for neonatal use. An OxiMax N-85 Portable
Bedside Capnograph/Pulse Oximeter (Tyco Healthcare,
CA, USA) was used to detect pulse oxygen saturation
(Sp0O,) and end-tidal CO, tension (PetCO,) in expired air.
We also monitored the transcutaneous oxygen tension
(TcPO,) and carbon dioxide tension (TcPCO,) with a
TCM-3 Transcutaneous Monitoring System (Radiometer,
Copenhagen, Denmark).

Evaluation of hypoxemic respiratory failure
For diagnosis of HRF, the following parameters
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were used: oxygen index (OI) = [mean airway pressure
x fraction of inspiratory oxygen (FiO,) x 100]/ pre-
ductal arterial oxygen tension (PaO,, mmHg); arterial-
alveolar ratio for the oxygen tension (a/A) = PaO,/
[713xFi0,-Arterial carbon dioxide tension (PaCO,)]; P/F
ratio= PaO,/Fi0,; and S/F ratio= SpO,/Fi0O,. Dead space
to tidal volume ratio (Vp/Vy) as an index to estimate
intrapulmonary shunting reflecting ventilation-perfusion
mismatching was calculated following the Bohr's
formula: VD/VT= (PaCO,-PetCO,)/ PaCO,.

Statistical analysis

All statistical analyses were performed by using
SPSS 16.0 software (SPSS, Chicago, IL). Continuous
variables are presented as means and standard deviation
(SD) or median and range or interquartile range (25th
to 75th percentile). Wilcoxon's Mann-Whitney U test
was used to compare eNO, SpO,/FiO, and eNO/[SpO,/
(Fi0,x100)] in the two groups. Pearson's correlation
coefficient analysis was used to determine the
relationship between eNO levels and indices of HRF.

RESULTS
Perinatal characteristics of participating infants
The clinical characteristics of the two groups of
infants are shown in Table 1. There are 22 neonates in
the HRF group, including 14 preterm infants and 8 term
infants. All preterm infants had RDS, whereas the term
infants were diagnosed with RDS (#=3), meconium
aspiration syndrome (n=3), wet lung (n=1) and severe
pneumonia (n=1). In the control group, there were 15
preterm and 11 term infants. All preterm infants were
enrolled to the NICU for special care, whereas in the
term infants, there were 4 with swallowing syndrome
and 7 small-for-date infants. There were no significant
differences in gestational age, birth weight and delivery
modes, but there were more male infants in the HRF
group, and the 1-minute and 5-minute Apgar scores of
HRF were significantly lower than those in the control

group.

eNO level

eNO concentrations of neonates with and without
HRF are shown in Table 2. During the first two days of
postnatal life, eNO values of HRF were higher than those
of the control group (day 1, 7.94£3.2 vs. 5.8+1.8 ppb,
P<0.05; day 2, 8.8+£3.2 vs. 6.0+2.4 ppb, P<0.05), but
there were no significant differences of eNO levels in the
two groups in the following days of the first week.

Comparison of respiratory parameters

In the first postnatal day, values of SpO, in HRF
were lower than those of the control group, but no
significant differences were found in the following days.
After correction of SpO, by FiO, (SpO,/Fi0O,) in HRF,
these values were significantly lower than those of the
control group, but they increased over time consistently
with improved oxygenation. Values of TcpO, in HRF
were also lower than those of the control group. There
were no significant differences of PetCO, and TcpCO,
between the two groups at all time points.

We found that values of SpO,/FiO, were closely
correlated with those of PaO,/Fi0O, (»=0.719, P<0.01,
regression equation: SpO,/Fi0,= 160+0.73xPa0,/
Fi0O,). The same was true for TcPO,/FiO, and PaO,/FiO,
(r=0.562, P<0.01, regression equation: TcPO,/FiO,=
113+0.53xPa0,/Fi0,). The correlation between SpO,/
FiO, and PaO,/Fi0, is shown in Figure 1.

eNO and respiratory failure

We made the correlation analyses between eNO and
several indices of HRF, including OI, a/A and PaO,/
FiO,. There was no any relevance between them nor
correlationship between eNO and V,/V;. We found
that eNO was inversely correlated with SpO,/FiO, (r=
—0.228, P<0.05) (Figure 2). We compared eNO/[SpO,/
(Fi0,%100)] and found that eNO/[SpO,/(Fi0,x100)] in
HRF was significantly higher than that in the control

Table 1. Perinatal data of neonates with or without HRF

Variables HRF (n=22) Control (n=26)
Birth weight (mean+SD) (g) 2490+1039 2238+757
Gestational age (meantSD) (week) 34.8+4.2 35.6£3.6
M/F 19/3° 11/15
Delivery mode (n, %)
Vaginal delivery 11 (50) 10 (39)
Cesarean delivery 11 (50) 16 (61)
1-min Apgar M (IQR) 8 (7-9) 9 (8-10)
5-min Apgar M (IQR) 8 (7-10)" 10 (9-10)

Compared with ontrol group, * P<0.05; IQR: interquartile range

Table 2. NO concentrations in exhaled gas of neonates with or without
HRF in the first week of their life (ppb, mean+SD)

Postnatal day (d) Control (n=26) HRF (n=22)

eNO Range eNO Range
1 5.8+1.8 3.1-9.8 7.943.2° 3.6-12.6
2 6.0+£2.4 3.1-10.7 8.8+3.2° 4.5-15.7
3-4 6.7£2.0 3.6-10.0 8.9+3.0 4.7-15.4
5-7 7.1£2.4 2.7-9.4 8.7+1.6 6.8-11.6

Compared with ontrol group, * P<0.05
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Figure 1. SpO,/FiO, over PaO,/FiO, in neonates with HRF. Correlation
coefficient 7=0.719, P<0.01; regression equation: SpO,/FiO,=
160+0.73xPa0,/FiO,

Table 3. Oxygenation and exhaled nitric oxide ratios (SpO,/FiO, and
eNO/[SpO,/(FiO,%100)]) in neonates with and without HRF in the first
week of their life (mean+SD)

Parameters 1 2 3-4 5-7
Sp0O, (%)
HRF group 93+5" 97+3 96+2 96+3
Control group 98+3 9843 9743 99+2
SpO,/Fi0,
HRF group 22741017 311+89°  372+74° 419434
Control group 468+13 468+15 46314  464%9
eNO/[SpO,/(Fi0,x100)]
HRF group 45+2.4%  32+1.9"  29+1.5%  2.1x04"
Control group 1.2+0.4 1.240.3 1.1+£0.3 0.9+0.2

Compared with control group, ~ P<0.05, “P<0.01

group at all time points. There was a four-fold difference
of eNO/[SpO,/(Fi0,x100)] on day 1, and it was two-fold
on days 5-7 (Table 3).

DISCUSSION
We established a method for measuring eNO of

mechanically ventilated neonatal infants with HRF and
non-ventilated control infants. With the non-invasive
respiratory monitoring technologies, we found that eNO
values of neonates with HRF were higher than those
without HRF in the first two days of postnatal life, but
the differences diminished with the prolonged postnatal
days, reflecting pathophysiological characteristics of
HRF.

eNO levels were measured using two sampling
techniques, either from the side port of the endotracheal
tube or, in non-ventilated infants, through a facemask.
NO produced in the nose is higher than that from the
lower airway, which is one of the most important factors
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Figure 2. eNO was associated with SpO,/ FiO, in neonates with or
without HRF. The histogram is for SpO,/ FiO,, and the scatter gram is
for eNO; P<0.05 vs. control group.

affecting NO output;"”) however, there is no significant
correlation between nasal and lower airway to eNO
levels'®. Hence we deliberately positioned the tips of the
catheter so that it laid at the infant's lips. It is possible
when sampling from the facemask in neonates without
HRF that NO produced in the nose may have influenced
the results, even though, we did find that the eNO levels
of HRF neonates were still significantly higher than those
of the control group.

The timing of measurements relative to the
expected clinical course of the disorder is important in
the interpretation of results. Our first measurement of
eNO in HRF neonates was made after the intratracheal
intubation, intermittent positive pressure ventilation,
administration of surfactant, and confirmation of
appropriate lung expansion by chest radiography. The
elevated levels of eNO in neonates with HRF may reflect
up-regulation of NOS (type-2) or inducible NOS (iNOS)
as an spontaneous regulatory response to decrease
NO production.””” In the ventilated baboons," there is
deficiency of neuronal NOS and endothelial NOS, but
enhanced iNOS. iNOS can be induced by proinflammatory
cytokines, such as tumor necrosis factor-a, interferon
& and interleukin 10.”’ Exogenous factors also cause
transcriptional activation of iNOS, including bacterial
toxins, viral infection and hypoxia.'"” In addition, HRF
is characterized by significant ventilation-perfusion
mismatching and intrapulmonary shunting. This
pathophysiological mechanism may involve stimulation
for NO production based on up-regulation of iNOS and/
or eNOS in the lungs.""

Mechanical ventilation may also affect the NO
output. Airway epithelium could produce more NO as a
reaction to mechanical stretching and shear forces across
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the airways in the lung disease. It has been proposed that
shear stress due to inappropriately high tidal volumes
may increase NO production. The application of positive
end-expiratory pressure has shown to increase eNO in
animals,"” but airway pressure in humans does not affect
eNO plateau levels according to other reports.”’

With regard to HRF severity and response to the
early intervention, P/F ratio is considered the most
stable parameter. Concerns about anemia, excessive
blood draws, and a movement to minimally invasive
approaches have led to fewer arterial blood gas
measurements in critically ill patients, especially in
neonates. Recent studies showed that SpO,/FiO, ratios
correlate with P/F ratios, and proposed that S/F can
be a substitute of P/F to diagnose and monitor adult
and pediatric patients with acute lung injury or acute
respiratory distress syndrome;!">'* however, the
hypothesis has not been verified in studies related to
neonatal HRF. We found that there is a great correlation
between P/F and S/F ratios in neonatal HRF, as
described by the regression equation. We investigated
the relationship between eNO and SpO,/FiO,, and found
that eNO in neonatal HRF decreased with oxygenation
improvement, close to that in the control group. After
correction of eNO by SpO,/Fi0O,, we found a four-fold
difference of eNO/[SpO,/(Fi0,x100)] on day 1, and
still a two-fold difference on days 5-7, suggesting such
correction is warranted for better interpretation of its
clinical relevance.

Colnaghi et al'"”! detected the eNO value of normal
neonates in the first two days after birth, and found that
there was an eNO peak in term neonates while there
was no eNO peak in preterm infants, suggesting that
NO participated in the postnatal respiratory adaptation.
Additionally, the eNO values at 24 and 48 hours in their
study were similar to our measurements at the same time
points. Olsen et al'” found that neonates with RDS had
higher eNO at first 24 hours of postnatal life compared
to the control group, and their eNO decreased as gas
exchange improved, which is similar to our finding.

In conclusion, with the use of non-invasive eNO
detection technology in ventilated neonates and
spontaneously breathing controls, we found that there
were differences of eNO in neonates with and without
HRF, which diminished as oxygenation improved,
reflecting pathophysiological characteristics of HRF.
It should be considered as an alternative way in
diagnosis and monitoring of neonatal HRF. Should more
investigations be accomplished in this special population.
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