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ABSTRACT: Bronchopulmonary dysplasia (BPD) is associated
with an early inflammatory response that persists after the first week
of life. Inflammatory mediators can induce hemoxygenase-1 with a
consequent increase in carbon monoxide (CO) production. End-tidal
CO (ETCO) levels would be elevated in infants developing BPD.
Serial measurements of ETCO levels were attempted on d 3, 5, 7, 14,
21, and 28 in 50 prematurely born infants (median gestational age 29
wk). Fourteen infants developed BPD [oxygen dependent beyond 36
wk post-menstrual age (PMA)] and had higher ETCO levels com-
pared with the rest of the cohort on d 7, 14, 21, and 28. On d 14, the
mean (SD) ETCO levels of the BPD group were 3.19 (1.11) ppm and
1.43 (0.61) ppm in the non-BPD group (p � 0.001). An ETCO level
on d 14 �2.15 ppm had a sensitivity of 80% and specificity of 92%
in predicting oxygen dependency at 36 wk PMA. Measurement of
ETCO levels in prematurely born infants may be useful in the
prediction of BPD. (Pediatr Res 61: 474–478, 2007)

BPD is a common outcome of very prematurely born
infants (1,2). Unfortunately, it is associated with chronic

respiratory morbidity including prolonged supplemental oxy-
gen use at home (3), frequent hospital readmission (3), and
troublesome respiratory symptoms (4). In prematurely born
infants with respiratory distress, bronchoalveolar lavage stud-
ies have demonstrated an excess of neutrophils and alveolar
macrophages in the lung effluence (5). This inflammatory
reaction is compounded by such factors as oxygen toxicity and
volutrauma and persists in infants who develop BPD.
Inflammatory mediators can induce an isoform of hemoxy-

genase (HO), an enzyme that catalyses the rate-limited oxida-
tive cleavage of hemoglobin (6). CO is produced endog-
enously in lung tissue as a by-product of this reaction (6). Not
surprisingly, then, exhaled CO levels have been shown to be
increased in a number of inflammatory lung conditions includ-
ing asthma, chronic obstructive pulmonary disease (COPD),
and cystic fibrosis (CF) (7). Oxidative stress also significantly
increases the HO-1 expression in several pulmonary cell types
including macrophages, epithelial, endothelial, and fibroblast
cells (8). Infants who are developing BPD are exposed to

oxidative stress (9,10). We, therefore, hypothesized that ex-
haled CO levels would be increased in prematurely born
infants developing BPD. Exhaled CO can be assessed at the
bedside by measurement of ETCO. There have been a number
of studies investigating exhaled CO levels in neonates. These
have demonstrated that exhaled CO levels reflect hemolysis
(11) and that the ETCO level correlates closely with the
corrected reticulocyte count in Coomb’s test–positive term
neonates (12). We can, however, find reference in a review
(13) to only one study in which ETCO levels were examined
in infants developing BPD. The study apparently demon-
strated increased ETCO levels in infants developing BPD, but
the reference is a presentation at a conference (Fanaroff A,
Carbon monoxide predicts BPD, May 2003, South Eastern
Association of Neonatologists Meeting, Marco Island) and no
detailed information is given. The aims of this study, there-
fore, were to undertake sequential ETCO measurements in a
population of prematurely born infants to determine whether
the results were higher in infants who developed BPD and, if
the levels did differ, to evaluate the predictive ability of an
increased ETCO level for BPD development.

METHODS

Patients. Infants born before 32 wk of gestation and cared for in the
neonatal intensive care unit (NICU) at King’s College Hospital between
August 2004 and December 2005 were eligible for entry into this study if they
had no congenital abnormalities and their parent(s) gave informed written
consent. The study was approved by the Research Ethics Committee at King’s
College Hospital.

Equipment. Measurement of ETCO was performed noninvasively using
the CO-STAT device (Natus Medical Inc., San Carlos, CA). The device
comprised two analyzers, an electrochemical sensor to measure CO and
hydrogen and an infrared analyzer to measure carbon dioxide (CO2). The CO
sensor had a time constant of 18 s and a time delay of 6 s. It sampled at 1 Hz.
The CO2 sensor had a time constant of 0.3 s and sampled at 30 Hz. Gas was
sampled continuously during inspiration and expiration using a fine bore
sampling catheter. The sampling rate was 60 � 6 mL/min. The signal
generated from the CO2 analyzer was used for breath detection and the timing
of the ETCO measurement. The software algorithm, together with a checking
and averaging filter, identified the end-tidal peak in CO2. A software algo-
rithm within the device aligned the signals from the two sensors in time to
correct for the phase shift between the analyzers and identified the ETCO
level. In operation, the device took CO and CO2 measurements after 70 s, the
period of time necessary for the CO analyzer to stabilize. During the subse-
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quent measurement period, the device calculated the ETCO2 level for each
breath. Whenever an ETCO2 peak was located, the corresponding time-
corrected CO signal was sampled. A minimum of 12 ETCO values were
collected over a minimum of 20 s of CO2 sampling. The overall ETCO level
was calculated by taking the mean of these ETCO levels. The ETCO level was
then corrected for background CO levels through a period of ambient sam-
pling (U.S. Patent no. 6,544,190 BI April 8th, Smits et al.). The ambient CO
levels were between 0.1 and 0.6 ppm (median 0.4 ppm). If no breath was
detected by the CO2 analyzer and/or the hydrogen level exceeded 50 ppm, the
measurement was aborted. Sampling was undertaken for 2 min and the results
fed into an algorithm (U.S. patent no. 5,293,875) that computed the mean
ETCO level. The analyzers were calibrated every 30 d using calibration
cylinders containing 19 ppm CO and 10% CO2.

The manufacturer states that the CO-STAT device measures CO over a
range of 0–25 ppm with a resolution 0.1 ppm. To determine the validity of the
CO-STAT measurements, the results of the CO-STAT were compared with
those of gas chromatography. Four concentrations of CO were assessed and
three measurements were made with the CO-STAT of each concentration and
the results meaned. The mean difference in the results of the CO-STAT from
those of gas chromatography was 0.06 ppm [limits of agreement 1.17–1.30,
Bland and Altman analysis (14)] (Table 1).

To determine whether the sampling catheter position within the endotra-
cheal tube (ETT) influenced ETCO results, an in vitro experiment was
undertaken using a lung model. A 2.5-mm Coles shouldered ETT was passed
through a rubber bung inserted into the neck of a vacuum flask (500 mL),
which acted as the lung model. Coles shouldered ETTs are used routinely on
our NICU because when using such tubes, there is little or no leak around the
ETT during mechanical ventilation (15). A constant flow (3 L/min) of gas [5
ppm CO/10% CO2/balance nitrogen (BOC special gases, Guildford, Surrey,
UK)] was fed into the vacuum flask via the side arm. The ETT was connected
to a ventilator circuit (SLE 5000 infant ventilator, Specialized Lab Equipment
Ltd., South Croydon, UK) and positive pressure ventilation applied to the lung
model using a rate of 60 breaths per minute (I:E ratio of 1:1) and peak
inspiratory pressure of 20 cm H2O and positive end-expiratory pressure of 4
cm H2O and an inspired oxygen concentration of 30%. The CO-STAT
sampling catheter was passed through the suction port on the manifold of the
ventilator circuit and the tip positioned at the shoulder of the ETT. The
sampling catheter was then withdrawn in 1 cm increments across a range of
5 cm and sampling repeated at each position. The ETCO levels measured
were between 3 and 4 ppm, reflecting that the lung model was being
“ventilated” with 30% oxygen. The levels were as follows: position from
shoulder within the ETT: 0 cm, 3.4 ppm; 1 cm, 3.5 ppm; 2 cm, 3.7 ppm; 3 cm,
3.6 ppm; 4 cm, 3.1 ppm; 5 cm, 3.4 ppm. No significant differences (p � 0.07)
were found between the CO levels sampled at the various sites in the ETT
[analysis using one-way analysis of variance (ANOVA)]. To determine the
short-term variability of ETCO measurements, repeated measurements were
made on 10 babies; each baby was measured on three separate occasions over
an 8-h period. The coefficient of variability was 9.8%.

Protocol. Serial measurements were attempted on d 3, 5, 7, 14, 21, and 28
after birth when the infants were stable with blood gases in a predetermined
acceptable range (PO2 7–10 kPa, PCO2 5–7 kPa, pH 7.25–7.4). Measurements
were not attempted in infants requiring high-frequency oscillation ventilation
as the presence of the catheter within the ETT could have reduced the
delivered volume by effectively reducing the internal diameter within the ETT
(16). In addition, measurements were also not made in infants who were
receiving nasal continuous positive airway pressure (CPAP), as end-tidal
levels in CO2 could not be detected during CPAP.

In ventilated infants, the sampling catheter was passed down the ETT via
the suction port on the ventilator manifold so that the tip was at the shoulder
of the ETT. In nonventilated infants, the catheter tip was inserted 5 mm inside
one nostril. Exhaled gas sampling was performed over 2 min, after which the
catheter was removed. The level of CO in the ambient air was then measured

for a further 1 min and 45 s per the automated program, and the ETCO level
was then automatically corrected for the ambient level.

Demographic data were collected from the patients’ notes including infor-
mation on the duration of ventilation and oxygen dependency. A number of
factors potentially could influence ETCO levels including maternal smoking
(17), hemolysis (18,19), bilirubin levels (20,21), and infection (22,23). As a
consequence, we recorded maternal smoking habits and on each measurement
day, the serum bilirubin and hematocrit levels. In addition, it was noted
whether the infants had had septic episodes. The routine policy of the NICU
was to commence infants with respiratory distress at birth on antibiotics and
at any time sepsis was suspected. If, however, there were no ongoing
abnormal signs and blood cultures were negative, antibiotics were discontin-
ued after 48 h. As a consequence, infants in this study were described as
having a septic episode if they had received antibiotics for at least 5 d.
Corticosteroids have been shown to reduce exhaled CO levels in asthmatic
patients (24); thus, we recorded whether the infants had received corticoste-
roids postnatally and the number of courses per infant. The routine policy of
the NICU was only to prescribe systemically administered corticosteroids to
infants who remained ventilator dependent in high inspired oxygen concen-
trations and were at least 2 wk of age.

Analysis. Infants were divided into two groups according to their subse-
quent BPD status. BPD was diagnosed if the infants remained oxygen
dependent at 36 wk PMA. The data were tested to determine whether they
were normally distributed using the Kolmogorov-Smirov test. The demo-
graphic data, apart from birth weight, were not normally distributed, and,
therefore, differences were assessed for statistical significance using the
Mann-Whitney U test. The ETCO data, however, were normally distributed,
and as a consequence, differences were assessed for statistical significance
using one-way ANOVA and post hoc Bonferroni correction for multiple
comparisons. To determine whether the ETCO level was related to the
bilirubin or hematocrit level, for each measurement day Spearman’s correla-
tion coefficients were calculated. To determine whether ETCO levels were
affected by septic episodes, ETCO levels of infants with and without septic
episodes on each postnatal day of measurement were compared. Receiver
operating characteristic (ROC) curves were constructed (25) and the areas
under the curves calculated to assess whether ETCO levels and clinical
variables predicted BPD development. The results on the day of measurement
with the highest area under the ROC curve were further explored. Logistic
regression was used to investigate the relationship between ETCO and BPD
controlling for gestational age and whether the infant was ventilated at the time
of the measurement. Statistical analysis was undertaken using Graph-pad PRISM
3.03 software for windows (Graph-pad Software Inc., San Diego, CA).

Sample size. The mean ETCO level in 12 babies born at term and 3 d old
was 1.63 (SD 0.48) ppm. Recruitment of 14 babies in each group allowed us
to detect a difference of 0.5 ppm in ETCO levels between the two groups, with
80% power at the 5% level. Recruitment, therefore, continued until there were
at least 14 babies who subsequently developed BPD and 14 babies who did
not develop BPD entered into the study.

RESULTS

The 14 infants who developed BPD were more immature
(p � 0.001) and weighed less at birth (p � 0.0001) than those
who did not develop BPD; in addition, a greater proportion
had received surfactant (p � 0.002) (Table 2). Comparison of
the ETCO results of the BPD and non-BPD levels demon-
strated significant differences between the groups from d 7
onward (Table 3). There were no significant differences in
ETCO levels according to maternal smoking status or any
significant correlations between ETCO levels and hematocrit
or bilirubin levels on any measurement day (data not shown).
There were no significant differences on any postnatal age in
the ETCO levels of infants with and without septic episodes at
the time of measurement. On each study day, until d 28, more
of the infants who developed BPD were ventilated than not,
but there were no significant differences in the ETCO levels
according to ventilator dependency status (data not shown).
Construction of ROC curves demonstrated that ETCO results on
d 14 yielded the highest area under the ROC curve (Table 4). An
ETCO level on d 14 of �2.15 ppm had a sensitivity of 80%

Table 1. Comparison of the results of the CO-STAT to those by
gas chromatography

CO-STAT measurements

1 2 3 Mean Gas chromatography

1.9 1.8 1.8 1.85 1.82
3.2 3.2 3.3 3.2 3.43
15.9 16.1 16.0 16.0 16.5
20.1 20.2 20.3 20.15 19.2

CO results are in ppm.
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and specificity of 92% in predicting BPD development (Fig. 1).
Logistic regression demonstrated the relationship between
ETCO levels on d 14 and BPD development were not ex-
plained by gestational age or ventilation status (p � 0.05
adjusted for gestation, ventilation not significant in the mul-
tivariate logistic model).

DISCUSSION

We have demonstrated in the first month after birth that
ETCO levels from d 7 onward are significantly higher in very
prematurely born infants who develop BPD compared with
those who do not. In addition, we found ETCO levels on d 14
to be a sensitive and specific predictor of BPD development.
There are also a number of factors that could potentially

influence ETCO results. It is possible that if the sampling rate
exceeded the breathing flow, air from the surroundings could
dilute the concentration in the sample chamber and result in
reduced end-tidal values. The results in our in vitro study
demonstrate that this was not a problem, as there was no
significant change in the ETCO result as the tip of the sam-
pling tube was moved within the ETT. If “dilution” was
occurring, then the ETCO level would have become progres-
sively lower as the tip was moved farther up the tube. It also
should be noted that the measurements were made using a
shouldered ETT, which we use routinely in clinical practice,
and there are minimal or no leaks with such tubes (15). The
infants were receiving a variety of supplementary oxygen
levels. Exhaled CO levels have been shown to increase when
the inspired oxygen concentration is increased in ventilated
critically ill patients (26). The effect, however, was transient,
and the inspired CO concentration was shown to be indepen-
dent of the inspired oxygen fraction (26). ETCO levels are
also influenced by smoking habits (27), but the infants were
studied in incubators on the NICU and thus were not exposed
to smoking postnatally. A number of their mothers admitted to
smoking antenatally, but there were no significant differences
in ETCO levels between the infants of smoking and nonsmok-
ing mothers. ETCO levels have been shown to correlate
directly with the degree of hemolysis (28). CO is produced in
equimolar amounts with bilirubin during hemoglobin degra-
dation, and 80%–90% of endogenous CO is a by-product of
red blood cell destruction (28). Thus, it was important to
determine whether increased ETCO levels in these very pre-
maturely born infants reflected high hemolysis levels. As a
consequence, on each measurement day, we measured the
infants’ bilirubin levels and found no statistically significant
correlations of ETCO levels with bilirubin or hematocrit
levels. ETCO levels can be influenced by sepsis (22,23), but
we saw no significant differences in ETCO levels of infants
with and without septic episodes at the time of measurement.
We, thus, believe that the significantly increased ETCO levels
from d 7 onward in the babies who subsequently developed
BPD reflects an ongoing inflammatory reaction in the lung.
ETCO levels are reduced by administration of corticosteroids
(29), but no infant included in this study received corticoste-
roid treatment before 14 d of age. In addition, there were no
significant differences in the numbers of infants who did and
did not receive corticosteroids and between infants who did
and did not develop BPD. Thus, we do not believe cortico-
steroid administration influenced our ETCO results in this
study. There were significant differences between the infants
who did and did not develop BPD, in particular, their gesta-
tional age and duration of ventilation. Regression analysis,
however, demonstrated that the ETCO level was significantly

Table 2. Demographic data by BPD status

BPD
(n � 14)

Non-BPD
(n � 36) p

Gestational age, wk 26 (24–29) 30 (24–32) �0.0001
Birth weight, g 789 (153) 1330 (374) �0.0001
Male, n (%) 9 (64) 14 (38) 0.1664
Antenatal steroids, n (%) 12 (86) 28 (78) 0.533

Doses 1.5 (0–2) 1.5 (0–2) 0.836
Surfactant, n (%) 13 (93) 16 (44) 0.002

Doses 1 (0–2) 0 (0–2) 0.013
Postnatal steroids, n (%) 2 (14) 1 (3) 0.128
Septic episodes 3 (1–6) 1 (0–5) �0.0001
Total duration of antibiotic

therapy, d
19.5 (5–64) 5 (0–19) �0.0001

Duration of ventilation, d 29.5 (3–101) 1 (0–41) �0.0001
Duration of oxygen

dependence, d
92 (40–289) 2 (0–49) �0.0001

Data given as median (range) or number (%).

Table 3. Serial ETCO levels according to BPD status

Day n BPD n Non-BPD p

3 7 3.09 (0.73) 14 2.28 (0.91) �0.05
5 6 2.75 (0.42) 23 2.24 (1.51) �0.05
7 9 3.22 (1.38) 24 1.98 (1.32) �0.01
14 10 3.19 (1.11) 25 1.43 (0.61) �0.001
21 11 2.67 (0.72) 24 1.47 (0.58) �0.01
28 10 2.53 (0.81) 17 1.31 (0.50) �0.05

Data are given as mean (SD); n is the number measured on a particular day.
ETCO levels (in ppm).

Table 4. Areas under the ROC curves for predicting oxygen
dependence at 36 wk PMA

ETCO d 3 0.79
ETCO d 5 0.76
ETCO d 7 0.81
ETCO d 14 0.96
ETCO d 21 0.92
ETCO d 28 0.91
Gestational age 0.87
Birth weight 0.91
Ventilated on d 14 0.88

Figure 1. ETCO results on d 14 of infants who did and did not develop BPD.
Individual data are demonstrated and the horizontal dashed line represents the
cutoff value re sensitivity and specificity.
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related to BPD status independently of gestational age and
ventilation.
A variety of techniques have been evaluated with regard to

predicting BPD. Infants who develop BPD have abnormal
lung function in the first week (30,31). Comparison of the
results of lung function measurements with readily available
clinical data demonstrated that a low lung volume on d 2, i.e.
after surfactant therapy had been given, was the most reliable
predictor of BPD development (31). Lung volume can be
assessed at the bedside on the NICU using a helium gas
dilution technique (31), but the equipment is complex and the
measurement requires significant expertise to perform; thus, it
is unlikely to be used in routine clinical practice. As a
consequence, assessment of exhaled gases is an attractive
option, as these measurements can be undertaken at the bed-
side and require only the placement of a sampling catheter
either in the infant’s nostril or ETT. To date, however, few
data are available and studies mainly report exhaled nitric
oxide (NO) results, although it has been shown possible in five
ventilated preterm babies to measure exhaled breath conden-
sate with a reduced H2O2 production in the first 48 h after birth
(32). Exhaled NO levels have been shown to be increased in
infants with established BPD (33) and to be reduced in such
patients by administration of postnatal dexamethasone (34).
Exhaled NO levels, however, were not significantly different
in infants developing BPD (35). Yet we have shown CO,
another inflammatory marker, was increased in such infants.
Unlike NO, CO neither contains free electrons nor acts as a
reactive oxygen species; the consequent greater stability of
CO may mean that ETCO rather than exhaled NO is a more
accurate measure of pulmonary inflammation, a study in
which comparison of ETCO and exhaled NO results with
regard to prediction of BPD is required to test that speculation.
There are also practical difficulties with assessing exhaled NO
levels, which are not associated with ETCO measurements.
Exhaled NO levels can be contaminated with NO from the
nasal and paranasal sinuses even in very prematurely born
infants (36), and NO results are flow rate dependent (37).
Although it was initially suggested that CO was released in the
nose and paranasal sinus (38), in a more recent study (39), CO
was not shown to be continuously released from the nasal
airways (39). In addition, measurement of CO is flow inde-
pendent (39). There are limitations to measuring ETCO with
the technique we used, i.e. measurements are not possible in
infants requiring high-frequency oscillatory ventilation or na-
sal CPAP. Nowadays, however, because of the known side
effects of postnatal steroids (40,41), treatment is usually only
commenced after the first week after birth, as in our NICU,
when few babies remain oscillator dependent (2). In addition,
postnatal steroids are given to those considered at highest risk,
i.e. those who remain ventilator dependent (42) Thus, in at
least the majority of infants at very high risk of developing
BPD and at an age when they are actively being considered for
treatment with systemically administered corticosteroids,
ETCO measurements can be made.
In conclusion, ETCO levels differed significantly between

very prematurely born infants who do and do not develop
BPD and increased ETCO levels on d 14 were a sensitive and

specific predictor of BPD development. We suggest that the
higher ETCO levels in the infants who developed BPD reflect
an ongoing inflammatory reaction.
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