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Brief title: Neonatal FeNO and respiratory morbidity  

Abstract  

Background Respiratory symptoms in infancy are more common in premature infants. 

Nitric oxide (NO) is involved in prenatal and neonatal lung development. Measurement 

of exhaled NO is easy and well-tolerated by neonates. We investigated whether neonatal 

exhaled NO can be used to predict subsequent respiratory symptoms. Furthermore, we 

sought to determine prenatal and postnatal factors associated with increased respiratory 

symptom risk during the first year of life in premature and mature infants.  

Methods Tidal fractional exhaled NO (FeNO) was measured in a birth cohort (n = 135) 

of premature and mature infants, up to six times during the first month of life. Primary 

outcomes were troublesome respiratory symptoms (TRS) and doctor-diagnosed asthmatic 

bronchitis (AB) at one year of age. 

Findings The correlation between FeNO and TRS changed significantly in an age-

dependent pattern in moderately premature infants (p = 0∙02). Moderately premature 

infants with a low FeNO of 2 ppb on postnatal day 3 had a 48 % (95% CI: 17 % to 80 %) 

probability of TRS, compared to a probability of 12 % (95% CI: 1 % to 64 %) for 

otherwise similar infants with a FeNO of 11 ppb. Respiratory syncytial virus infection 
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t and parental smoking significantly increased the TRS risk in premature infants. Parental 

asthma and maternal antibiotic use during pregnancy significantly increased the TRS risk 

in mature infants.  

Interpretation An age-specific association between neonatal FeNO and respiratory 

symptoms was seen in moderately premature infants. TRS risk was associated with 

postnatal factors in premature and prenatal factors in mature infants. 

Funding Nordsjaellands Hospital Research Found and Children's Lung Foundation, 

Denmark. 

Introduction 

The respiratory system of humans grows and develops significantly from the third 

trimester of pregnancy throughout the first years of life. Genetic predisposition interacts 

with environmental factors to influence the fetus and infant directly or indirectly and can 

lead to impaired lung development, resulting in increased respiratory morbidity
1
.  

Infants born prematurely (before 37 weeks gestational age), and even those who are 

moderate to late premature, have an increased risk of respiratory symptoms and 

hospitalization due to respiratory diseases in childhood compared to infants born at 

term
2‒5

.  

Tidal breath exhaled nitric oxide (eNO) is a non-invasive measurement that is well-

tolerated by neonates from the first daysof life
6,7

. Exhaled NO is a marker of eosinophil 

inflammation and, in children and adults, it is used as a tool for the diagnosis and 

monitoring of asthma
8,9

. However, NO has multiple physiological functions, including 

non-eosinophil inflammation and involvement in angiogenesis and neonatal lung 
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10

. NO is produced by different types of NO synthetase (NOS). The 

expression of endothelial NOS increases in the lung tissue during fetal development
11

. It 

has been suggested that this increase may enhance angiogenesis and airway function in 

the postnatal period. Furthermore, NO works as the primary vasodilator in the transition 

from fetal to neonatal breathing and decreases vascular resistance
12

. Studies have shown 

that high FeNO in infancy can predict the risk of later asthma or wheeze in high-risk 

children
13‒17

. Factors other than prematurity affecting the risk of respiratory complaints 

in the first years of life are genetic predisposition, factors during pregnancy such as 

maternal smoking and postnatal factors such as viral airway infections, rapid weight gain 

in infancy and environmental exposure to smoke and traffic and day-care attendance
18

.  

To our knowledge, no studies have evaluated the association between neonatal FeNO 

measured shortly after birth and repeatedly during the first month of life in moderate to 

late premature infants (84% of all premature births worldwide
19

) and subsequent 

respiratory symptoms.  

Early identification and prevention of damaging respiratory triggers in at-risk premature 

and mature infants may result in better lung function and reduce respiratory morbidity in 

this population. We hypothesized that neonatal FeNO could be used to predict 

subsequent respiratory morbidity. We investigated this issue in a cohort of moderate to 

late premature and mature infants and secondarily evaluated prenatal and postnatal 

factors that might be associated with an increased risk of respiratory morbidity during the 

first year of life.  
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Study cohort 

One thousand five hundred mothers were included before birth in the AD-ON research 

biobank at Nordsjaellands Hospital, Denmark, from September 2013 to September 

2014
6
. 

Criteria for inclusion in the AD-ON neonatal cohort were; inclusion in the AD-ON 

research biobank before birth, admitted to the NICU within the first seven days of life, at 

least one parent could read and understand Danish. The only exclusion criteria were 

known congenital pulmonary or heart disease. The sample size for the AD-ON neonatal 

cohort was initially based on data from earlier studies differentiating between neonatal 

health and disease using neonatal FeNO
20

. The sample size was extended by 20% to 

account for loss to follow-up. Inclusion criteria for this study were enrollment in the AD-

ON neonatal cohort, at least one valid FeNO measurement during the first month of life, 

and completion of a questionnaire by the parents/caregivers at 1-year follow-up. 

Neonatal multiple breath FeNO 

Mixed multiple breath FeNO was measured with a chemiluminescence analyzer CLD 

88sp (ECO MEDICS AB, Duernten, Switzerland) according to ATS/ERS standards in 

unsedated infants
21

. A facemask (Fisher & Paykel Healthcare, Auckland, New Zealand; 

size 35‒50 mm [XS-M]) covering the mouth and nose was used. NO free air was 

provided by Denox 88 (ECO MEDICS AB). Participants underwent at least three 60-

second measurements during tidal breathing, including sighs and apneas. The mean value 

of two 60-second FeNO measurements, with a maximum difference of 1 ppb, was used 
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method validated by Schmidt et al.
6
 All infants were scheduled for six visits for FeNO 

measurements during the first month of life.  

Follow-up at one year of age 

Parents were asked to complete a questionnaire on their infant's health at one year of age. 

The primary outcomes were Troublesome Respiratory Symptoms (TRS), defined as 

wheeze or cough at minimum twice/week for more than two months continuously and/or 

wheeze or night-time cough for a shorter period (2 weeks), more than three times/week 

during periods without respiratory infections and doctor-diagnosed asthmatic bronchitis 

(AB). AB was defined as respiratory wheeze and cough associated with an airway 

infection known as episodic viral wheeze
22

.  

Covariates 

Prenatal and neonatal epidemiological and clinical factors that may be involved in 

respiratory symptoms in infants were collected prospectively from medical journals, 

clinical observations and follow-up data from the questionnaires (Panel 1). 

Panel 1 

Covariates included demographics (Gestational age [GA] at birth [GA < 32 weeks (early premature), GA 

32+0‒34+6 weeks (moderately premature), GA 35+0‒36+6 weeks (late premature), and GA ≥ 37 weeks 

(mature)], sex [male/female], social group [1) academics, self-employed in large company, highest 

officials/white collar workers, 2) persons with a medium to long academic education, self-employed in a 

medium to large company, and high officials/white collar workers, 3) self-employed in a smaller company 

and intermediate official/white collar workers, 4) subordinate official/white collar workers and skilled 

professionals/blue collar workers, and 5) unskilled workers/blue collar workers], older siblings [yes/no], 

maternal smoking during pregnancy [yes/no], parental smoking during the first year of life [yes/no], 

maternal infection during pregnancy treated with antibiotics [yes/no], delivery mode [caesarean 

section/vaginal birth], small for gestational age (SGA) at birth [< 90% of expected weight at GA], twin 

[yes/no], infant treated with antibiotics due to bacterial infection during admission at neonatal unit 

[yes/no], Neonates with a need for supplementary oxygen for a minimum 1 week [yes/no], Continuous 

positive airway pressure treatment for a minimum of 24 hours [yes/no], length of breastfeeding [< 3 
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the first year of life [yes/no]), anthropometrics (birth weight [grams]), and Hereditary factors (Parent 

diagnosed with asthma [yes/no]). 

 

Statistical analysis 

For continuous variables, the Kruskal-Wallis test was used to compare median values 

and for categorical variables chi-squared test was used. For binary outcome variables, the 

chi-squared test calculating p-values using Monte Carlo simulation to test intergroup 

differences. If participants had multiple valid FeNO measures during the same visit 

period, the first measurement was used, and repeated measurements discarded.  

The association between 1 ppb increase in FeNO and TRS/AB was analyzed using 

simple logistic regression and multiple logistic regression adjusted for maternal antenatal 

corticosteroid administration in subgroup analyses defined by visit (visit one at age three 

days, visit two at age five days, visit three at age seven days, visit four at age 14 days, 

visit five at age 21 days, and visit six at age 28 days) and GA at birth (GA < 32 weeks, 

GA 32‒34 weeks, GA 35‒37 weeks, and GA > 37 weeks). Hereafter, to increase power, 

the association was analyzed using age at measurement as a continuous variable in a 

generalized additive model (GAM) by modelling the effect of age and FeNO jointly by a 

tensor product in thin plate regression splines
23

. The GAM model takes the form  

logit(TRSij) = βGAij +fGAij(FeNOij) + gGAij (Ageij) + hGAij (FeNOij, Ageij) 

Where i indices participants and j visit and f, g and h are smooth spline functions with 

individual penalty parameters equal across GA groups and estimated by minimizing the 
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missing values at some visits.  

The association between selected binary variables that we identified as possible TRS- 

and AB-influencing risk factors, based on a biological rationale, were analyzed using 

simple and multiple logistic regression. In multiple logistic regression analysis, we 

adjusted for potential confounders of asthma and atopic diseases, such as a parental 

history of asthma, sex, and birth weight
24

. Additional analyses were unadjusted. For these 

analyses, the cohort was divided into a premature (GA < 37 weeks) and a mature (GA ≥ 

37 weeks) group. 

All statistical analyses were performed using R software (version 3.5.2; https://www.r-

project.org/). 

Ethical approval  

Oral and written informed consent was obtained from both parents before neonates were 

enrolled. The Copenhagen Capital Region Ethics Committee approved this study (H-4-

2012-091 and H-19011004), as did the regional data protection agency (P-2019-251). 

Role of the funding source 

The study was funded by the Nordsjaellands Hospital Research Found and Children's 

Lung Foundation, Denmark. The study sponsor played no role in the study design, in the 

collection, analysis, and interpretation of data, in the writing of the report, and in the 

decision to submit the paper for publication. 
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One-hundred-and-forty-nine neonates were included in the AD-ON cohort, of whom 142 

had valid FeNO measurements at least once during the first month of life. One-hundred-

and-thirty-five parents of infants (eight very premature [GA < 32 weeks], 18 moderately 

premature [GA 32‒34 weeks], 35 late premature [GA 35‒37 weeks], and 74 mature [GA 

≥ 37 weeks]) completed the questionnaire at 1-year follow-up (Figure 1). Infant 

characteristics are shown in Table 1. In addition, a comparison of the included infants 

and those lost to follow-up are presented in online supplementary (OLS) Table E1. 

Thirty-two infants (24%) experienced TRS according to the 1-year follow-up. The 

prevalence of TRS was most prominent in moderately premature infants (44%); however, 

this was not significantly different from the other GA groups (Table 2).  

Neonatal FeNO as a predictor of respiratory morbidity at one year 

During the first month of life, 513 valid FeNO measurements were performed, 

distributed over six visits (Figure 2). The median age (range) were as follows: Visit 1, 3 

days (range 0‒3 days); Visit 2, 5 days (range 4‒6 days); Visit 3, 7 days (range 7‒10 

days); Visit 4, 14 days (range 11‒17 days); Visit 5, 21 days (range 18‒24 days); Visit 6, 

28 days (range 26‒43 days). As there were few participants (n = 8) who were very 

premature (GA < 32 weeks) and given that very few of these had TRS (n = 2), this GA 

group was excluded from further analysis. FeNO measurements within-subject and 

across visits had an intraclass correlation coefficient of 0.27. 

There was no significant association between an increase in 1 ppb in neonatal FeNO 

measured at visits 1 to 6 and TRS or AB for any GA group in the stratified subgroup 
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Figures E1 and E2 in OLS show the odds ratio (OR) and 95% confidence intervals (CI) 

for TRS and AB, respectively, in the GA groups.  

The results from the GAM analysis, performed to improve power, shows the predicted 

probability (%) of TRS as a function of age and level of FeNO in moderately premature, 

late premature, and mature infants are shown in Figure 3. Age at FeNO measurement 

significantly affected the correlation between FeNO and TRS in moderately (GA 32‒34 

weeks) (p = 0∙02), but not in late premature (GA 35‒37 weeks) or mature infants (GA ≥ 

37 weeks) (p = 0∙50 and 0∙29, respectively). Moderately premature infants with a low 

FeNO of 2 ppb on postnatal day 3 had a 48 % ( 95% CI: 17 % to 80 %) predicted 

probability of TRS, the risk decreasing with increasing FeNO. However, similar infants 

with a FeNO of 3 ppb on postnatal day 14 had a probability of 32 % (95% CI: 8 % to 72 

%) for TRS, the risk increasing with increasing FeNO. The association between FeNO 

and TRS risk, and how the pattern of association changes with postnatal age, is 

visualized in Figure 3. See OLS Figure E3-5 for the predicted probability with 95% 

confidence intervals for each GA group.  

In an attempt to translate these data into a clinical setting, we created four heatmaps to 

visualize at what age and FeNO value the risk of TRS was highest (OLS Figure E6).  

Prenatal and postnatal risk factors for TRS and AB 

In premature infants, both simple and adjusted logistic regression analyses showed that 

RSV infection during the first year of life (adjusted OR 33·9, 95% CI 4·2‒794·4, p = 

0·005) and exposure to second-hand smoking (adjusted OR 7∙4, 95% CI 2∙1‒30∙5, p = 
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higher in social groups 3‒5 than in social groups 1 and 2 (OLS Figure E7).  

In mature infants, maternal bacterial infection treated with antibiotics during pregnancy 

(urinary tract infection or pneumonia) and parental asthma increased the TRS risk 

significantly in simple logistic regression (unadjusted OR 3·7, 95% CI 1·1‒12·8, p = 

0·03 and OR 4·9, 95% CI 1·3‒18·3, p = 0·02, respectively). Adjusted logistic regression 

showed a significant correlation only between parental asthma and TRS in the first year 

of life (adjusted OR 4·0, 95% CI 1·0‒15·8, p = 0·05).  

For all results (unadjusted and adjusted) on risk factors both for TRS and AB, see OLS 

Table E2 and E3. 

Discussion 

This study presented neonatal FeNO measured longitudinally from day 3 in premature 

and mature infants and the association thereof to respiratory morbidity at one year of age; 

this has not been reported previously. Age at measurement significantly affected the 

association between FeNO and TRS in moderately premature infants (GA 32‒34 weeks), 

and the association changed over time. 

In our cohort, 44% of the moderately premature infants (GA 32‒34 weeks) experienced 

TRS compared to 20% of both the late premature (GA 35‒37 weeks) and mature infants. 

However, this difference was not statistically significant, probably due to a lack of 

power. Moderately premature infants assimilate the early premature more than late 

premature and mature infants in terms of the prevalence of outcomes. This may be 

because the alveoli start to develop from gestational week 24; fully developed alveoli are 
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develop after birth
25

.  

TRS has notable overlap with physician-diagnosed AB (OLS Figure E8). Nevertheless, 

TRS includes more infants with considerable respiratory symptoms who do not yet meet 

the AB criteria. The TRS definition corresponds closely to previously used descriptions 

for persistent wheeze or recurrent wheeze episodes
26,27

. We used this TRS definition 

because we hypothesized that respiratory symptoms after preterm birth might present a 

different endotype than AB.  

Neonatal FeNO as a predictor of respiratory morbidity 

We found no significant correlation between neonatal FeNO and TRS in the stratified 

subgroup analyses, probably due to a lack of power. Earlier studies have shown that 

neonatal FeNO measured at 4‒5 weeks, to some extent, can predict respiratory symptoms 

in mature infants
14,15

. These results could reflect a genetic drive that increases FeNO in 

mature infants of asthmatic mothers. Other studies have found similar associations 

between high FeNO in wheezy infants and the risk of wheeze and asthma later in life
13,17

. 

However, Ricciardolo et al. found that late premature children with asthma who suffered 

from neonatal respiratory distress had low FeNO values at 10 years, suggesting that 

respiratory distress in premature children is associated with factors decreasing the 

endogenous NO production, which may affect the production of NO later in life in 

asthmatics
28

.  

When increasing power with a GAM analysis, the association between FeNO and 

predicted TRS probability showed contrasting age-specific patterns in moderately 

premature (GA 32‒34 weeks) and mature (GA ≥ 37 weeks) infants. In moderately 
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values during the first week of life. Nevertheless, around 14 days postnatally, the pattern 

was reversed, and the risk of TRS increased with increasing FeNO. However, these 

results should be interpreted as a change in the visual pattern of association between 

FeNO and TRS with postnatal age. The values of the predicted probabilities should be 

interpreted with caution since confidence intervals overlap (OLS Figure E3-5). In mature 

infants, the pattern is stable through the first month of life. The strength of the GAM 

model is that data from all infants, regardless of missing data at some visits, are included 

in the analysis. However, when fitting such a model, there is larger flexibility, and with a 

small sample size, the confidence intervals become wide and overlap. 

It has been shown in baboons that NO synthetase (NOS) expression increases with GA in 

the fetal lung and is associated with increased postnatal exhaled NO
29

. This increase in 

NOS may enhance angiogenesis and airway function in the postnatal period. NO is the 

primary vasodilator in the transition from fetal to neonatal breathing and decreases 

vascular resistance
12

. This evidence indicates that NO contributes to lung development 

and angiogenesis during the end of pregnancy and the first weeks of postnatal life. The 

changes in the relationship between FeNO and TRS over time in premature infants could 

be an indication of a better understanding of postnatal lung development in moderately 

premature infants. 

We chose only to present data analyzed on a GAM of the relationship between FeNO and 

TRS, as this was the outcome with most events. AB showed similar results to TRS, but 

these were not statistically significant, probably due to a lack of power.  
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In premature infants, the risk of respiratory symptoms during the first year of life 

correlated most strongly with confirmed RSV infection. Earlier studies have shown that 

RSV infection increases the asthma risk by 2‒12 times
30

. In our study, mild RSV 

infection might be underreported and thereby biasing the results, since RSV infections 

were confirmed only in those infants requiring hospital admission. RSV infection in 

mature infants was significantly correlated with AB but not TRS. Current Danish 

guidelines recommend Palivizumab as prophylaxis during RSV season in the first and 

second year of life in infants born before 32 weeks gestation with lung disease (e.g., 

Bronchopulmonary dysplasia) and in other infants with chronic heart or lung disease
31

. A 

randomized trial with a 6-year follow-up showed that Palivizumab protects against 

recurrent wheeze in moderately preterm infants (GA 33‒35 weeks) but does not protect 

against asthma diagnosis by age six years
32

.  

Parental smoking, defined in our study as maternal, paternal, or both, has previously been 

shown to increase the risk of respiratory illness during the first years of life
33

. Parental 

smoking did show a significant effect on the risk of TRS and AB in premature infants, 

but not in mature infants. In addition, the prevalence of parental smoking was not 

significantly different among GA groups.  

In mature infants, we showed that those with a predisposition to asthma had an increased 

risk of TRS and AB at one year. A meta-analysis showed that parental asthma increased 

the risk of asthma in children (OR 2‒3)
34

. We found no significant correlation between 

parental asthma and TRS or AB in our premature infant study population. One possible 

explanation could be that the immature immune system in premature infants does not 
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show different findings. 

We also showed an increased risk of TRS and AB in mature infants with mothers treated 

with antibiotics during pregnancy. Among pregnant women, 20‒25% are treated with 

antibiotics at some point during pregnancy
35

. This alters the vaginal microbiota in the 

mother and increases the risk of asthma in children predisposed to asthma
36,37

. 

Furthermore, premature infants have an altered nasopharyngeal microbiome compared to 

term controls, which could explain the absence of a correlation between maternal 

infection during pregnancy and TRS/AB in premature infants
38

. However, the correlation 

was not significant after adjusting for parental asthma, sex, and birth weight, suggesting 

that multiple factors affect the risk of TRS and AB. This study supports the results of 

previous studies addressing the long-term effects of antibiotic use during pregnancy on 

offspring
36,39

.  

Strengths and limitations 

The strengths of this study are the longitudinal design and validated method of measuring 

FeNO from the first days of life while collecting clinical and environmental exposure 

information. Additionally, only a small number of participants dropped out before 

follow-up.  

A limitation in this study was the small sample size, especially when dividing into 

subgroups. Originally, we aimed to include the same number of infants in each GA 

group; however, this was limited by a lower than expected number of premature infants 

admitted to the NICU in the enrollment period. Moreover, the sample size was calculated 

using data available on neonatal FeNO and neonatal disease. The power analysis did not 
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between neonatal FeNO and respiratory symptoms at one year.  

The correlation of FeNO across visits within-subject showed a low ICC of 0.27. 

However, the ICC reflects the within-subject variation in measurements taken under the 

same conditions
40

. Since postnatal age changes between visits, the conditions change, 

and ICC should be interpreted with caution. This low correlation between FeNO within 

individuals does not affect the result of the models in this paper since we were interested 

in the average risk of TRS for the groups and not at an individual level.  

Due to a relatively low incidence of some variables and small subgroups, the OR should 

be interpreted cautiously, given the wide CIs. The neonates in this cohort were all 

admitted to the neonatal semi-intensive care unit after birth for various clinical 

conditions, and the results may not be generalizable to other populations. Moreover, the 

questionnaire used was not validated, however, the same medical doctor went through 

the questionnaire with the parents before inclusion in this study to make sure they 

understood all questions correctly.  

Conclusions 

Neonatal FeNO could not directly be used as a predictor for subsequent respiratory 

symptoms in infancy. However, the results of this study indicated the potential clinical 

use of neonatal FeNO as a surrogate measure for lung development and respiratory 

morbidity in premature infants. To better understand the causality and lung development 

in infants and the interaction with neonatal NO, further studies with larger cohorts, 

validated questionnaires, and extended follow-up period are needed.  
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respiratory morbidity at one year in premature infants. An age-specific pattern of 

association between neonatal FeNO and respiratory symptoms existed in moderately 

premature infants. TRS risk was associated with postnatal risk factors in premature 

infants and prenatal factors in mature infants.  

Declarations of interest: There are no conflicts of interest. 

Author contributions: IMJ and BJS designed the AD-ON birth cohort and follow-up. 

BJS collected the neonatal and follow-up data. IMJ, LA and FEMG worked on the 

hypothesis and study design for this paper. FEMG, IMJ, LA, AKJ, and KG planned the 

analyses and interpreted the data. All authors contributed to writing and reviewing the 

paper, have approved it for submission, and agree to be accountable for its content. 

Data availability: Data collected for the study, including individual participant data, will 

not be made available to others. Deidentified participant data and data dictionary can be 

made available upon request to the corresponding author.  

Acknowledgements: Elsevier Language Editing Services was used for polishing the 

manuscript (Serial number: LE-200009); this was funded by internal assets in the 

research group. We dedicate this paper to the children and families in the AD-ON cohort.  

Funding: The Nordsjaellands Hospital Research Found and Children's Lung Foundation, 

Denmark, funded this follow-up study.  

  



 

This article is protected by copyright. All rights reserved. 

A
u

th
o

r
 M

a
n

u
s
c

r
ip

t References: 

(1) Stocks J, Hislop A, Sonnappa S. Early lung development: lifelong effect on 

respiratory health and disease. Lancet Respir Med 2013 Nov;1(9):728-742. 

(2) Haataja P, Korhonen P, Ojala R, Hirvonen M, Korppi M, Gissler M, et al. Hospital 

admissions for lower respiratory tract infections in children born moderately/late 

preterm. Pediatr Pulmonol 2018 Feb;53(2):209-217. 

(3) Vrijlandt EJ, Kerstjens JM, Duiverman EJ, Bos AF, Reijneveld SA. Moderately 

preterm children have more respiratory problems during their first 5 years of life than 

children born full term. Am J Respir Crit Care Med 2013 Jun 1;187(11):1234-1240. 

(4) Morata-Alba J, Romero-Rubio MT, Castillo-Corullon S, Escribano-Montaner A. 

Respiratory morbidity, atopy and asthma at school age in preterm infants aged 32-35 

weeks. Eur J Pediatr 2019 Jul;178(7):973-982. 

(5) Gijtenbeek RG, Kerstjens JM, Reijneveld SA, Duiverman EJ, Bos AF, Vrijlandt EJ. 

RSV infection among children born moderately preterm in a community-based cohort. 

Eur J Pediatr 2015 Apr;174(4):435-442. 

(6) Schmidt BJ, Reim PS, Jensen AK, Albertsen P, Greisen G, Jørgensen IM. Tidal 

breath eNO measurements in a cohort of unsedated hospitalized neonates-A method 

validation. Pediatr Pulmonol 2018 Jun;53(6):762-771. 

(7) Hall GL, Reinmann B, Wildhaber JH, Frey U. Tidal exhaled nitric oxide in healthy, 

unsedated newborn infants with prenatal tobacco exposure. J Appl Physiol (1985) 2002 

Jan;92(1):59-66. 

(8) Global Initiative for Asthma. Global Strategy for Asthma Managment and 

Prevention, 2020. 2020; Available at: https://ginasthma.org/gina-reports/. Accessed 

01/21, 2020. 

(9) Alving K, Weitzberg E, Lundberg JM. Increased amount of nitric oxide in exhaled air 

of asthmatics. Eur Respir J 1993 Oct;6(9):1368-1370. 

(10) Ricciardolo FL, Sterk PJ, Gaston B, Folkerts G. Nitric oxide in health and disease of 

the respiratory system. Physiol Rev 2004 Jul;84(3):731-765. 

(11) Parker TA, le Cras TD, Kinsella JP, Abman SH. Developmental changes in 

endothelial nitric oxide synthase expression and activity in ovine fetal lung. Am J Physiol 

Lung Cell Mol Physiol 2000 Jan;278(1):L202-8. 

(12) Gao Y, Raj JU. Regulation of the pulmonary circulation in the fetus and newborn. 

Physiol Rev 2010 Oct;90(4):1291-1335. 



 

This article is protected by copyright. All rights reserved. 

A
u

th
o

r
 M

a
n

u
s
c

r
ip

t (13) Elliott M, Heltshe SL, Stamey DC, Cochrane ES, Redding GJ, Debley JS. Exhaled 

nitric oxide predicts persistence of wheezing, exacerbations, and decline in lung function 

in wheezy infants and toddlers. Clin Exp Allergy 2013 Dec;43(12):1351-1361. 

(14) Chawes BL, Buchvald F, Bischoff AL, Loland L, Hermansen M, Halkjaer LB, et al. 

Elevated exhaled nitric oxide in high-risk neonates precedes transient early but not 

persistent wheeze. Am J Respir Crit Care Med 2010 Jul 15;182(2):138-142. 

(15) Latzin P, Kuehni CE, Baldwin DN, Roiha HL, Casaulta C, Frey U. Elevated exhaled 

nitric oxide in newborns of atopic mothers precedes respiratory symptoms. Am J Respir 

Crit Care Med 2006 Dec 15;174(12):1292-1298. 

(16) Chang D, Yao W, Tiller CJ, Kisling J, Slaven JE, Yu Z, et al. Exhaled nitric oxide 

during infancy as a risk factor for asthma and airway hyperreactivity. Eur Respir J 2015 

Jan;45(1):98-106. 

(17) Singer F, Luchsinger I, Inci D, Knauer N, Latzin P, Wildhaber JH, et al. Exhaled 

nitric oxide in symptomatic children at preschool age predicts later asthma. Allergy 2013 

Apr;68(4):531-538. 

(18) Ducharme FM, Tse SM, Chauhan B. Diagnosis, management, and prognosis of 

preschool wheeze. Lancet 2014 May 3;383(9928):1593-1604. 

(19) Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller AB, Narwal R, et al. 

National, regional, and worldwide estimates of preterm birth rates in the year 2010 with 

time trends since 1990 for selected countries: a systematic analysis and implications. 

Lancet 2012 Jun 9;379(9832):2162-2172. 

(20) May C, Williams O, Milner AD, Peacock J, Rafferty GF, Hannam S, et al. Relation 

of exhaled nitric oxide levels to development of bronchopulmonary dysplasia. Arch Dis 

Child Fetal Neonatal Ed 2009 May;94(3):F205-9. 

(21) American Thoracic Society, European Respiratory Society. ATS/ERS 

recommendations for standardized procedures for the online and offline measurement of 

exhaled lower respiratory nitric oxide and nasal nitric oxide, 2005. Am J Respir Crit Care 

Med 2005 Apr 15;171(8):912-930. 

(22) Sonnappa S, Bastardo CM, Wade A, Saglani S, McKenzie SA, Bush A, et al. 

Symptom-pattern phenotype and pulmonary function in preschool wheezers. J Allergy 

Clin Immunol 2010 Sep;126(3):519-26.e1-7. 

(23) Wood SN. Thin plate regression splines. Journal of the Royal Statistical Society 

Series B 2003;65(issue 1):95-114. 



 

This article is protected by copyright. All rights reserved. 

A
u

th
o

r
 M

a
n

u
s
c

r
ip

t (24) Ullemar V, Lundholm C, Almqvist C. Twins' risk of childhood asthma mediated by 

gestational age and birthweight. Clin Exp Allergy 2015 Aug;45(8):1328-1336. 

(25) Smith LJ, McKay KO, van Asperen PP, Selvadurai H, Fitzgerald DA. Normal 

development of the lung and premature birth. Paediatr Respir Rev 2010 Sep;11(3):135-

142. 

(26) von Linstow ML, Schonning K, Hoegh AM, Sevelsted A, Vissing NH, Bisgaard H. 

Neonatal airway colonization is associated with troublesome lung symptoms in infants. 

Am J Respir Crit Care Med 2013 Oct 15;188(8):1041-1042. 

(27) Bisgaard H, Pipper CB, Bonnelykke K. Endotyping early childhood asthma by 

quantitative symptom assessment. J Allergy Clin Immunol 2011 May;127(5):1155-64.e2. 

(28) Ricciardolo FL, Silvestri M, Pistorio A, Strozzi MM, Tosca MA, Bellodi SC, et al. 

Determinants of exhaled nitric oxide levels (FeNO) in childhood atopic asthma: evidence 

for neonatal respiratory distress as a factor associated with low FeNO levels. J Asthma 

2010 Sep;47(7):810-816. 

(29) Shaul PW, Afshar S, Gibson LL, Sherman TS, Kerecman JD, Grubb PH, et al. 

Developmental changes in nitric oxide synthase isoform expression and nitric oxide 

production in fetal baboon lung. Am J Physiol Lung Cell Mol Physiol 2002 

Dec;283(6):L1192-9. 

(30) Priante E, Cavicchiolo ME, Baraldi E. RSV infection and respiratory sequelae. 

Minerva Pediatr 2018 Dec;70(6):623-633. 

(31) Nielsen JP, Jacobsen T. Danish Paediatric Society Guideline: RSV- Prophylaxis 

with Palivisumab. 2018. 

(32) Mochizuki H, Kusuda S, Okada K, Yoshihara S, Furuya H, SimÃµes EAF, et al. 

Palivizumab Prophylaxis in Preterm Infants and Subsequent Recurrent Wheezing. Six-

Year Follow-up Study. Am J Respir Crit Care Med 2017 Jul 1;196(1):29-38. 

(33) Strachan DP, Cook DG. Health effects of passive smoking. 1. Parental smoking and 

lower respiratory illness in infancy and early childhood. Thorax 1997 Oct;52(10):905-

914. 

(34) Lim RH, Kobzik L, Dahl M. Risk for asthma in offspring of asthmatic mothers 

versus fathers: a meta-analysis. PLoS One 2010 Apr 12;5(4):e10134. 

(35) Santos F, Oraichi D, Berard A. Prevalence and predictors of anti-infective use 

during pregnancy. Pharmacoepidemiol Drug Saf 2010 Apr;19(4):418-427. 



 

This article is protected by copyright. All rights reserved. 

A
u

th
o

r
 M

a
n

u
s
c

r
ip

t (36) Lapin B, Piorkowski J, Ownby D, Freels S, Chavez N, Hernandez E, et al. 

Relationship between prenatal antibiotic use and asthma in at-risk children. Ann Allergy 

Asthma Immunol 2015 Mar;114(3):203-207. 

(37) Stokholm J, SchjÃ¸rring S, Eskildsen CE, Pedersen L, Bischoff AL, FÃ¸lsgaard N, 

et al. Antibiotic use during pregnancy alters the commensal vaginal microbiota. Clin 

Microbiol Infect 2014 Jul;20(7):629-635. 

(38) Perez GF, PÃ©rez-Losada M, Isaza N, Rose MC, Colberg-Poley AM, Nino G. 

Nasopharyngeal microbiome in premature infants and stability during rhinovirus 

infection. J Investig Med 2017 Aug;65(6):984-990. 

(39) Stensballe LG, Simonsen J, Jensen SM, Bonnelykke K, Bisgaard H. Use of 

antibiotics during pregnancy increases the risk of asthma in early childhood. J Pediatr 

2013 Apr;162(4):832-838.e3. 

(40) Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation 

Coefficients for Reliability Research. J Chiropr Med 2016 Jun;15(2):155-163. 

  

Tables 

Table 1: Cohort baseline characteristics and demographics at one year of age.  

  < 32 

weeks  

(n=8) 

32‒34 

weeks 

(n=18) 

35‒37 

weeks  

(n=35) 

≥ 37 

weeks  

(n=74) 

Total  

(n=135) 

P- 

val

ue 

Male sex N (%) 6 (75.0) 9 (50.0) 21 (60.0) 42 (56.8) 78 (57.8) 0.6

8 

Birth weight Median 

[IQR] 

1390 

[1297, 

1460] 

1927 

[1866, 

2158] 

2365 

[2170, 

2585] 

3410 

[2840, 

3810] 

2680 

[2162, 

3457] 

< 

0.0

01 

Parental asthma N (%) 3 (37.5) 5 (27.8) 10 (28.6) 13 (17.6) 31 (23.0) 0.3
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t 9 

Smoking during pregnancya N (%) 0 (0.0) 1 (5.6) 0 (0.0) 6 (8.1) 7 (5.2) 0.3

0 

Parental smokingb N (%) 3 (37.5) 7 (38.9) 10 (28.6) 23 (31.1) 43 (31.9) 0.8

7 

Infection treated with 

antibiotics during pregnancyc 

N (%) 1 (12.5) 7 (38.9) 6 (17.1) 13 (17.6) 27 (20.0) 0.1

9 

Caesarean section N (%) 3 (37.5) 9 (50.0) 19 (54.3) 26 (35.1) 57 (42.2) 0.2

5 

SGAd N (%) 5 (62.5) 12 (66.7) 24 (68.6) 34 (45.9) 75 (55.6) 0.1

0 

Twins N (%) 0 (0.0) 6 (33.3) 13 (37.1) 10 (13.5) 29 (21.5) 0.0

09 

Supplemental oxygen in 

neonatal periode 

N (%) 1 (12.5) 3 (16.7) 3 (8.6) 2 (2.7) 9 (6.7) 0.1

4 

CPAP > 24 hf N (%) 8 (100.0) 9 (50.0) 3 (8.6) 4 (5.4) 24 (17.8) < 

0.0

01 

Neonatal infectiong N (%) 4 (50.0) 3 (16.7) 5 (14.3) 15 (20.3) 27 (20.0) 0.1

5 
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t 
Social grouph 1, n (%) 0 (0.0) 6 (33.3) 11 (31.4) 20 (27.0) 37 (27.6)  

 2, n (%) 3 (42.9) 1 (5.6) 9 (25.7) 23 (31.1) 36 (26.9)  

 3, n (%) 3 (42.9) 5 (27.8) 4 (11.4) 15 (20.3) 27 (20.1)  

 4, n (%) 0 (0.0) 4 (22.2) 10 (28.6) 14 (18.9) 28 (20.9)  

 5, n (%) 1 (14.3) 2 (11.1) 1 (2.9) 2 (2.7) 6 (4.5) 0.1

6 

Length of breastfeeding < 3 

months, n 

(%) 

4 (50.0) 1 (5.6) 2 (5.7) 6 (8.1) 13 (9.6)  

 3-6 

months, n 

(%) 

0 (0.0) 5 (27.8) 5 (14.3) 10 (13.5) 20 (14.8)  

 > 6 

months, n 

(%) 

4 (50.0) 12 (66.7) 28 (80.0) 58 (78.4) 102 (75.6) 0.0

04 

Siblings N (%) 3 (37.5) 9 (50.0) 17 (48.6) 32 (43.2) 61 (45.2) 0.8

9 

RSV infection 1 yi N (%) 1 (14.3) 4 (22.2) 2 (5.7) 5 (6.8) 12 (9.0) 0.1

7 
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 Missing 

value 

1 0 0 0 1  

Hospital admissions during 

first year of life 

N (%) 5 (62.5) 4 (22.2) 14 (40.0) 19 (25.7) 42 (31.1) 0.0

8 

a Mother smoked during pregnancy, b Mother and/or father smoked in the household, indoor or outdoor, c Mother 

treated with antibiotics for bacterial infection during pregnancy, d Small for gestational age, defined as > 10% below 

expected weight at gestational age, e Neonates with the need for supplementary oxygen for minimum of 1 week. f 

CPAP = Continuous positive airway pressure treatment for minimum 24 hours, g Child treated with antibiotics due to 

bacterial infection during admission at the neonatal unit, h Social group 1) academics, self-employed in a large 

company, highest officials/white collar workers, 2) Persons with a medium to long academic education, self-employed 

in a medium to large company, and high officials/white collar workers, 3) Self-employed in a smaller company and 

intermediate officials/white collar workers, 4) Subordinate official/white collar workers and skilled professionals/blue 

collar workers; and 5) Unskilled/blue collar workers, i Confirmed respiratory syncytial virus infection during the first 

year of life.  

Table 2: Prevalence of troublesome respiratory symptoms and asthmatic bronchitis and 

use of asthma inhalation medication at one year of age. 

 

Gestation

al age 

Group 1 Group 2 Group 3 Group 

4 

 Inter-group comparison (p-value) 

< 32 

weeks  

(n = 8) 

32‒34 

weeks 

(n = 18) 

35‒37 

weeks 

(n = 35) 

> 37 

weeks 

(n = 

74) 

Total  

(n = 

135) 

Gr

ou

p 1 

vs. 

2 

Gr

ou

p 1 

vs. 

3 

Gr

ou

p 1 

vs. 

4 

Gr

ou

p 2 

vs. 

3 

Gr

ou

p 2 

vs. 

4 

Gr

ou

p 3 

vs. 

4 

TRSa 2 (25·0) 8 (44·4) 7 (20·0) 15 32 0∙4 1 1 0∙1 0∙0 1 
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t (20·3) (23·7

) 

2 1 6 

ABb 3 (37·5) 5 (27·8) 3 (8·6) 14 

(18·9) 

25 

(18·5

) 

0∙6

6 

0∙0

7 

0∙3

5 

0∙1

0 

0∙5

1 

0∙2

6 

ICS usec 1 (12·5) 3 (16·7) 2 (5·7) 5 (6·8) 11 

(8·1) 

1 1 1 0∙3

2 

0∙3

5 

1 

SABA 

used 

3 (37·5) 7 (38·9) 3 (8·6) 19 

(25·7) 

32 

(23·7

) 

1 0∙0

7 

0∙6

7 

0∙0

1 

0∙3

8 

0∙0

4 

a TRS = troublesome respiratory symptoms; b AB = Asthmatic bronchitis; c ICS = Inhaled corticosteroid, d SABA= 

Short-acting inhaled beta-agonists  

Figures 

Figure 1: Flow of participants from invitation to inclusion in this follow-up study at one 

year of age. 
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t Figure 2: Flowchart showing the number of valid fractional exhaled nitric oxide (FeNO) 

measurements included for each of the six visits during the first month of life.  
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t Figure 3: The predicted probability of TRS at one year of age as a function of age at 

measurement and FeNO level (ppb) in moderately premature (GA 32‒34 weeks), late 

premature (GA 35‒37 weeks) and mature (GA > 37 weeks) infants.  

TRS = Troublesome respiratory symptoms, GA = Gestational age, FeNO = fractional 

exhaled nitric oxide  

 

 




