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Background: There are limited data assessing the predictive value of fraction of

exhaled nitric oxide (FENO) in infants/toddlers with recurrent wheezing for asthma at

school age.

Objectives: In a cohort of infants/toddlers with recurrent wheezing determine the predictive

values of sedated single-breath FENO (SB-FENO) and awake tidal-breathing mixed-expired

FENO (tidal-FENO) for active asthma, severe exacerbations, and lung function at age 6 years.

Methods: In 44 infants/toddlers, SB-FENO was measured under sedation at 50 mL/sec in

conjunction with forced expiratory flow and volume measurements, and tidal-FENO was mea-

sured during awake tidal breathing. Clinical outcomes and lung function were assessed at age 6

years in 36 subjects.

Results: Enrollment SB-FENO was significantly higher among subjects with active asthma at

age 6 years than among subjects without asthma (36.4 vs. 16.9 ppb, p < 0.0001), and the

odds of asthma was 7.6 times greater (OR 7.6; 95% CI 1.8–31.6) for every 10 ppb increase in

enrollment SB-FENO. A ROC analysis demonstrated that an enrollment SB-FENO > 31.5 ppb

predicted active asthma at age 6 years with an area under the curve (AUC) of 0.92 (95% CI:

0.82–1). SB-FENO was also higher among subjects who experienced severe asthma exacer-

bations during the year preceding age of 6 years. SB-FENO at enrollment and lung function

measures at age 6 years were modestly correlated (FEV1: r = −0.4; FEF25-75: r = −0.41;

FEV1/FVC ratio: r=−0.46), and SB-FENO was significantly higher among subjects with

bronchodilator responsiveness (BDR) at age 6 years. Tidal-FENO was not predictive of active

asthma, exacerbations, or lung function at age 6 years.

Conclusion: In wheezy infants/toddlers, SB-FENO was predictive of school-age asthma and

associated with lung function measures at age 6 years.

Keywords: exhaled nitric oxide, FENO, recurrent wheezing, infants, asthma, pulmonary

function, exacerbations

Plain Language Summary
The fraction of exhaled nitric oxide (FENO) is an adjunctive test for atopic asthma in school-

age children, and its use to monitor eosinophilic airway inflammation and tailor therapy may

decrease the frequency of asthma exacerbations in children. The aim of this study was to

determine the predictive value of FENO among infants and toddlers with recurrent wheezing,

using both a flow-controlled method under sedation and an awake tidal-breathing method, for

the development of school-age asthma and exacerbations and lung function at age 6 years.

We found that among wheezy infants and toddlers FENO measured using a flow-controlled

technique was predictive of school-age asthma and associated with lung function measures at

Correspondence: Jason S Debley
Department of Pediatrics, Division of
Pulmonary and Sleep Medicine, Seattle
Children’s Hospital, University of
Washington, 4800 Sand Point Way NE,
Seattle, WA 98105, USA
Tel +1 206-987-2174
Fax +1 206-987-2639
Email jason.debley@seattlechildrens.org

Journal of Asthma and Allergy Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Journal of Asthma and Allergy 2020:13 11–22 11

http://doi.org/10.2147/JAA.S227732

DovePress © 2020 White et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Jo
ur

na
l o

f A
st

hm
a 

an
d 

A
lle

rg
y 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-0506-4797
http://orcid.org/0000-0002-1648-4754
http://orcid.org/0000-0003-3013-1522
http://orcid.org/0000-0001-6438-9535
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


age 6 years. These results will inform future efforts to develop

feasible point-of-care FENO testing methods in wheezy infants

and toddlers at risk for asthma.

Introduction
Approximately 50% of school-age children with persistent

asthma developed their first symptoms, typically recurrent

episodes of wheezing, between birth and age 3 years.1

Recurrent wheezing affects up to a third of infants and

toddlers, yet resolves in at least half of these children by

school age. Clinicians generally cannot confidently differ-

entiate preschool-age children with transient wheezing

from those children with persistent asthma, and an accu-

rate clinical test to predict asthma among infants and

toddlers does not currently exist. Current national and

international clinical guidelines recommend initiating

daily use of inhaled corticosteroids (ICS) for children

under age 5 years with >3 prior episodes of wheezing

and epidemiologic risk factors for asthma.2,3 These guide-

lines are based primarily on the Asthma Predictive Index

(API) proposed by Castro-Rodriquez et al4 which is lim-

ited by the fact that when validated in a large independent

population-based cohort5 the API was found to have a high

negative predictive value yet a sensitivity ranging from

28% to 37% and positive predictive value of only 40–48%

for asthma at school age.

Clinicians and parents are often reluctant to initiate

infants/toddlers on inhaled steroid therapy unless confident

about the diagnosis of asthma, a concern heightened by

some trials suggesting that treatment of viral-induced

wheezing with oral or inhaled steroids in preschool chil-

dren is ineffective6–8 and that treatment with inhaled ster-

oids may be associated with reduced growth velocity in

children.9–11 Therefore, a biomarker able to predict atopic

asthma among preschool-age children with recurrent

wheezing or other chronic respiratory symptoms would

be useful to clinicians as well as investigators testing

potential asthma early intervention therapies in infants

and toddlers. The fractional concentration of exhaled nitric

oxide (FENO) is a biomarker for which an extensive body

of clinical data support its use in adults and school-age

children to identify eosinophilic airway inflammation, sup-

port the diagnosis of allergic asthma, and to determine the

likelihood of steroid responsiveness in patients with

chronic respiratory symptoms.12,13 However, there is lim-

ited prospective data assessing FENO prospectively among

wheezy infants/toddlers who were followed into their

school-age years to determine associations with persistent

asthma,14–18 and to our knowledge, there are no prospec-

tive data assessing associations between FENO measured in

wheezy infants and toddlers with asthma exacerbations or

lung function at school age among those children. Because

the majority of infants and preschool children with recur-

rent wheezing who go on to develop persistent childhood

asthma can be characterized as having an atopic phenotype

of asthma,19 FENO may be well suited as a biomarker to

separate infants/toddlers with evolving atopic asthma from

those with wheezing due to other etiologies.

In a prospective study Singer et al reported that offline

FENO collected during tidal breathing among 166 pre-

school-age children (median age 36 months, interquartile

range 24–42 months) was associated with an increased risk

for asthma at school age; however, there was considerable

overlap between enrollment FENO levels among children

with and without asthma at school age, and the association

was no stronger than the association between the API at

enrollment and asthma at school age in this cohort.20

Unsedated tidal-breathing FENO measurements can be

technically challenging to measure in infants/toddlers.21

Additional limitations of tidal breathing-FENO in infants

include: mixing of nasal and lower airway NO sources,

and variable expiratory flow which is problematic due to

the high flow-dependent nature of FENO.
22,23 Despite these

potential limitations, it is easier to measure FENO in

infants/toddlers during tidal breathing than to measure

FENO using a flow-regulated exhalation method.

We have previously reported that single-breath flow-

regulated FENO (SB-FENO) in a cohort of infants and

toddlers (mean enrollment age 15.6 months) with

a history of recurrent episodes of physician-diagnosed

and treated wheezing measured at enrollment was asso-

ciated with the persistence of wheezing at age 3 years.24

We now report follow-up of this cohort through age 6

years. In a cohort of infants and toddlers enrolled at <

age 2 years with recurrent wheezing, our aims were to

assess associations between FENO (both SB-FENO mea-

sured during sedated infant pulmonary function testing

and mixed expired exhaled nitric oxide concentration mea-

sured during awake tidal breathing) measured at enroll-

ment and: 1) active persistent asthma at age 6 years, 2)

severe asthma exacerbations during the year prior to age 6

years, and 3) lung function measured at age 6 years. We

hypothesized that enrollment FENO would be associated

with persistent asthma, asthma exacerbations, and/or lung

function age at 6 years. Some of these results have been

reported in abstract form.25
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Methods
Subjects
Children 6–24months of age with ≥3 episodes of physician-
diagnosed wheezing treated with bronchodilators or corti-

costeroids were recruited for a single-center longitudinal

study. Subjects with birth <36 weeks gestation, congenital

heart disease, dysphagia, severe gastroesophageal reflux, or

upper airway obstruction were excluded. Systemic or

inhaled corticosteroid treatment was not permitted for at

least 3 weeks prior to baseline lung function and FENO

measurement. Thereafter, corticosteroid treatment was at

the discretion of the subject’s primary care or emergency

department provider who did not have access to FENO data.

Written informed consent was obtained from parents of

subjects. The study was conducted in accordance with the

Declaration of Helsinki and approved by the Seattle

Children’s Hospital Institutional Review Board.

Study Visits
Study visits occurred a minimum of 3 weeks following

resolution of an upper or lower respiratory infection, or

acute exacerbation of wheezing. At enrollment medical

history was reviewed, length and weight were measured

with a calibrated stadiometer and digital scale, SB-FENO

and tidal-FENO were measured, and infant lung function

testing performed. We have previously reported study out-

comes for this cohort between enrollment and age 3

years.24 Between age 3 and 6 years of age, parents com-

pleted online interval medical history and medication use

surveys electronically every 6 months. A follow-up study

visit that included review of interval medical history, med-

ication use and completion of lung function tests was

completed at age 6 years.

Lung Function Measurements
As previously reported, at enrollment, 6 months post-

enrollment, and age 3 years forced expiratory volumes

and flows were measured using the RVRTC technique

according to ATS/ERS guidelines for raised volume forced

expirations in infants26 via the InSpire® Infant Pulmonary

Lab. Lung function tests were performed at least 3 weeks

after the resolution of acute exacerbations of wheezing or

respiratory illnesses. At age 6 years forced vital capacity

(FVC), forced expiratory volume in 1 s (FEV1), and

forced expiratory flow between 25% and 75% of FVC

(FEF25-75) were measured according to ATS guidelines

using a VMAX® series 2130 spirometer, and percent

predicted parameters were assessed using reference equa-

tions by Hankinson.27 Among children with asthma, spiro-

metry measurements were obtained when subjects were at

their clinical baseline, and were repeated 15 mins follow-

ing administration of 4 puffs of albuterol from a metered-

dose inhaler via a spacer to determine if a bronchodilator

response was present.

Exhaled Nitric Oxide Measurements
As we have previously described, at study enrollment while

under sedation with chloral hydrate at least 3 flow-regulated

SB-FENO measurements were performed in each subject

immediately prior to infant lung function testing.28 Mixed

expired FENO measurements during tidal breathing (tidal-

FENO) were obtained prior to administration of chloral

hydrate while subjects were awake and seated in parent’s

lap watching a video for distraction. Mixed expired collec-

tions were obtained over 30 s of quiet regular breathing with

a full facemask over the mouth and nose following 5 breaths

to washout circuit dead space. Nitric oxide-free air (<2 ppb)

was provided during inspiration via a filter attached to the

collection circuit with a one-way valve. Nitric oxide was

measured using a Sievers® NOA 280 chemiluminescence

analyzer (GE Analytical Instruments; Boulder, CO, USA).

At age 6 years, FENO was measured according to

American Thoracic Society (ATS) guidelines using

a NIOX MINO nitric oxide analyzer (Aerocrine®,

Sweden).12

RAST Allergy Testing
At age 6 years, a blood sample was drawn from each

subject and used to measure total serum IgE and allergen-

specific IgE to dust mites (Dermatophagoides farinae and

Dermatophagoides pteronyssinus), cat epithelium, dog

epithelium, Alternaria alternata, Aspergillus fumigatus,

and timothy grass.

Statistical Analysis
Forty subjects were estimated to provide 80% power to

identify SB-FENO as a significant predictor of FEV0.5 if

SB-FENO accounted for ≥15% of the total variance in

FEV0.5 (i.e. r2=0.15). SB-FENO and lung function data

were determined to be normally distributed by the

D’Agostino and Pearson as well as Kolmogorov–

Smirnov tests. As appropriate based on the normality of

data distributions, summary statistics, Pearson’s or

Spearman correlation coefficients and unpaired t-tests or

the Mann Whitney test were used in data analyses.
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Multivariate logistic regression was used to assess asso-

ciations between enrollment FENO measures (SB-FENO and

tidal-FENO) and: 1) acute severe asthma exacerbations

(defined as ≥1 episode of respiratory distress lasting ≥3
days treated with both albuterol and systemic corticosteroids)

during the year prior to age 6-year follow-up visit, and 2)

active persistent asthma at age 6 years (meeting NHLBI

criteria for asthma diagnosis and ≥ mild persistent asthma

severity, as well as a history of ≥1 episode of an acute

respiratory illness treated with albuterol for ≥3 days during

the year prior to age 6 years). Enrollment age, gender, family

history of asthma, eczema, sustained inhaled corticosteroid

treatment, and environmental tobacco smoke exposure (par-

ental report of an active smoker in the home both at the time

of subject enrollment and follow-up at age 6 years) were

included as covariates in the logistic regression models.

Receiver operating characteristics (ROC) analyses were per-

formed to determine the enrollment SB-FENO concentration

that best predicted active asthma at age 6 years. Using the

best cutoff point for SB-FENO, the sensitivity, specificity,

positive predictive value, negative predictive value, and rela-

tive risk of enrollment SB-FENO as a predictor of active

asthma were calculated.

Multivariate linear regression models were used to

assess associations between enrollment SB-FENO and tidal

FENO, baseline subject characteristics, and lung function at

age 6 years. All reported p-values are two-sided. Data

analyses were conducted using GraphPad® Prism 7.0 (La

Jolla, CA, USA) and Intercooled Stata for Windows®

version 10.1 (College Station, Texas, USA).

Results
Forty-eight infants and toddlers between ages 6 and 24

months of age with recurrent wheezing were recruited and

enrolled in the study. At enrollment, technically acceptable

SB-FENO measurements during sedated RVRTC lung func-

tion testing and tidal-FENO measurements while awake were

obtained in 44 subjects, with a mean age at enrollment of

15.5 (SD ± 5.4) months. Baseline characteristics of the cohort

are presented in Table 1. At age 6 years, 36 subjects com-

pleted clinical follow-up (82% of subjects who completed

enrollment SB-FENO measurements), including measure-

ment of lung function by spirometry.

The mean FEV0.5 and FEF25–75 z-scores for the cohort at

enrollment were significantly less than zero (a z-score equal

to zero represents the mean value of published normative

data).28,29 Enrollment of subjects was evenly distributed

across seasons.28 As previously reported, 8 subjects used

inhaled corticosteroids on a sustained basis between the

enrollment and 6-month follow-up visits, and 9 of the 34

subjects who completed lung function testing at age 3 years

used inhaled steroids on a sustained basis during the 6

months prior to the visit at age 3 years. At 6 years of age, 6

subjects (14%) reported using inhaled steroids on a daily

basis, and 3 subjects (7%) reported using inhaled steroids

intermittently during the preceding year. We previously

reported that SB-FENO measured at enrollment was asso-

ciated with both age and a history of eczema, but was not

associated with gender, family history of asthma, environ-

mental tobacco smoke exposure, wheezing apart from viral

respiratory infections, enrollment lung function measures,

hospitalization for wheezing, or oral steroid treatment prior

to enrollment.28 At enrollment, the median SB-FENO for the

cohort was 27.1 ppb (Figure 1; IQR 16.4–38.1) and median

awake tidal-FENO was 7.9 ppb (IQR 5.7–11.3), and the two

measurements of FENO were weakly correlated.28

At age 6 years, 14 subjects met our definition for active

asthma. Enrollment SB-FENO concentrations were signifi-

cantly higher among subjects with active asthma at age 6

years than among those subjects without asthma (median

36.4 ppb, IQR 32.4–42.2 vs. 16.9 ppb, IQR 11.3–26.8, p <

0.0001; Figure 2A). The odds of active asthma at age 6 years

were 7.6 times greater (OR 7.6; 95%CI 1.8–31.6) for every 10

ppb increase in enrollment SB-FENO (Table 2). Ten subjects

(28%) experienced an acute severe asthma exacerbation in

Table 1 Baseline Characteristics of Subjects Completing

Enrollment FENO Measurement

Subjects (n) 44

Gender (male) 29 (66%)

Race (Caucasian) 32 (73%)

Mean age at enrollment (months)* 15.5 ± 5.4

Eczema (physician-diagnosed and steroid treated) 25 (57%)

Family history asthma (1st degree relative) 23 (52%)

Environmental tobacco smoke exposure 11 (25%)

Prior treatment with systemic steroids for wheezing 33 (75%)

History of ED visit for wheezing 33 (75%)

History of hospitalization for wheezing 16 (36%)

History of wheezing apart from viral infections 16 (36%)

Enrollment SB-FENO (ppb)** 27.1 ppb ± 16.4, 38.1

Enrollment tidal-FENO (ppb)** 7.9 ppb ± 5.7, 11.3

Enrollment FVC (z-score)*** −0.04 (−0.42 to 0.35)

Enrollment FEV0.5 (z-score)*** −0.42 (−0.78 to −0.07)

Enrollment FEF25–75 (z-score)*** −0.67 (−1.10 to −0.25)

Notes: *Data are presented as the mean ± SD. **Data are presented as the median

± IQR. ***Data are presented as the mean ± 95% CI.

Abbreviations: ED, emergency department; SB-FENO, single-breath exhaled nitric

oxide; Tidal-FENO, mixed expired exhaled nitric oxide during tidal breathing; FVC,

forced vital capacity; FEV0.5, forced expiratory volume in 0.5 s; FEF25–75, forced

expiratory flow between 25% and 75% of forced expiratory maneuver.
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the year preceding their age 6-year follow-up visit. Enrollment

SB-FENO concentrations were also significantly higher among

subjects who experienced severe asthma exacerbations during

the year preceding age 6 years than among those subjects who

did not (median 34.7 ppb, IQR 32.1–46.4 vs. 21.0 ppb, IQR

12.2–35.1; p = 0.003; Figure 2B). The odds of an asthma

exacerbation were 2.5 times higher (OR 2.5; 95% CI 1.2–5)

for every 10 ppb increase in enrollment SB-FENO (Table 2).

Enrollment tidal-FENO concentrations were not significantly

different between children with and without active asthma at

age 6 years (mean 10.5 ppb, SD 4.8 vs. 7.9 ppb, SD 4.9, p =

0.1; Figure 2C), or between those who experienced severe

asthma exacerbations during the year preceding age 6 years

and those that did not (mean 9 ppb, SD 3.8 vs. 8.3 ppb, SD 5.3,

p = 0.7; Figure 2D).

An ROC analysis demonstrated that an enrollment SB-

FENO concentration ≥31.5 ppb in this cohort of wheezy

infants and toddlers predicted active asthma at age 6 years

with an area under the curve (AUC) of 0.92 (95%CI: 0.82–1;

Figure 3). An enrollment SB-FENO concentration ≥31.5 ppb

predicted active asthma at age 6 years (n=14 subjects) with

a sensitivity of 93%, a specificity of 86%, a positive predic-

tive value of 81%, negative predictive value of 95% and

a relative risk of 16.3 (95% CI: 3.3–92.4). (Table 3).There

was a modest correlation between SB-FENO concentration at

subject enrollment and lung function measures at age 6 years

(FEV1: r = −0.4, p = 0.02; FEF25–75: r = −0.41, p = 0.02;

FEV1/FVC ratio: r=−0.46, p = 0.003; Figure 4).

Multivariable linear regression models to assess associations

between enrollment SB-FENO and lung function at age 6

years were constructed following univariate analysis of

associations between SB-FENO and gender, eczema at enroll-

ment, environmental tobacco smoke exposure, sustained use

of inhaled corticosteroids between ages 3–6 years, and

family history of asthma. Covariates associated with SB-

FENO with a p<0.25 were included in the final multivariable

linear regression models (enrollment SB-FENO, gender,

eczema, and tobacco smoke exposure). Each 10 ppb increase

in enrollment SB-FENO was associated with a 2.9% reduc-

tion in FEV1% predicted, 5.6% reduction in FEF25–75, and

0.02 decrease in FEV1/FVC ratio (Table 4). Tidal-FENO

measured at study enrollment was not correlated with lung

function measured at age 6 years (FEV0.5: r = 0.07, p = 0.5;

FEF25–75: r = −0.05, p = 0.8; FEV1/FVC ratio: r=

−0.01, p=0.9).
During spirometry performed at age 6 years, broncho-

dilator responsiveness (BDR) was present in 18 of 36

subjects. The SB-FENO concentration measured in subjects

at study enrollment was significantly higher among sub-

jects found to have BDR at age 6 years than among those

without BDR (median 35.1 ppb, IQR 22.3–42.2 vs. 24.5

ppb, IQR 12.2–32.1; p = 0.02; Figure 5A). In contrast,

enrollment tidal-FENO did not differ between subjects with

and without BDR at age 6 years (median 8.5, IQR

6.2–10.8 ppb vs. 6.7 ppb, IQR 4.2 −12.6; p = 0.6;

Figure 5B).

Neither SB-FENO or tidal-FENO concentrations at study

enrollment were significantly different between subjects

with one or more positive RAST IgE tests to a common

aeroallergen at age 6 years and subjects with no positive

RAST IgE tests (SB-FENO: median 32.5 vs. 24.5 ppb, p =

0.08, Figure 6A; tidal FENO: median 8.8 vs. 6.6 ppb, p =

0.3, Figure 6B), or between subjects with or without

physician-diagnosed eczema at age 6 years (SB-FENO:

median 31.9 vs. 25.3 ppb, p = 0.2, Figure 6C; tidal FENO

: median 8.6 vs. 6.9 ppb, p = 0.2, Figure 6D). There was

also no correlation between SB-FENO or tidal-FENO con-

centrations at study enrollment and total serum IgE levels

measured at age 6 years (SB-FENO: r = 0.27, p = 0.1,

Figure 6E; tidal FENO: r = 0.18, p = 0.3, Figure 6F).

Discussion
In a prospective longitudinal study of infants and toddlers

(mean age 15.5 months) with a history of recurrent epi-

sodes of physician-diagnosed wheezing, we found that

flow-controlled SB-FENO measured at enrollment in con-

junction with sedated infant pulmonary function testing

was associated with active asthma at 6 years of age as

well as a history of severe asthma exacerbations between

Figure 1 Distribution of enrollment concentrations of single-breath exhaled nitric

oxide (SB-FENO; open triangles) and mixed-expired exhaled nitric oxide collected

during tidal breathing (tidal-FENO; open circles) for enrolled subjects. Horizontal

lines present median and error bars depict interquartile range.
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ages 5 and 6 years. Furthermore, higher concentrations of

SB-FENO measured in these infants and toddlers was asso-

ciated with modestly lower lung function at age 6 years.

Finally, subjects with BDR during spirometry at age 6

years had higher enrollment SB-FENO than subjects with-

out BDR at age 6 years. In contrast to flow-controlled

sedated SB-FENO measurements, awake tidal-FENO mea-

surements at enrollment were not associated with active

Table 2 Associations Between Enrollment SB-FENO and Active Asthma and Severe Exacerbations at Age 6 Years

Active Asthma Severe Exacerbations

OR 95% CI P value OR 95% CI P value

Enrollment SB-FENO (10 ppb increments) 7.6 1.8–31.6 0.005 2.5 1.2–5 0.01

Gender (female) 0.2 0.01–1.8 0.13 0.4 0.1–2.9 0.4

FH asthma (yes) 0.9 0.1–9.2 0.9 1.1 0.2–6.2 0.9

Eczema (yes) 11.5 0.8 – 170 0.08 0.8 0.1–4.7 0.8

Tobacco smoke exposure (yes) 5.6 0.9 – 34 0.06 9.9 1.03–96 0.01

Notes: N=36 subjects. Bold type denotes a statistically significant association.

Abbreviations: SB-FENO single-breath exhaled nitric oxide; ICS, inhaled corticosteroids; FH, family history; OR, odds ratio; CI, confidence interval.

Figure 2 (A) Enrollment single-breath exhaled nitric oxide (SB-FENO) concentrations were significantly higher among subjects with active asthma (closed triangles) at age 6

years than among those subjects who experienced resolution (open circles) of symptoms (median 36.4 ppb, IQR 32.4–42.2 vs. 16.9 ppb, IQR 11.3–26.8, p < 0.0001). (B)
Enrollment SB-FENO concentrations were significantly higher among subjects who experienced an acute severe exacerbation of wheezing (closed triangles) in the year prior

to age 6 years than among those subjects who were exacerbation free (open circles) between ages 5 and 6 years (median 34.7 ppb, IQR 32.1–46.4 vs. 21.0 ppb, IQR

12.2–35.1; p = 0.003). (A and B) Analyses conducted using the Mann–Whitney test. (C) Enrollment tidal breathing exhaled nitric oxide (tidal-FENO) concentrations were

not significantly different between subjects with active asthma (closed triangles) at age 6 years and subjects who experienced resolution (open circles) of symptoms (mean

10.5 ppb, SD 4.8 vs. 7.9 ppb, SD 4.9, p = 0.1). (D) Enrollment tidal-FENO concentrations were not significantly different between subjects who experienced an acute severe

exacerbation of wheezing (closed triangles) in the year prior to age 6 years and subjects who were exacerbation free (open circles) between ages 5 and 6 years (mean 9 ppb,

SD 3.8 vs. 8.3 ppb, SD 5.3, p=0.7). (C and D) Analyses conducted using the unpaired test.
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asthma, a history of severe exacerbations, lower lung

function, or BDR at age 6 years.

Our SB-FENO results are generally consistent with the

only other published longitudinal study that we are aware of

that attempted to study the predictive power of flow-

controlled FENO measurements in infants and toddlers for

subsequent asthma during the school-age years. Chang et al

reported that in their prospective cohort of infants with atopic

dermatitis but without prior wheezing, SB-FENO measured at

enrollment (mean age 10.7 months) was predictive of asthma

as well as airway reactivity at age 5 years.30 However, we

believe that our study is the first to perform SB-FENO mea-

surements in a cohort of infants and toddlers with recurrent

physician-diagnosed wheezing that were then prospectively

followed into the school-age years to determine the predic-

tive value of SB-FENO for school-age asthma, exacerbations,

and lung function. Furthermore, we found that an elevated

SB-FENO (concentration ≥31.5 ppb) in wheezy infants and

toddlers predicted active asthma at age 6 years with a high

degree of accuracy (AUC of 0.92, sensitivity of 93%,

specificity of 86%, positive predictive value of 81%, negative

predictive value of 95% and a relative risk of 16).

Although the prevalence of recurrent wheezing among

infants/toddlers is high, this group of children is heteroge-

neous. Approximately two thirds of wheezy infants/toddlers

will not go on to develop persistent school-age asthma, but

rather they wheeze for a variety of anatomic and/or patho-

physiologic reasons, including but not limited to small air-

way caliber, post-viral airway inflammation and injury,

dysphagia, or tracheobronchomalacia.31 For most of these

young children, episodic wheezing resolves between ages

3–5 years. However, discriminating between infants/toddlers

with transient wheezing and young children with evolving

asthma is a major challenge for clinicians.31 Prospectively

identifying atopic asthma in infants and toddlers with recur-

rent wheeze using an objective test such as FENO could

greatly facilitate more targeted use of asthma therapies, pre-

vent under- and over-treatment with corticosteroids, and be

potentially very useful in selecting young children that would

be appropriate candidates for future early intervention ther-

apeutic trials targeting children at high risk for atopic endo-

types of asthma.

Although not directly related to our assessment of FENO
in this cohort, we observed that parental report of environ-

mental tobacco smoke exposure was not associated with

active asthma at age 6 years; however, was associated with

an increased risk of severe asthma exacerbation between ages

5 and 6 years (Table 2). Our observations are consistent with

recent studies in the literature reporting a lack of association

between early life tobacco smoke exposure and the develop-

ment of asthma by school age,32 yet multiple studies over the

past decade have found that environmental tobacco smoke

exposure is associated with an increased risk of asthma

exacerbations in children with existing asthma.33–35

A weakness of our study is that we did not collect objective

markers of environmental tobacco smoke exposure (e.g.

cotinine levels) at study enrollment or during follow-up.

However, the subjects in whom parents reported tobacco

smoke exposure at enrollment also reported tobacco smoke

exposure at age 6 years. Our findings, in the context of

published literature, support the concept that although early

life environmental tobacco smoke does not appear to be

a causal factor in the development of asthma, it is a risk

factor for asthma exacerbations in children with asthma.

Our observed lack of an association between enroll-

ment tidal-FENO measured while subjects were awake and

active asthma or a history of severe exacerbations at age 6

years is consistent with several other studies of FENO

Figure 3 A receiver operator curve (ROC) analysis demonstrated that an enroll-

ment SB-FENO concentration >31.5 ppb in this cohort of wheezy infants and

toddlers predicted active asthma at age 6 years with an area under the curve

(AUC) of 0.92 (95% CI: 0.82–1).

Table 3 Sensitivity, Specificity, PPV, NPV, and RR of Enrollment

SB-FENO, for Active Asthma at Age 6 Years

Predictor Sensitivity Specificity PPV NPV RR

SB-FENO

(≥31.5ppb)

93% 86% 81% 95% 16.3 (95% CI

3.3–92.4)

Tidal-FENO

(≥7.7ppb)

64% 68% 56% 75% 2.3 (95% CI

0.98–5.5)

Abbreviations: PPV, positive predictive value; NPV, negative predictive value; RR,

relative risk; SB-FENO, single-breath exhaled nitric oxide; Tidal-FENO, mixed expired

exhaled nitric oxide during tidal breathing; CI, confidence interval.
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measured during tidal breathing in young children with

recurrent wheezing.36,37 There are several potential expla-

nations for the lack of associations between tidal-FENO

and asthma and lung function measures at age 6 years.

First, given that during tidal breathing the soft palate is not

closed and nasal NO concentrations are frequently at least

100-fold greater than lower airway NO concentrations

there is significant contamination of sampled lower airway

NO by nasal NO when measurements are performed dur-

ing tidal breathing.38 Contamination of measurements by

nasal NO therefore would therefore tend to obscure inter-

individual differences in lower airway FENO and bias

towards a lack of association between tidal-FENO and

our clinical outcomes. Second, expiratory flow is often

Figure 4 (A) Correlation between SB-FENO concentration measured at subject enrollment and FEV1 measured at age 6 years (r = −0.4, p = 0.02). (B) Correlation between
SB-FENO concentration measured at subject enrollment and FEF25–75 measured at age 6 years (r = −0.41, p=0.02). (C) Correlation between SB-FENO concentration

measured at subject enrollment and FEV1/FVC ratio measured at age 6 years (r=−0.46, p=0.003).

Table 4 Associations Between Enrollment SB-FENO and Lung Function at Age 6 Years

FEV1 FEF25–75 FEV1/FVC

β Coefficient (Δ FEV0.5

z-Scores)

P value β Coefficient (Δ FEF25–75

z-Score)

P value β Coefficient (Δ FEV0.5

z-Scores)

P value

Enrollment SB-FENO(10 ppb

increments)

−2.9 (95% CI −5.7, −0.2) 0.04 −5.6 (95% CI −0.2, −10.9) 0.04 −0.02 (95% CI −0.005,

−0.04)

0.03

Gender (female) 8.3 (95% CI −1.1, 17.7) 0.08 −7.2 (95% CI −25.4, 11.1) 0.4 −0.02 (95% CI −0.08, 0.04) 0.5

Eczema (yes) 4.3 (95% CI −5.5, 14.3) 0.4 5.4 (95% CI −13.8, 24.5) 0.6 −0.01 (95% CI −0.07, 0.05) 0.7

Tobacco smoke exposure (yes) 3.8 (95% CI −7.4, 15.1) 0.5 −9.2 (95% CI −31, 12.6) 0.4 −0.01 (95% CI −0.08, 0.05) 0.6

Notes: N=36 subjects. P value for test of parameter estimate (β coefficient) differing from zero. Bold type denotes a statistically significant association.

Abbreviations: SB-FENO, single-breath exhaled nitric oxide; FEV1, forced expiratory volume in 1 s; FEF25–75, forced expiratory flow between 25% and 75% of forced

expiratory maneuver; FVC, forced vital capacity; CI, confidence interval.

Figure 5 (A) Enrollment single-breath exhaled nitric oxide (SB-FENO) concentrations were significantly higher among subjects with bronchodilator responsiveness (BDR)

during spirometry at age 6 years (closed triangles) than among those subjects without BDR at age 6 years (open circles) (median 35.1 ppb, IQR 22.3–42.2 vs. 24.5 ppb, IQR

12.2–32.1; p = 0.02). (B) Enrollment tidal-FENO concentrations were not significantly different between subjects with BDR (closed triangles) or without BDR (open circles)

at age 6 years (median 8.5, IQR 6.2–10.8 ppb vs. 6.7 ppb, IQR 4.2 −12.6; p = 0.6). Analyses conducted using the Mann–Whitney test.
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Figure 6 Enrollment single-breath exhaled nitric oxide (SB-FENO) concentrations (A) and enrollment tidal-FENO concentrations (B) were not significantly different

between subjects with ≥1 positive RAST IgE tests to a common aeroallergen (closed triangles) at age 6 years and subjects with no positive RAST IgE tests (open circles) (SB-

FENO: median 32.5 vs. 24.5 ppb, p = 0.08; tidal FENO: median 8.8 vs. 6.6 ppb, p = 0.3). Analyses conducted using the Mann–Whitney test. Enrollment SB-FENO (C) and tidal-

FENO (D) concentrations were not significantly different between subjects with (closed triangles) or without (open circles) physician-diagnosed eczema at age 6 years (SB-

FENO: median 31.9 vs. 25.3 ppb, p = 0.2; tidal-FENO: median 8.6 vs. 6.9 ppb, p = 0.2). Analyses conducted using the Mann–Whitney test. There was no significant correlation

between SB-FENO (E) or tidal-FENO (F) concentrations at study enrollment and total serum IgE levels measured at age 6 years (SB-FENO: r = 0.27, p = 0.1, Figure 6E; tidal

FENO: r = 0.18, p = 0.3). Analyses conducted using the Spearman rank-order correlation coefficient.
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quite variable during tidal-breathing measurements con-

ducted in awake young children, which is problematic due

to the highly flow dependent nature of FENO

measurements.22,23 In contrast, Singer et al demonstrated

in a cohort of 391 pre-school age children that FENO

measured during tidal breathing was modestly predictive

of asthma at age 5 years (AUC of 0.62).20 Despite the

limitations of the tidal breathing FENO method, they did

demonstrate an association between preschool tidal-FENO

and school-age asthma, likely due in part due to their

larger sample size. However, the relatively weak predic-

tive value of tidal-FENO in the Singer study limits the

potential utility of tidal-FENO as a practical point-of-care

clinical test in preschool-age children. Unfortunately, the

lack of an association between tidal-FENO and asthma at

school age dampens enthusiasm for FENO as practical

biomarker that could be used clinically on a large scale

in wheezy infants and toddlers given that SB-FENO mea-

surements in this age range require that children undergo

sedation using a drug that is increasingly difficult to obtain

(chloral hydrate) and require highly specialized equipment

as well as technical expertise available in a small number

of centers worldwide. Although prior studies have demon-

strated general associations between FENO and atopy,39

and some studies have reported that FENO is associated

with atopy but not with asthma,40 a recent comprehensive

comparative effectiveness review of the utility of FENO in

asthma management that included 43 studies in adults and

children found that although FENO is associated with

atopy, FENO concentrations increased the odds of correctly

diagnosing asthma between 5.9 and 17-fold, demonstrat-

ing that elevated FENO levels are also associated with

asthma.13 We observed that enrollment FENO was not

correlated with total IgE level or positive RAST specific

IgE tests in subjects at age 6 years, or with a history of

eczema at age 6 years; however, it is possible that with

a sufficiently large sample size there might have been an

association between FENO and other atopic features that

our study was underpowered to detect. Although an asso-

ciation between FENO and atopy is well accepted,13,39 our

data support the concept that FENO is not simply a marker

of generalized atopy, but rather a marker of lower airway

allergic inflammation that is associated with, and predic-

tive of, atopic asthma in infants and toddlers with recur-

rent wheezing.

There are several additional limitations to this study.

First, seven subjects were lost to follow-up between enroll-

ment and age 6 years, thus we obtained clinical follow-up in

36 of the 44 subjects (82%) who completed enrollment FENO
measurements. Second, although total IgE levels and RAST

specific IgE to selected aeroallergens were measured at age 6

years, we did not perform skin or RAST testing of subjects to

food or inhalant allergens at study enrollment. Kulig et al

demonstrated in a birth cohort that the development of aller-

gic sensitization to inhalant allergens occurs mostly beyond

age 2 years,41 however, ideally we would have characterized

the sensitization status of our subjects at both enrollment and

age 6 years. Finally, although by study design none of the

subjects were using inhaled corticosteroids at enrollment,

nine subjects in our study were using inhaled steroids either

on a sustained basis or intermittently at age 6 years. All nine

subjects who reported sustained or intermittent ICS use at

age 6 years were classified as having active asthma, however,

ICS use could have decreased the incidence of asthma

exacerbations between ages 5 and 6 years. This effect could

have biased our results toward weaker associations between

enrollment FENO and asthma exacerbations between ages 5

and 6 years or lung function at age 6 years.

Conclusions
We have demonstrated that higher concentrations of SB-

FENO measured in infants and toddlers with a history of

recurrent episodes of physician-diagnosed wheezing accu-

rately predicted active asthma at age 6 years, a history of

severe asthma exacerbations between ages 5 and 6 years,

and lower lung function at age 6 years. Furthermore,

enrollment SB-FENO was associated with the presence of

BDR during lung function testing at age 6 years. In con-

trast, tidal-FENO in wheezy infants/toddlers were not asso-

ciated with asthma, asthma exacerbations, or lung function

measures at age 6 years. Unfortunately, SB-FENO mea-

surements require sedation and complex equipment only

available in a small number of centers worldwide.

Therefore, SB-FENO is not a feasible point-of-care test to

predict asthma in wheezy infants and toddlers. However,

observations from this cohort strengthen our understanding

of NO biology in early childhood asthma and the associa-

tion of this biomarker with a common endotype of early

childhood asthma. Hopefully, our findings will inspire

current and future respiratory physiologists and bioengi-

neers to develop new technologies that might allow for

point-of-care testing methodologies feasible in awake

young children that leverage the associations between air-

way NO biology and asthma risk to predict atopic asthma

in wheezy infants and toddlers.
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Abbreviations
FENO, fractional concentration of exhaled nitric oxide; SB-

FENO, single-breath exhaled nitric oxide; Tidal-FENO, tidal-

breathing mixed-expired; BDR, bronchodilator responsive;

FVC, forced vital capacity; FEV0.5, forced expiratory volume

in 0.5 s; FEF25–75, forced expiratory flow 25–75% of expira-

tion; RVRTC, raised volume rapid thoracic compression;

ROC, receiver operating characteristics; AUC, area under

the curve; NHLBI, National Heart Lung Blood Institute;

ATS, American Thoracic Society; ERS, European

Respiratory Society.
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