Effect of bronchoconstriction on exhaled nitric
oxide levels in healthy and asthmatic children
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Background: Exhaled nitric oxide (eNO) has recently been proposed to be a noninvasive marker of airway inflammation in
asthma.

Objective: To evaluate the effect of bronchoconstriction by means of methacholine inhalation challenge on levels of eNO in
children.

Methods: Spirometry, impulse oscillometry, and eNO measurements were performed before and after methacholine inhalation
challenge (bronchoconstriction phase) and after 3,-agonist inhalation (bronchodilation phase) in 92 children (62 children with
asthma, 13 wheezy children, and 17 healthy children).

Results: A significant decrease occurred in the eNO level after methacholine inhalation challenge (P < .01). This decrease
did not correlate with the percentage decrease in forced expiratory volume in 1 second or with the change in large airway
resistance (R20), but it did correlate with the percentage decline in maximal expiratory flow at 50% vital capacity and with the
change in small airway resistance (R5-R20). The eNO decrease lasted for 15 minutes after 3,-agonist inhalation in the group with
a high percentage decrease in R5-R20 (>200%). On the other hand, in the group with a low percentage decrease in R5-R20
(=200%), eNO recovered to the previous level immediately after 3,-agonist inhalation.

Conclusions: The eNO level significantly decreases after methacholine inhalation challenge. This decrease primarily depends

on bronchoconstriction of the small airways.

INTRODUCTION
The measurement of exhaled nitric oxide (eNO) has been
proposed as a noninvasive marker of airway inflammation,
especially in asthma.'=* Levels of eNO are useful for diag-
nosing childhood asthma and for predicting asthma relapse in
children with clinical asthma remission.””’ Recent studies
have shown that levels of eNO are decreased by anti-inflam-
matory treatment,® and eNO has been proposed as a means of
monitoring the efficacy of treatment in asthmatic patients.?

Despite the many studies of eNO in asthma, the relation-
ship between bronchoconstriction and eNO levels is still
unclear. Previous studies’ have demonstrated a reduction in
the eNO level immediately after methacholine challenge that
does not correlate with the percentage decrease in forced
expiratory volume in 1 second (FEV,). Several studies'®!!
have also shown that eNO values increase after [3,-agonist
therapy, but its relationship to bronchodilation remains un-
clear.

We aimed to evaluate whether the eNO level is affected by
bronchoconstriction in healthy and asthmatic children. Fur-
thermore, respiratory resistance (Rrs) was evaluated sepa-
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rately in the large and small airways to determine the effect of
airway size on changes in eNO levels.

METHODS

Participants

Ninety-two children aged 5 to 15 years were evaluated at
Gunma University Graduate School of Medicine. Sixty-two
children with asthma, 13 wheezy children, and 17 healthy
children were enrolled. To determine the patients with
asthma, the parents of each child completed an American
Thoracic Society/Division of Lung Diseases respiratory ques-
tionnaire. If the child had more than 3 lifetime episodes of
wheezing and was diagnosed as having asthma by a physi-
cian, he or she was determined to have asthma. Wheezy
children received diagnoses when they had fewer than 3
lifetime episodes of wheezing and were not diagnosed as
having asthma by a physician. Healthy children were those
without asthma or other respiratory diseases. We performed
lung function tests on healthy children who visited Gunma
University Graduate School of Medicine independently for
the health checkup just before entering elementary school.
Because healthy children also showed bronchoconstriction
after methacholine challenge, we involved the data in this
study. Approval was obtained from the hospital ethics com-
mittee, and informed parental consent for each child was
obtained before the study.
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Study Design

Spirometry, airway resistance, and eNO measurements were
performed before and after methacholine provocation and
immediately and 15 minutes after [3,-agonist (salbutamol)
inhalation (Fig 1). At each point of measurement, eNO levels
were measured before lung function testing and measurement
of Rrs. Every participant inhaled salbutamol hemisulfate (1.7
mg/mL in saline solution) for 2 minutes or more until Rrs
recovered to the previous level. Previous data'> suggest that
the total amount of nebulized salbutamol sufficient to induce
bronchodilation against methacholine-induced bronchocon-
striction was approximately 0.5 mg.

eNO Measurement

Online measurement was performed according to European
Respiratory Society/American Thoracic Society recommen-
dations® using a chemiluminescence analyzer (model 280i
nitric oxide analyzer; Sievers, Boulder, Colorado). Daily cal-
ibration was performed using 100% nitrogen to zero and an
analyzed standard gas (NO, 0.64 ppm) (Taiyonisan, Tokyo,
Japan) for the span. Patients exhaled from total lung capacity
to residual volume without holding their breath at a constant
flow rate of 50 mL/s. The environmental NO level was
measured before each study, and samples measured when the
environmental NO level exceeded 10 ppb were excluded. All
the participants were measured in the sitting position without
wearing a nose clip.

Methacholine Inhalation Challenge
Methacholine inhalation challenges were performed accord-
ing to the procedure described by Takishima et al.! An
Astograph aerosol generator (TCK 6100H; Chest Co, Tokyo)
delivered increasing doses of methacholine from 12 serially
arranged nebulizers. The nebulizers were activated by a con-
stant switch from 1 nebulizer to the next at predetermined
intervals. Each nebulizer delivered approximately 0.15 mL of
solution per minute of increasing concentrations of metha-
choline and bronchodilator.

Bronchial responsiveness was displayed in the form of a
continuous record of Rrs, as measured using the oscillation
technique. A constant-amplitude pressure generator was con-
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Figure 1. Measurement protocol. eNO indicates exhaled nitric oxide;
MS-IOS, impulse oscillometry system.

nected to a mouthpiece that produced a constant-amplitude
sinusoidal pressure wave of 2 cm H,O of 7 Hz at the mouth.
Recordings showing excessive fluctuations, caused by cough-
ing, were excluded after 2 independent examiners agreed that
such records were not suitable for use in the evaluation of
bronchial hyperresponsiveness.

Methacholine (Daiichi Kagaku Yakuhin, Tokyo), prepared
on the day of the test, was serially diluted 2-fold with saline
solution (10 dose steps starting at 25 mg/mL down to approx-
imately 49 ug/mL). Nebulizer 1 contained 2 mL of saline
solution, nebulizer 2 contained 2 mL of the highest dilution of
methacholine, and nebulizers 3 to 11 contained increasing
concentrations of methacholine. Each concentration of the
methacholine solution was inhaled for 1 minute. Nebulizer 12
contained salbutamol hemisulfate (1.7 mg/mL in saline solu-
tion) and was inhaled for 2 minutes.

Patients were examined during quiet breathing in a sit-
ting position with a nose clip attached and 2 air-filled
balloons pressing against both cheeks; doses of inhaled
methacholine were doubled every minute. When the Rrs
reached double the baseline value, methacholine adminis-
tration was stopped and salbutamol solution was adminis-
tered. The total amount of nebulized salbutamol was ap-
proximately 0.5 mg. The Rrs was continuously measured
until it reached a stable state.

Impulse Oscillometry System

Airway reactance in response to methacholine inhalation
challenge was determined using an impulse oscillometry
system (Jaeger MS-IOS and LAB Manager Software ver-
sion 4.53.2, 2002; Erich Jaeger, Hoechberg, Germany)
using the technique recommended by the manufacturer.
The children used nose clips, and the guardian gently held
the sides of each child’s face to decrease the shunt com-
pliance of the cheeks. Real-time recordings of mouth pres-
sure and flow signals pulsed through a 5- to 20-Hz spec-
trum were superimposed over tracings of tidal breathing
and were displayed on a computer screen. Measurements
of resistance at 5 and 20 Hz (R5, R20, and R5-R20),
reactance at 5 Hz, and the low-frequency reactance area
(the area of reactance integrated from 5 Hz up to resonant
frequency) were recorded. It was agreed that a value of
R20 demonstrated central Rrs and a value of R5-R20
demonstrated peripheral Rrs.!3-13

Spirometry

Pulmonary function was determined by means of spirom-
etry using a calibrated computerized pneumotachograph
spirometer (MICROSPIRO HI-601; Chest Co). Standard
measures of pulmonary function were collected, including
forced vital capacity, FEV,, maximal expiratory flow at
50% vital capacity (V’50), and maximal expiratory flow at
25% vital capacity per height. The procedure for all pul-
monary function tests (PFTs) included the following: (1) 3
normal tidal volume breaths followed by (2) inhalation to
total lung capacity and (3) forced maximal exhalation
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terminating with a final maximal inhalation. All tests were
performed according to current American Thoracic Society
spirometry standards. The resting baseline was determined
by selecting the best of 3 resting PFT results based on the
highest sum of the forced vital capacity and FEV,. One
maneuver was performed at each postchallenge time point
in an effort to minimize participant fatigue and to guard
against the potential effects of deep inhalation. However,
if any baseline or postchallenge time point measurement
was technically unacceptable, then the PFT maneuver was
repeated immediately.

Statistical Analysis

Statistical analyses were performed using a computer soft-
ware package (SPSS version 11.0; SPSS Inc, Chicago,
Illinois). Comparisons of each of the variables in healthy,
wheezy, and asthmatic participants were made using the
Mann-Whitney test. Differences in eNO levels before and
after methacholine testing and salbutamol inhalation were
analyzed using the Wilcoxon test. Spearman correlation
coefficients were calculated to evaluate the statistical as-
sociation between percentage change in spirometry values
and eNO levels. Correlations among the percentage change
in airway resistance and eNO levels were made using the
Pearson correlation test. Data are expressed as mean
(SEM). P < .05 was considered statistically significant.

RESULTS

Spirometry, Airway Resistance, and Methacholine Testing

The anthropometric, lung function, and eNO data are given in
Table 1. The percentage change in FEV, and V’50 signifi-
cantly decreased after methacholine challenge and recovered
15 minutes after salbutamol inhalation (Fig 2). The percent-
age change in the R5-R20 after methacholine challenge was
higher than that in the R20 (250% vs 16%) (Fig 3). Although
the percentage change in R20 recovered immediately after
salbutamol inhalation, the percentage change in R5-R20, the
low-frequency reactance area, and reactance at 5 Hz

Table 1. Anthropometric, Lung Function, and eNO Data?
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Figure 2. Percentage change in forced expiratory volume in 1 second
(FEV,) and maximal expiratory flow at 50% vital capacity (V’50) after
methacholine challenge and nebulized salbutamol infusion. Error bars rep-
resent SEM.

did not recover until 15 minutes after salbutamol inhalation
(Fig 3).

eNO Level and Methacholine Testing

A significant decrease was seen in the eNO level after metha-
choline inhalation challenge (P < .01) (Fig 4A). Although the
eNO level decrease lasted 15 minutes after salbutamol inhala-
tion in the group with a high percentage change in the
R5-R20 (>200%), the eNO level recovered immediately
after inhalation in the group with a low percentage change in
the R5-R20 (=200%) (Fig 4B). The decrease in the eNO
level did not significantly correlate with the percentage
change in FEV, (r = 0.184, P = .11) or with the difference
in R20 (r = 0.157, P = .18) but did correlate with the
percentage change in V’50 (r = 0.240, P = .04) and with the

Participants p
Healthy Wheezy Asthmatic value®
(n=17) (n =13) (n = 62)
Sex, M/F, No. 11/6 9/4 42/20
Age, y 5.8 (0.39) 6.6 (2.2) 10.0 (3.3) <.001
Height, m 1.15 (0.06) 1.16 (0.11) 1.39 (0.19) <.001
Weight, kg 22.4 (4.1) 22.1 (5.0 38 (15.6) <.001
FVC, % 86.7 (11.4) 86.9 (12.1) 96.4 (15.9) NS
FEV,, % 108.2 (3.1) 100.8 (19.2) 98.7 (9.8) <.001
eNO, ppb 21.8(7.6) 24.0 (18.5) 60.6 (48.8) <.01

Abbreviations: eNO, exhaled nitric oxide; FEV,, forced expiratory volume in 1 second; FVC, forced vital capacity; NS, not significant.

a Data are expressed as mean (SD) except where indicated otherwise.

® The P value indicates the statistical significance of differences between healthy and asthmatic participants.
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airway resistance after methacholine challenge and nebulized salbutamol infu-

-100

tance area; X5, reactance at 5 Hz.

g r
6t
2
5] 31
B i
o 0
=1
S 37 ok 5k
= *eok
S 6
>~
9 r
a2 b I I I
Pre Methacholine /3 2-agonist  Ppost
Inhalation Inhalation
B (%)
25 1 %Change in R5-R20
20 —0— 200%< .
57 —&— 200%>
o 10Ff ]
Zz
o S5
=
o 07
2
s S
S 10|
X
15 7
20 T
25 L I I I I

Pre  Methacholine {3 2-agonist  Post
Inhalation Inhalation

Figure 4. Percentage change in exhaled nitric oxide (eNO) levels after
methacholine challenge and nebulized salbutamol infusion. A, Percentage
change in eNO levels in all patients. B, Effect of small airway (R5-R20) on
the percentage change in eNO levels. Error bars represent SEM. *P < .05
between the 2 groups. **P < .01.

difference in the R5-R20 (r = 0.269, P = .02) (data not
shown).

DISCUSSION
These results show that acute bronchoconstriction of the
small airway leads to a rapid decrease in eNO levels in
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children. This is the first study demonstrating the effect of
acute bronchoconstriction of the small airways on the eNO
level using spirometry and airway resistance.

Although previous studies have shown that eNO levels
decrease after methacholine bronchial provocation,®!'® the
mechanism of action remains to be elucidated. de Gouw et
al'” observed a decrease in the eNO level after bronchial
provocation with histamine and adenosine monophosphate
that was significantly correlated with the percentage decrease
in FEV,. The authors concluded that the decrease in the eNO
level was not caused by the procedure itself but was related to
the decrease in FEV,, suggesting that eNO levels are modu-
lated by the degree of airway obstruction. On the other hand,
Piacentini et al’ observed a decrease in the eNO level after
bronchial provocation with methacholine that was not signif-
icantly correlated with the decrease in FEV, Furthermore,
Verbanck et al'® observed a significant correlation of eNO
decrease with forced expiratory flow between 25% and 75%
decrease but not with FEV, decrease or with increased ven-
tilation heterogeneity. The present results support these ear-
lier findings because the decrease in the eNO level did not
correlate with the decrease in FEV, and significantly corre-
lated with the decrease in V’50, which is one of the variables
of the small airways.

The impulse oscillometry system was introduced as a new
technique for the evaluation of airway obstruction in patients
who cannot perform forced breathing maneuvers, such as
young children.!®?° Vink et al*! demonstrated that the resis-
tance and reactance values showed significant changes during
changes in airflow obstruction by means of methacholine
challenge. In the present study, the decrease in the eNO level
after methacholine challenge did not correlate with the in-
crease in large airway resistance (R20) but was correlated
with the increase in small airway resistance (R5-R20). Fur-
thermore, when bronchoconstriction of the small airway was
tight, the eNO level did not return to the baseline level
immediately after bronchodilator inhalation and lasted until
15 minutes later.

These data suggest that eNO levels are modulated by the
degree of bronchoconstriction of the small airways. Because
NO originates predominantly from the terminal and respira-
tory bronchioles,?? these findings might be due to the relative
reduction in the ventilated airway surface during broncho-
constriction of the small airways. Constriction of the small
airways, thus causing a reduction of the luminal airway
surface,??* may, therefore, lead to decreased eNO levels in
exhaled air. In addition, it can be speculated that trapping of
NO in the small airways during bronchoconstriction contrib-
utes to the presently observed reductions in eNO levels.

In conclusion, the present results show that eNO levels
significantly decrease after methacholine inhalation chal-
lenge, primarily due to bronchoconstriction of the small air-
ways. In the measurement of eNO, the effect of bronchocon-
striction of the small airways should, therefore, be carefully
taken into consideration.
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