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ABSTRACT: Nocturnal asthma symptoms and impaired lung function at night are
related to inflammatory activity in the peripheral lung compartment. Exhaled nitric
oxide (NO) measurement at multiple exhalation flow rates can be used to separately
assess alveolar and bronchial NO production and inflammation. The authors
hypothesised that asthmatic patients with nocturnal symptoms have a higher alveolar
NO concentration than those with only daytime symptoms.

The authors asked 40 patients with newly-diagnosed steroid-naı̈ve asthma about their
nocturnal asthma symptoms through the use of a written questionnaire. Alveolar NO
concentration and bronchial NO flux were assessed in the 40 asthmatics and 40 healthy
controls.

Nineteen of the 40 patients reported nocturnal symptoms. Patients with nocturnal
symptoms had a higher alveolar NO concentration (1.7¡0.3 (mean¡SEM) parts per
billion (ppb)) than patients without nocturnal symptoms (0.8¡0.3 ppb, p=0.012) or
healthy controls (1.0¡0.1 ppb, p=0.032). Bronchial NO flux was higher both in patients
with (2.4¡0.4 nL?s-1, pv0.001) and without (2.6¡0.4 nL?s-1, pv0.001) nocturnal
symptoms, compared to controls (0.7¡0.1 nL?s-1).

Nocturnal symptoms in asthmatic patients are related to a higher alveolar nitric
oxide concentration. The results suggest that assessment of alveolar nitric oxide
concentration can be used to detect the parenchymal inflammation in asthmatic patients
with nocturnal symptoms.
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Nocturnal symptoms and worsening of lung func-
tion at night are common among patients with
asthma. Up to 74% of asthmatics have been reported
to awaken at night at least once a week due to
wheezing, chest tightness or cough [1]. Several factors,
such as nocturnal increase in vagal tone or decrease
in cortisol and epinephrine secretion, may underlie
the pathogenesis of nocturnal asthma [2]. Nocturnal
asthma has been associated with either nocturnal
enhancement of airway inflammation or persistently
increased inflammatory activity. Bronchial biopsies
have not revealed significant differences in inflamma-
tion in central airways between nocturnal and non-
nocturnal asthmatics [3, 4]. However, studies with
techniques assessing more peripheral lung compart-
ments (bronchoalveolar lavage (BAL) and transbronch-
ial biopsies) have suggested enhanced night-time
inflammation in nocturnal asthmatics compared with
their daytime level [3,5] or with night-time inflamma-
tion in non-nocturnal asthmatics [5, 6]. In contrast,
some BAL studies suggest persistently more active
inflammation in nocturnal than non-nocturnal asthma
[7]. Inflammation in nocturnal asthma therefore
seems to be enhanced in peripheral but not central
lung compartments as compared with non-nocturnal

asthma. However, the results on whether this differ-
ence is related to circadian rhythm are conflicting.
There might also be differences in cellular composi-
tion of airway inflammation between nocturnal and
non-nocturnal asthma, as airway neutrophilia has
been found in severe persistent asthma [8, 9], which is
often associated with increased nocturnal symptoms.

Exhaled nitric oxide (NO) concentration correlates
with many aspects of inflammatory activity in asth-
matic airways, and is considered to be a useful tool for
noninvasively assessing airway inflammation [10, 11].
Exhaled NO has usually been measured at a single
exhalation flow rate. However, more detailed informa-
tion on the inflammatory process is gained by mea-
suring exhaled NO at multiple exhalation flow rates,
as this allows separate assessment of alveolar NO
concentration and bronchial NO flux [12–15]. Earlier
studies using this method report increased bronchial
NO flux in asthma and increased alveolar NO con-
centration in alveolitis [13, 15–17].

The authors hypothesised that patients with noc-
turnal asthma symptoms have increased alveolar NO
concentration in addition to increased bronchial
NO flux, as enhanced peripheral inflammation has
been associated with nocturnal asthma. Alveolar NO
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concentration and bronchial NO flux were studied in
40 patients with asthma, and their nocturnal symp-
toms were assessed with a written questionnaire. The
authors also studied whether serum markers of
inflammation suggest differences in activity or cellular
composition of airway inflammation between asth-
matics with and without nocturnal symptoms.

Methods

Subjects

Forty nonsmoking patients with newly-diagnosed
steroid-naı̈ve asthma were enrolled in the study. The
diagnosis of asthma was based on typical symptoms
and reversible or variable airflow obstruction [18, 19].
Forty healthy, nonsmoking subjects with normal
spirometry and no bronchial hyperresponsiveness
served as controls. Alveolar NO concentration and
bronchial NO flux, lung function, nocturnal asthma
symptoms and levels of inflammatory markers in
serum were assessed in all subjects. Measurements
were performed between 14:00–16:30 h. The study
was approved by the Ethics Committee of Tampere
University Hospital (Tampere, Finland), and all of the
subjects gave written informed consent.

Exhaled nitric oxide measurement

Exhaled NO concentration was measured with a
Sievers NOA 280 analyser (Sievers Instruments,
Boulder, CO, USA). Three exhalation flow rates
(100, 175 and 370 mL?s-1) were used with mouth
pressure of 9 cmH2O, as previously described [17].
Alveolar NO concentration and bronchial NO flux
were assessed as suggested by TSOUKIAS and GEORGE

[12]. The analyser was calibrated daily with a known
NO concentration (103 or 101 parts per million;
AGA, Lidingö, Sweden) and before every subject with
filtered NO-free air.

Lung function and nocturnal symptoms

Spirometry (Vmax 20C; SensorMedics, Yorba
Linda, CA, USA) was measured and the results were

compared with normal values in the Finnish popula-
tion [20]. Bronchial responsiveness was studied by
letting patients inhale increasing doses of methacho-
line and measuring spirometry after each dose [21].
Logarithm of the dose-response slope (per cent decline
in forced expiratory volume in one second divided by
the total dose of methacholine inhaled) was used in
analysis [22]. As part of a written questionnaire [23],
nocturnal asthma symptoms were assessed by asking
whether cough, wheezing or shortness of breath had
disturbed the patient9s sleep during the last week [1].

Allergy testing and inflammatory markers

Atopy was tested with a skin-prick test. Eleven
common animal and aeroallergens (ALK-Abello,
Hørsholm, Denmark) were tested. A wheal diameter
of o3 mm was considered a positive result. Serum
levels of eosinophil protein X (EPX), eosinophil
cationic protein (ECP), myeloperoxidase (MPO) and
interleukin (IL)-6 were measured by immunoassay
(EPX-radioimmunoassay (RIA), ECP-RIA and MPO-
RIA: Pharmacia AB, Uppsala, Sweden; IL-6: PeliPair
ELISA, CLB, Amsterdam, the Netherlands).

Statistics

All of the parameters were normally distributed
(Kolmogorov-Smirnov test) and parametric tests were
used. Differences between the three groups were
analysed with analysis of variance and least significant
difference (LSD) post-test. Results are presented as
mean¡SEM.

Results

Of the 40 patients with asthma, 19 patients reported
nocturnal symptoms in the questionnaire and 21 had
no nocturnal symptoms. Subject characteristics are
given in table 1. Patients with nocturnal symptoms
were on average somewhat older than patients with-
out nocturnal symptoms. Sex distribution, proportion
of atopic subjects and occurrence of bronchial
hyperresponsiveness was similar in the two patient
groups. There were no differences in lung function

Table 1. – Subject characteristics

Group Subjects
n

Males
n

Age
yrs

Atopics
n

FEV1

% pred
FEV1/FVC

%
FEF50

% pred
b2-induced
change in
FEV1 %

Log DRS

Asthma
(NS)

19 3 38¡3z 11 93¡2 78¡1} 69¡3} 7¡1 2.5¡0.1#

Asthma
(no NS)

21 5 28¡2 12 89¡2 79¡2} 67¡4} 8¡1 2.5¡0.1#

Control 40 8 33¡2 96¡3 84¡1 85¡3 3¡1 1.4¡0.1

Data are presented as mean¡SEM, unless otherwise indicated. NS: nocturnal symptoms; FEV1: forced expiratory volume in
one second; FVC: forced vital capacity; FEF50: forced expiratory flow at 50% of FVC; Log DRS: logarithm of the dose-
response slope of methacholine. #: pv0.001 compared with controls; }: pv0.01 compared with controls; z: pv0.05 compared
with asthmatics without NS.
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parameters between the patient groups, and both
patient groups had impaired lung function compared
to controls.

Patients with nocturnal symptoms had a higher
alveolar NO concentration (1.7¡0.3 parts per billion
(ppb)) than patients without nocturnal symptoms
(0.8¡0.3 ppb, p=0.012) or healthy controls (1.0¡
0.1 ppb, p=0.032). Bronchial NO flux was increased
both in patients with nocturnal symptoms (2.4¡
0.4 nL?s-1, pv0.001) and in patients without nocturnal

symptoms (2.6¡0.4 nL?s-1, pv0.001), as compared
with controls (0.7¡0.1 nL?s-1) (fig. 1).

Serum EPX levels were higher in both patient
groups than in healthy controls. The serum ECP level
was increased only in patients with nocturnal symp-
toms, compared with controls. Patients with nocturnal
symptoms had higher serum levels of MPO and IL-6
than patients without nocturnal symptoms (table 2).

Discussion

Alveolar NO concentration was increased in asth-
matic patients with nocturnal symptoms but was
normal in asthmatics without nocturnal symptoms.
Bronchial NO flux was increased equally in both
asthma groups. Serum levels of EPX were increased
in both asthma groups, but patients with nocturnal
symptoms had higher serum levels of MPO and IL-6
than patients without nocturnal symptoms.

The multiple exhalation flow rate method consider-
ably improves exhaled NO measurement, as it allows
separate assessment of inflammatory activity in
alveolar and bronchial compartments. Increased
bronchial NO flux has been reported in patients with
asthma [13, 15–17], whereas alveolar NO concentra-
tion has been found to be increased in patients with
alveolitis [15]. Anti-inflammatory treatment in asthma
decreases bronchial NO flux, while in alveolitis,
alveolar NO concentration decreases following the
treatment [13, 15, 23].

There are two previous studies on nocturnal asthma
and exhaled NO with somewhat conflicting results.
TEN HACKEN et al. [24] found a higher exhaled NO
level in nocturnal asthmatics than in non-nocturnal
asthmatics at a single higher exhalation flow rate
(167 mL?s-1), whereas GEORGES et al. [25] did not find
a significant difference in exhaled NO between such
groups by using a lower exhalation flow rate
(80 mL?s-1). Exhaled NO concentration at a single
exhalation flow rate is a sum of both alveolar and
bronchial NO sources, where bronchial NO pre-
dominates at lower flow rates while the contribution
of alveolar NO increases with increasing flow rates
[12]. In this sense, the previous results showing higher
exhaled NO level in nocturnal than non-nocturnal
asthmatics at a higher but not at a lower flow rate, are
in line with the present results showing a higher
alveolar NO concentration but similar bronchial NO
flux in asthmatics with nocturnal symptoms compared
with those without nocturnal symptoms. However, the
present results are not directly comparable with the
earlier studies because of differences in measurement
technique.

The equally increased bronchial NO flux in the
two asthma groups in the present study is consistent
with the biopsy studies by KRAFT and coworkers
[3, 6], which showed similar bronchial inflammatory
activity in nocturnal and non-nocturnal asthmatics. In
contrast, bronchial vascular inducible NO synthase
(iNOS) expression was increased during the day in
nocturnal asthmatics compared with non-nocturnal
asthmatics [26]. However, changes in vascular iNOS
expression might not affect NO concentration in
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Fig. 1. – a) Bronchial nitric oxide (NO) flux (nL?s-1) and b)
alveolar NO concentration (parts per billion (ppb)) in 19
asthmatics with nocturnal symptoms (A (NS)), 21 asthmatics
without nocturnal symptoms (A (no NS)) and 40 healthy controls
(C). #: p=0.284; ***: pv0.001; }: p=0.012; z: p=0.453; §: p=0.032.

Table 2. – Inflammatory markers in serum

Group EPX
mg?L-1

ECP
mg?L-1

MPO
mg?L-1

IL-6
ng?L-1

Asthma
(NS)

41¡5} 18¡3# 302¡45z 10¡2§

Asthma
(no NS)

34¡5# 14¡3 205¡21 5¡1

Control 23¡2 11¡1 250¡18 5¡1

Data are presented as mean¡SEM. NS: nocturnal symptoms;
EPX: eosinophil protein X; ECP: eosinophil cationic pro-
tein; MPO: myeloperoxidase; IL-6: interleukin-6. #: pv0.05
compared with controls; }: pv0.001 compared with controls;
z: pv0.05 compared with asthmatics without NS; §: pv0.05
compared with controls and asthmatics without NS.
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exhaled air, as NO has a short half-life in tissue phase
and probably does not diffuse from bronchial vessels
to luminal air in high amounts. This is supported by
the finding that exhaled NO concentration correlates
with iNOS expression in airway epithelium but not
with iNOS expression in lamina propria [27].

Although significant differences in central airway
inflammation between nocturnal and non-nocturnal
asthmatics have not been found [3, 4], increased
inflammatory indices in BAL fluid and transbronchial
biopsies from nocturnal asthmatics have been found.
Some of these studies suggest persistently more active
inflammation [7], whereas others suggest similar
daytime but increased night-time inflammation in
nocturnal asthma compared with non-nocturnal
asthma [5, 6]. In the two-compartment model of
pulmonary NO dynamics, alveolar compartment
refers to alveoli and peripheral small airway units
(respiratory bronchioles and airways smaller than
these) [12]. Thus, the increased alveolar NO concen-
tration in asthmatics with nocturnal symptoms in this
study suggests that they also had inflammation in the
distal lung units in addition to the equal bronchial
inflammation seen in both asthma groups. The present
results are therefore in line with earlier studies
showing similar bronchial inflammation between
nocturnal and non-nocturnal asthma, with the excep-
tion that nocturnal asthma is related to more active
peripheral inflammation. Increased alveolar NO con-
centration during the daytime in patients with
nocturnal symptoms supports the finding that noc-
turnal asthma is associated with higher daytime
inflammatory activity. However, the diurnal variation
in bronchial and alveolar NO parameters needs to be
further assessed. Inter-study differences in patient
selection (e.g. disease severity and medication) and
definition of nocturnal asthma might affect the results
obtained. While the present authors recruited patients
with newly-diagnosed asthma without steroid treat-
ment and based grouping on nocturnal symptoms,
other studies have included patients with steroid
treatment [7] and based grouping on circadian
changes in peak expiratory flow rate [3, 7].

Serum levels of ECP or EPX were increased in both
asthma groups and there was a tendency towards
higher levels in asthmatics with nocturnal symptoms.
This suggests that there is eosinophilic inflammation
in both groups, and that it might be more active in
patients with nocturnal symptoms. Levels of MPO
and IL-6 were significantly higher in asthmatics with
nocturnal symptoms than in those without nocturnal
symptoms. An increased MPO level suggests that the
patients with nocturnal symptoms also had neutro-
philic activation, which is in line with a previous study
that showed neutrophilic inflammation in severe
asthma with frequent night-time symptoms [9]. IL-6
has a variety of pro- and anti-inflammatory roles and
is produced in, for example, eosinophils and alveolar
macrophages in asthmatic airways [28]. Enhanced
asthmatic inflammation after naturally occurring
asthmatic attack or allergen challenge increases
circulating IL-6 levels [29]. Thus, the higher serum
levels of IL-6 in patients with nocturnal symptoms
may either reflect more active airway inflammation, as

proposed in earlier studies [7], or suggest that the
inflammation affects a larger airway area after
spreading into peripheral lung units, as indicated
by the higher alveolar NO concentration in these
patients.

Asthmatic patients with nocturnal symptoms were
on average older than patients without nocturnal
symptoms. As there was no correlation between age
and alveolar NO concentration in healthy subjects
(Pearson9s r=-0.08, p=0.603), age per se does not seem
to explain the difference in alveolar NO concentration
between the patient groups.

In conclusion, nocturnal asthma symptoms are
related to increased alveolar nitric oxide concentra-
tion. This suggests that exhaled nitric oxide measure-
ment at multiple flow rates could be used to assess the
peripheral inflammation related to nocturnal asthma.
The circadian variation in alveolar and bronchial
nitric oxide production, and their relation to noctur-
nal worsening of lung function, needs to be clarified in
future studies.
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