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ABSTRACT: In previous studies, we have reported bronchoalveolar lavage (BAL)
findings following single and repeated exposures to NO2.  Here, we present the first
data on measurements of the frequency of the mucociliary activity in healthy sub-
jects following exposure to NO2.

Twenty four healthy nonsmoking volunteers underwent fibreoptic bronchoscopy,
during which mucociliary activity was measured using an in vivo method based on
a two-way fibreoptic system, to obtain baseline data.  Two weeks later, the subjects
were reinvestigated following NO2 exposure.  Eight volunteers were investigated 45
min after a 20 min exposure to 1.5 ppm NO2 (Group A); eight subjects 45 min after
a 20 min exposure to 3.5 ppm NO2 (Group B); and eight subjects 24 h after a 4 h
exposure to 3.5 ppm NO2 (Group C).

No activity was detected in Group A or B 45 min after exposure, in contrast to
the easily identifiable mucociliary activity waves at the reference bronchoscopy.  In
group C, a significant elevation of the frequency of the mucociliary activity waves
was seen at 24 h.

It is concluded that short-term exposure to NO2 in man produces a significant
reduction in the mucociliary activity 45 min after exposure.  The effect ceases with-
in 24 h.  Further studies are needed to evaluate the effects of repeated exposures
with NO2 on mucociliary activity in man.
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Nitrogen dioxide (NO2) is one of the most common
air pollutants.  NO2 is mainly produced by various com-
bustion processes, especially in industrial locations and
urbanized areas, but also in homes with gas stoves.  In
the European countries, the exposure limits for an 8 h
workshift range 2–5 ppm (5–9 mg·m-3).  Concentrations
up to the exposure limit for NO2 are frequently found in
indoor air in certain industries.  Epidemiological studies
indicate increased susceptibility to airway infections due
to NO2 exposure [1–3].  This is supported by in vitro
and animal studies [4, 5].  Experimental studies in humans
using fibreoptic bronchoscopy and bronchoalveolar lav-
age (BAL) have demonstrated the acute airway inflam-
mation caused by single exposure to NO2 [6–8].  One
experimental study in humans has indicated potentially
detrimental effects of NO2 on immune competent cells,
with reduced alveolar macrophage killing of virus after
a single exposure [9].  Furthermore, repeated exposures
every second day have been reported to decrease bron-
choalveolar cytotoxic lymphocyte subsets [10, 11].

The aim of the present study was to investigate whether
exposure to NO2 in workroom concentrations would affect
the frequency of the mucociliary activity in healthy
humans.  The experimental protocol was based on pre-
vious studies by this group [6, 7].

Subjects and methods

Subjects

Twenty four healthy nonsmoking subjects, 14 males
and 10 females, with no history of asthma or other res-
piratory illness, volunteered for the study.  All subjects
were free of airway infections 6 weeks before and dur-
ing the study.  The mean age was 27 yrs (range 23–30
yrs).  The study was approved by the Ethics Committee
of the University of Umeå, Sweden.

Design of the study

All subjects underwent fibreoptic bronchoscopy twice,
with recording of the frequency of the mucociliary activ-
ity.  Initially, bronchoscopy was conducted to obtain
baseline data, and at least 2 weeks later the subjects were
reinvestigated following an NO2 exposure.  Hence, each
subject served as his or her own control.  Eight volun-
teers were investigated 45 min after a 20 min exposure
to 1.5 ppm NO2, eight subjects after a 45 min exposure
to 3.5 ppm NO2, and eight subjects 24 h after a 4 h expo-
sure to 3.5 ppm NO2.
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The exposures were conducted in an exposure cham-
ber, according to a previously described protocol [6],
with a moderate workload of 75 W on a bicycle ergo-
meter for 15 min during the 4 h exposure.

Fibreoptic bronchoscopy

Atropine 0.50–0.75 mg was given subcutaneously 45
min before bronchoscopy.  No complementary medica-
tion for sedation was used.  The fibreoptic bronchoscope
was introduced through the mouth with the subject in
the supine position.  Local anaesthesia was obtained with
lidocaine sprayed in the mouth and pharynx and instilled
with a syringe in the larynx and upper trachea.  After
the bronchoscope had been inserted in the trachea, lido-
caine was given solely from a position at the right side
of the mid-trachea and directed towards the orifice of
the right main bronchus.  No lidocaine was introduced
towards the right upper lobe to prevent any effects on
the mucosal area chosen for measurement.  The same
procedure was used in all bronchoscopies.

Measurement of mucociliary activity

The frequency of mucociliary activity was measured
according to a recently described technique [12].  Briefly,
light is emitted from a cold light source (LED, Stanley
H-2 K) with a wavelength of 660 nm generated in a ten-
sion-stabilizing unit and then led through a glass-fibre.
The light is emitted from the end of the fibre and the
reflected light is received by a parallel glass-fibre.  Both
fibres are glued together in a catheter (2.6 mm diameter
and length 960 mm), which can be inserted through the
work channel of a fibreoptic bronchoscope (Olympus BF
1T10).  The emitted light is reflected on the viscous
mucous surface overlying the cilia.  Fluctuations in the
light intensity by the altered reflexes due to the beatings
of the cilia are picked up by the second glass-fibre and
transmitted back to the recording unit.  The fluctuations
are then converted to voltage amplitude changes as mea-
sured by a photo diode, amplified, filtered (Krohn-Hite
filter 3550, 0-30 Hz) and finally recorded by an ink writer
(Mingograf 34, Elema Schönander) (fig. 1).

The measurement was performed with a fibre-catheter
approximately 4–5 mm from the bronchial wall area select-
ed, with the patient holding his/her breath during the pro-
cedure.  The carina or the subsegmental carinae of the
right upper lobe were selected.  By selecting the bronchi
least affected by the movements caused by the cardiac
contractions, optimal recording conditions were obtained.
It was carefully ensured that the tip of the bronchoscope
and the catheter were never in contact with the unanaes-
thetized mucosal surface.  A minimum of five measure-
ment periods of 20–30 s each were performed.

During the measurement procedure, one investigator
manually adjusted the amplification of the signals record-
ed from the reflected light, to optimize the reading of
the wave pattern.  With the help of a simultaneous elec-
trocardiographic (ECG) recording, the rhythmic waves

caused by the heart beats were easily identified.  The
investigator then tuned the amplification in order to iden-
tify the rhythmic mucociliary activity wave pattern.

Mucociliary activity waves were detected as waves
with a constant wave-to-wave interval, which were super-
imposed on the basal rhythmic wave pattern caused by
the cardiac contractions.  Thus, two independent wave
patterns were added to each other.  The mucociliary activ-
ity waves were easily identified, not only during the inter-
vals between the heart beat waves but also as waves
superimposed on top of the heart beat waves (fig. 2).

It should be noted that the size of the waves record-
ed on the printer is not necessarily correlated with the
amplitude or "strength" of the mucociliary activity, but
is dependent on the angle between the cilia and the emit-
ted light, as well as the manually adjusted amplification
of the signals.

When no mucociliary activity was identified, at least
three different mucosal areas were investigated with mul-
tiple measurements, with different angles of the light
emitting catheter, at each site.  Up to five recordings
were added to the minimum of five recordings commonly
used.  This thoroughly performed examination was intend-
ed to minimize the risk of missing any identifiable muco-
ciliary activity.

The frequency of the mucociliary activity waves was
calculated manually on the print-out. The mean of at
least two well performed measurements with less than
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Fig. 1.  –  The recording unit with fibreoptic bronchoscope and the
glass fibre cable, light source, filter and ink jet writer.
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10% intervariability were calculated independently by
two different investigators, unaware of whether the mea-
surements had taken place before or after exposure to
NO2.

All through the investigation, pre- and postexposure
measurements were "mixed" when interpreting the print-
outs, ensuring that no shift of methodology could influ-
ence the results.

Statistics

Student's t-test for paired observations was used.  A
p-value of less than 0.05 was considered significant.

Results

Satisfactory measurement conditions were obtained at
all bronchoscopies.  Table 1 shows the wave frequency
values (mean±SD and interval) before and after the three
exposure regimens.  Forty five minutes after a 20 min
exposure to 1.5 and 3.5 ppm NO2 (Groups A and B), no
mucociliary activity was detected in the measurements
from any subject (p<0.001, respectively).  This contrasts
to the easily identifiable mucociliary activity waves rang-
ing 12–15 Hz recorded under baseline conditions.  Twenty
four hours after a 4 h exposure to 3.5 ppm (Group C),
no subject showed any pronounced decrease in mucocil-
iary activity.  Instead, there was a significant elevation
in the mucociliary activity wave frequency (p<0.05) com-
pared with the measurement before exposure.

Discussion

This study, as well as a recent methodology paper [12],
demonstrates that the two-way fibreoptic system, mount-
ed within a catheter inserted through the bronchoscope
work channel, is technically uncomplicated and easy to
employ.  The mucociliary activity, in terms of frequency
of the mucociliary activity waves, was highly homo-
genous between the subjects under baseline conditions
before exposure (range 12–15 Hz).  This is in accordance
with a recent in vivo study in humans [12].  In several
in vitro studies similar results (11–13 Hz) have been
obtained both in humans [13, 14] and animals [15].  Some
in vitro studies of human cultured epithelial cells have,
however, reported far lower frequencies, which may have
been due to in vitro situations that do not sufficiently con-
form with the normal physiological environment in vivo
[16, 17].

To the best of our knowledge, this is the first report
regarding the frequency of the mucociliary activity in
vivo following NO2 exposure in humans.  The present
study demonstrates pronounced changes in the muco-
ciliary activity pattern in all subjects 45 min after a 20
min exposure to either 1.5 or 3.5 ppm NO2, concentra-
tions often found in industrial workrooms.

We suggest these possible explanations for the pro-
nounced decline observed in the mucociliary activity: the
findings could represent dyskinesia, unco-ordinated cil-
iary beat direction, which would give rise to asynchro-
nous light reflections that could be interpreted as absence
of mucociliary activity [18–20].  It seems less likely that
an acute complete ciliostasis would have occurred, since
the activity had recovered within 24 h.  Whatever the
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Table 1.  –  Mucociliary activity before and after exposure to NO2

Mucociliary activity  Hz Group A Group B Group C

Before exposure  13.4±1.0 13.4±0.6 12.4±0.9
(12.0–15.0) (13.0–14.5) (12.0–14.5)

After exposure  0±0 0±0 13.8±0.8
(0–0) (0–0) (13.0–15.5)

p-value* <0.001 <0.001 <0.05

Values are presented as mean±SD, and range in parenthesis.  Group A: 1.5 ppm NO2 for 20 min, recording 45 min after exposure;
Group B: 3.5 ppm NO2 for 20 min, recording 45 min after exposure; Group C: 3.5 ppm NO2 for 4 h, recording 24 h after expo-
sure.  *: Student's t-test for paired observations.

Baseline

HB HB HB

1 s

HBHBHB

After NO2 exposure

Fig. 2.  –  Left - easily identified mucociliary activity waves (arrows) overlaying heart beat waves recorded at the baseline bronchoscopy.  Right
- symmetric pattern of heart beat (HB) waves without any interference by mucociliary activity waves recorded 45 min after 3.5 ppm NO2 for 20
min in the same subject.
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explanation may be, the mucociliary activity appears to
be severely disturbed.

We believe that the observed effects represent a dis-
turbed mucociliary activity due to toxic effects of the
strong oxidant and free radical properties of NO2.  It has
been suggested that impairment of mucociliary activity
may represent the earliest detectable sign of lung injury
[21], and the observed effects on ciliary activity could
therefore be an additional disadvantageous contribution
to the acute inflammation, previously shown in the air-
ways, following NO2 exposure [6–8].  The decrease in
the ciliary activity seems to be time-limited, as the impair-
ment had ceased 24 h after a prolonged exposure to 3.5
ppm NO2 for 4 h.  The rationale for the 4 h  exposure
duration at 3.5 ppm NO2 was that this was close to maxi-
mally occurring work room exposure, and a negative
finding 24 h after such an exposure rules out that NO2
may cause long term persisting effects on mucociliary
activity.  The modest increase in mucociliary activity
after 24 h is indeed small and within the normal range.
However, it cannot be excluded that this could represent
a possible counter response to the earlier decrease in the
activity.  Exposure to NO2 has been associated with
increased susceptibility to airway infections [1–5], and
an immune suppressive effect of NO2 has been suggest-
ed in a number of experimental studies [9–11, 22].
Although the duration of the observed decline in muco-
ciliary activity is not presently known, the effects observed
may potentially facilitate the ability of microorganisms
or allergens to interact with the airways.  This could be
of importance to sensitive people, such as asthmatics,
exposed to these NO2 concentrations in industrial work
environments, although the effects of NO2 are dependent
on multifactorial events within the airways.

Earlier in vitro studies on human epithelial cells have
not produced consistent data on the effects of NO2 on
beat frequency.  In a report from DEVALIA et al. [23],
cultured human bronchial epithelial cells were exposed
to air or 0.1–2.0 ppm NO2 for 20 min, and the ciliary
beat frequency was measured 1 h afterwards.  The authors
found a decrease in the frequencies, but the attenuation
was only significant at the highest concentration.  This
in vitro data is not fully comparable with the present
results, since the beat frequencies were only expressed
as % attenuation from baseline and not in beats per sec-
ond.  However, the tendency of the NO2 effects were
the same as in the present study.  Divergent results were
reported by KIENAST et al. [24], who found NO2 expo-
sure caused an increase in ciliary beat frequency in vitro.

At the present time, human results cannot be compared
with animal data due to the differences in species and
study designs.  The animal studies have regularly been
performed with repeated exposures.  In these studies, only
exposure to very high concentrations of NO2 has been
found to affect ciliary beat frequency and decrease the
mucociliary transport rate [21].  Long-term exposures to
high concentrations of NO2, for example exposure to ≥6
ppm NO2 for 6 weeks, tend to reduce mucociliary clear-
ance [25, 26].  SCHLESINGER et al. [27] were unable to find
any reduction of mucociliary clearance in rabbits exposed
to 0.3 or 1 ppm NO2 for 2 h·day-1 for up to 14 days.

According to our experience, the right upper lobe is
the most suitable part of the human airways for mea-
surement of the frequency of the mucociliary activity
waves in vivo [12].  Firstly, the bronchoscope has great
availability to the right upper lobe.  Secondly, the anato-
mical circumstances prevent unwanted spillage towards
the upper lobe cristae, when local anaesthetics are instilled
in the trachea.  Thirdly, the interference of the heart
movements in the measurements are kept to a minimum.
The bronchoscope per se limits the physical possibility
of evaluating more peripheral airways in the bronchial
tree.

A technical question of interest is whether the mea-
surements in the right upper lobe were representative of
the whole bronchial tree.  No data are presently available
regarding the mucociliary activity at the same subseg-
mental levels in different lobes.  This question was not
addressed in the present investigation, but is of interest
to clarify in forthcoming studies.

It is concluded that short-term exposure to NO2 in nor-
mal healthy volunteers gives a significant reduction in
the mucociliary activity 45 min after exposure.  The effect
ceases within 24 h but could potentially be of impor-
tance in the mucociliary clearance of for example aller-
gens, viruses or other microorganisms.  Further studies
are needed to evaluate the importance of the present find-
ings.
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