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ABSTRACT:  Previous investigations on tracheobronchial clearance in chronic bron-
chitis or chronic obstructive pulmonary disease (COPD) have usually referred to
measurements during a short time-period, i.e. a few hours.  The purpose of this
study, therefore, was to study regional particle deposition and tracheobronchial
clearance during 72 h.

In 14 patients with chronic bronchitis clearance of 111In-labelled 3.6 µm Teflon
particles and lung function were measured on two occasions, with an interval of 2
weeks.  Lung retention of test particles was measured at 0, 24, 48 and 72 h using
a profile scanner.  The weight of expectorated sputum samples was measured after
the two clearance measurements.

The particle retentions at all time-points were reproducible, as seen from the two
measurements (r>0.90).  The fast clearance phase was completed within 72 h.  No
correlation between sputum volume and clearance was seen.  There was a signi-
ficant negative correlation between airway resistance and the 72 h retention
(r=-0.66), and an even better correlation between specific airway resistance and the
72 h retention (r=-0.82), indicating more central deposition in obstructed airways.
There was no significant correlation between lung function tests reflecting smaller
airways and the 72 h retentions.  Deposition data agreed well with theoretical cal-
culations and experimental data in healthy subjects.

In spite of earlier findings that mucociliary transport is usually severely impaired
in chronic bronchitis and COPD, the present results indicate that overall tracheo-
bronchial mucus clearance in these patients is fairly effective, probably due to a
productive cough.  Alveolar deposition may be estimated by measurements of the
72 h retention in subjects with chronic obstructive pulmonary disease.  The 72 h
retention is dependent mainly on the calibre of larger airways.  The present method
of studying airway clearance during 3 days is highly reproducible.
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The lower airways are mechanically cleared of inhaled
particles mainly by two mechanisms:  mucociliary clear-
ance (MC) and cough.  MC is an important defence mecha-
nism of the airways, which has been demonstrated by
investigation of persons with immotile cilia syndrome
(ICS) [1, 2].  Such persons have chronic or recurrent
infections of the upper and lower airways from early
childhood, and often develop bronchiectasis and obstruc-
tive lung disease.  In this condition, the MC is obviously
primarily affected.  In other conditions, a main difficulty
in evaluating the role of an impaired MC has been to
judge whether an observed impaired clearance is the
cause or result of the disease (or both) [3].

Most patients with chronic obstructive pulmonary
disease (COPD) have a severely impaired MC, and this
is also more or less the case in patients with chronic

bronchitis without apparent airways obstruction [4–7].
Furthermore,  healthy or symptomless smokers often have
a certain impairment of clearance [6–9].  It has, therefore,
been suggested that an impaired MC is an important
pathogenetic factor in the development of COPD, as must
be true for cases of airflow obstruction in ICS [3].

Irritation and inflammation of the airways leads to
increased mucus production as well as cough, and an
increased amount of mucus plays an important role in
the clearance produced by coughing [2, 4, 10–12].   Recen-
tly, RUUSA et al. [13] showed that more than 80% of
inhaled 6 µm Teflon particles were cleared within 72 h
in patients with ICS, probably a demonstration of the
significance of cough.  The efficacy of coughing shows
great variation among patients.  For example, patients
with ICS eliminated 2–48% of inhaled test particles by
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voluntary coughing during a few minutes [2].  Although
an increased amount of tracheobronchial secretion seems
to be necessary for coughing to be effective, it remains
obscure what amount or rheological properties of mucus
are optimal for cough clearance.

Measurements of whole lung clearance in healthy sub-
jects, using inhaled radiolabelled test aerosols, have
demonstrated a rapid clearance phase, often reported to
be completed within 24 h [14, 15].  The rapidly cleared
fraction has generally been equated with tracheobronchial
deposition and the retained fraction with alveolar depo-
sition (i.e. deposition in the gas-exchange region).  Among
healthy subjects, there are wide variations in    particle
deposition [14–16], but for a given subject deposition is
fairly reproducible [15–17]. 

Alveolar deposition can, thus, be estimated as the per-
centage retention of inhaled particles after 24 h (Ret24),
or even after 6 h (Ret6) when mucociliary clearance is
stimulated by inhalation of a cholinergic aerosol [18].  A
significant negative correlation between airway resis-
tance (Raw) and alveolar deposition has been found in
healthy subjects [17, 19] and asthmatics [20, 21].  Further-
more, particles have been found to be more centrally
deposited in the tracheobronchial region in patients with
obstructive airway diseases, such as asthma and ICS,
than in healthy subjects even at corresponding Raw val-
ues [13, 20].  One tentative explanation for this could
be that changes in smaller airways are also important for
tracheobronchial deposition, as asthmatics and ICS pat-
ients show significant correlations between lung reten-
tion and lung function parameters reflecting changes in
smaller airways, such as forced expiratory flow at 75–
85% of forced vital capacity (FEF75–85%) and single-
breath N2 test phase III [13, 21, 22].  Another possible
explanation might be a generally more turbulent flow in
diseased compared to healthy airways, with the rough
surfaces enhancing deposition [18, 23].

Earlier investigations in subjects with chronic bron-
chitis and/or COPD have studied tracheobronchial clear-
ance during rather short time-periods, usually 2–6 h and
occasionally 24 h, during which time the fast clearance
phase may not always be completed [4–7, 24].  AGNEW

et al. [25] reported a study on clearance in 10 patients
with COPD where the mean fall in retention from 24 to
48 h was 6.5% of the initial deposition.  Little is known
about tracheobronchial clearance in COPD or chronic
bronchitis during a longer period of time (days).  The
aim of the present study was to investigate tracheo-
bronchial clearance, i.e. the combined effects of muco-
ciliary transport and clearance by cough, during 72 h in
such patients, in order to determine when the fast clear-
ance phase was completed and to study its reproduci-
bility.  We also studied the association between sputum
volumes and clearance, to see if an increased amount of
sputum is correlated to faster clearance.  Finally, we
examined the relationships between percentage retention
of inhaled particles after 72 h (Ret72) and lung function
parameters reflecting dimensions of large airways (Raw)
and small airways (FEF75–85% and N2 test).  The size
of the particles used is common in the occupational and
general environment, as well as in therapeutic situations.

Methods

Selection procedure and inclusion criteria

Patients with a history of chronic bronchitis and vary-
ing degree of airways obstruction were recruited from
two clinics for respiratory diseases in the urban area of
Stockholm.  The subjects were smokers or ex-smokers
with a history of chronic bronchitis, i.e. they had current
bronchitic symptoms or had previously had such symp-
toms.  Chronic bronchitis was defined according to the
British Medical Research Council (MRC) criteria, i.e.
cough and expectoration during at least three consecu-
tive months of each of the preceding 2 yrs [26].  The
subjects had mild to moderately severe airways obstruc-
tion with forced expiratory volume in one second (FEV1)
<80% of predicted before the study.  Forced vital capa-
city (FVC) should be at least 1.7 L to allow the sub-
jects to inhale a sufficient volume in connection with the
clearance measurements. Symptoms had to be relatively
stable in the 4 weeks prior to the study, with no puru-
lent exacerbation.  Subjects with asthma or suspected
asthma and those with reversible airways obstruction
were excluded, as were those with serious medical or
psychiatric complaints.  All subjects gave informed con-
sent to participate in the study, which was approved by
the Ethics Committee on Human Research of the Karo-
linska Institute, Stockholm, Sweden.

Clinical investigations

All subjects were investigated during springtime (March–
May).  On the first occasion, they were interviewed by
a chest physician concerning smoking history, airway
symptoms (cough, expectoration, breathlessness, wheez-
ing etc.), recent airway infections, other diseases and
current medication.  Lung function for inclusion in the
study was measured using a Vitalograph dry bellows
spirometer.  Fourteen subjects fulfilled the inclusion cri-
teria and volunteered for the study.  One to two months
later, tracheobronchial clearance and lung function para-
meters were measured on two occasions, with a 2 week
interval.   On three occasions, sputum samples were col-
lected and weighed.  The subjects continued their medi-
cal therapy throughout the study.  Thirteen subjects were
studied twice and one subject once.

Subjects

Personal and lung function data of the 14 subjects
included, as determined during the study, are given in
table 1.  There were five men and nine women, with an
average age of 59 yrs (range 37–71 yrs).  At examina-
tion after inclusion mean FEV1 after bronchodilatation
was 1.46 L (range 0.85–2.75 L), 52% (range 16–87%)
of predicted normal value. Four subjects were current
smokers and 10 were ex-smokers (table 2).  The aver-
age smoking history was 29 (range 14–62) pack-years.
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Table 1.  –  Personal and lung function data

FEV1 FVC

Subject    Sex        Age       Height       Weight         L         % pred*          L        % pred*        Raw sRaw

No.                     yrs          cm            kg                                                                 cmH2O·L-1·s    cmH2O·s

1 F 65 157 48 0.86 44 1.92 81 3.3 15.5
2 M 61 170 68 1.18 39 2.47 64 2.9 13.7
3 F 65 162 64 1.53 70 2.45 98 3.4 12.9
4 M 71 176 65 1.09 27 2.83 73 2.8 14.6
5 F 58 166 55 1.25 50 2.66 90 3.2 16.3
6 F 64 160 54 1.04 49 2.11 83 3.4 19.4
7 F 59 171 59 2.17 83 3.14 101 1.7 6.3
8 F 60 169 63 1.13 43 2.09 68 3.6 13.6
9 F 54 170 54 1.54 56 3.01 93 2.3 11.2

10 F 46 176 92 2.27 71 3.07 84 2.1 6.4
11 M 63 172 80 1.01 31 2.76 67 3.1 25.3
12 M 57 190 94 0.99 25 3.56 71 3.2 28.0
13 F 67 170 68 1.18 48 2.41 83 3.0 17.9
14 M 37 177 68 2.99 75 4.36 91 1.6 7.0

Mean 59 170 66 1.44 51 2.77 82 2.8 14.9
SD 9 8 14 0.61 18 0.64 12 0.7 6.5

*: predicted values according to QUANJER [27].  FEV1:  forced expiratory volume in one second;  FVC: forced vital capacity; Raw:
airways resistance; sRaw: specific airways resistance; F: female; M: male; % pred:  percentage of predicted.

Table 2.  –  History of chronic bronchitis and smoking, and current medication in 14 subjects
with chronic bronchitis

Subject       Duration of               Smoking                       Pack-                     Current
No.             chronic                    status                         years                    medication

bronchitis
yrs

1 5 Ex-smoker, 7 yrs 17 OT+IB+IC+IA
2 12 Ex-smoker, 1 yr 42 OT+IB+M
3 3 Smoker 55 -
4 2 Ex-smoker, 7 yrs 20 OT+IB+IC+OB
5 3 Smoker 56 IB+IC+M
6 15 Smoker 14 IA+M
7 2 Smoker 30 -
8 5 Ex-smoker, 2 yrs 26 OT+IB+IA+IC+M
9 2 Ex-smoker, 1 yr 14 IB+M

10 2 Ex-smoker, 8 yrs 14 IB+M
11 11 Ex-smoker, 2 yrs 20 OT+OC+IB
12 7 Ex-smoker, 2 yrs 62 OT+IB+IA+M
13 11 Ex-smoker, 2 yrs 22 IB
14 20 Ex-smoker, 2 yrs 18 IB+M

IB: inhaled beta-agonists; OB: oral beta-agonists; IC: inhaled corticosteroids; M: mucolytics; OT: oral theo-
phylline; IA: inhaled anticholinergics.

Twelve out of 14 subjects were on current medication
for their airway disease (table 2).  Twelve patients had
a history of current chronic bronchitis for, on average,
6.5 yrs (range 2–20 yrs) (table 2).  Two patients (Nos.
11 and 13) had had symptoms of chronic bronchitis for
many years, but these symptoms more or less disappea-
red after they stopped smoking 2 years earlier.

Aerosol exposure and measurements of radioactivity

Monodisperse Teflon particles with an aerodynamic
diameter of 3.6 µm were produced and labelled with 111In
(half-life 68 h) by a spinning disc technique [28, 29].

The particles were suspended in water (0.7 mg parti-
cles·mL-1), and 0.2 mL of the suspension was sprayed up
2–3 times into a 25 L glass bulb with a jet spray (Beckman
Atomizer).  The subjects inhaled the particles with 8–10
maximally deep inhalations at a flow of 0.5 L·s-1 dur-
ing 3–5 min, with a pause of 1–2 s between inhalation
and exhalation.  The flow was measured with a pneu-
motachograph positioned between the bulb and the mouth-
piece and was recorded graphically.  The subjects were
trained to inhale at a fairly constant flow rate through-
out the inspiration.  In order to collect exhaled particles,
the exhalations during exposure were performed through
a low-resistance filter.  The amount of exhaled particles
was less than 2% of the inhaled radioactivity.
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The radioactivity was measured using two 13×5 cm
NaI crystals fitted with collimators which profile scanned
over the supine subjects [28].  The radioactivity over
mouth and throat, lungs and stomach was measured twice
immediately after the inhalation of the test particles,
and 24, 48 and 72 h later measurements were repeated
over the lungs.  Corrections were made for natural decay
of the radionuclide.  Regional deposition was estimated
by adjusting the gamma counts registered in the mouth
and throat, lungs and stomach to absolute values using
factors for self-absorption obtained from measurements
in a phantom (Average Man Rando Phantom, Alderson
Research Laboratories).  Compared to air, self-absorp-
tion was on average about 2 for head and throat, 2.5 for
the lungs, and 4 for the stomach [30, 31].  The total
inhaled activity was obtained by adding the activities
from an exhalation filter (Inspiron®, C.R. Bard Inc., CA,
USA).  The Ret72 of the initial amount of particles depo-
sited in the lungs were correlated to lung function para-
meters reflecting changes in larger and smaller airways
(see below).

Lung function measurements

For inclusion in the study, FVC and FEV1 were mea-
sured with the subjects in standing position, using a
Vitalograph spirometer, before and 20 min after bron-
chodilatation with either salbutamol 400 µm or terbu-
taline 500 µm in a spacer.  During the study, lung function
tests were performed before both exposures on the same
day as the inhalation of test particles.  FVC, FEV1, flow-
volume loops (FEF75–85%), and single-breath oxygen
(sbO2)-test were measured using a Lung Function Labora-
tory 2100 (SensorMedics, USA) with the subjects in a
sitting position wearing a noseclip.  During sbO2 test,
N2 was continuously monitored, the slope of Phase III
(N2-delta) was calculated.  Raw and thoracic gas volume
(TGV) were measured during panting in the whole-body
plethysmograph Transmural Body Box 2800 (Sensor-
Medics, USA).  Box pressure was calibrated twice daily.
All lung function parameters were determined according
to the criteria proposed by QUANJER [27].  Mean values
were used in the calculations of relationships between
lung function data and Ret72.

Sputum collections

After inclusion in the study, the subjects underwent
physiotherapy by a trained chest physiotherapist on one
occasion.  The physiotherapy programme consisted of
five different standardized breathing exercises for re-
moving tracheobronchial secretions.  During this 30 min
programme all expectorated sputum was collected.  The
weight of wet sputum was measured by electronic scale.
The aim of this procedure was to teach the subjects how
to collect sputum in special double cans with airtight
covers to avoid water evaporation.  The subjects were
trained to avoid sampling saliva.

Sputum was also collected by the subjects on two occa-
sions in their homes after each clearance experiment, 1

or 2 days after the 72 h retention measurements.  During
the first two morning hours after leaving bed, the sub-
jects collected all expectorated sputum, which was sent
to the clinic and weighed.

Statistical analysis

Linear regression analysis was used for evaluation of
correlation between lung retention and lung function,
and sputum weight and lung retention or clearance.  Re-
tention data were analysed using paired t-test.  Wilcoxon
two-tailed signed rank test was used to evaluate whether
differences in retention between exposures were related
to Raw.

Results

Clinical data and sputum weights

There was a reasonable agreement between the spu-
tum weights after physiotherapy and those collected in
the subjects' homes;  but there were three exceptions,
subjects Nos. 8, 10 and 11, and no statistical correlation
could be detected (p>0.05).  The weights of the sputum
samples collected after each of the clearance measure-
ments were highly correlated (r=0.87; p<0.02) (fig. 1).

Tracheobronchial clearance

Lung retentions over the 3 day period for each of the
14 subjects are presented in figure 2.  The average lung
retentions are given in figure 3.  The retentions at all
time-points were reproducible at the two measurements
(r>0.90;  p<0.01).  The 24 h retentions were 56.4±16.0%
(mean±SD) and 55.5±13.3%, respectively, the 48 h reten-
tions were 50.6±16.1% and 51.0±13.0%, respectively,
and the 72 h retentions were 48.0±14.0% and 47.9±12.9%,
respectively.  Tracheobronchial clearance (in percentage
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Fig. 1.  –  The weights of the sputum samples collected during two
early morning hours after first (      ) and second (      ) clearance
measurements, respectively, in the 13 subjects with chronic bronchitis
who were examined twice.



of the total amount of particles cleared during 72 h) after
24 h was 81.7±10.9% and 84.7±8.4%, respectively, and
clearance after 48 h was 93.8±8.7% and 93.9±6.4%,
respectively.  The 24 h retentions were highly correl-
ated with the 72 h retentions at both clearance mea-
surements (r=0.98 and r=0.95, respectively).  We could
not detect any correlation between 24 h tracheobronchial
clearance and sputum weight, nor between 72 h reten-
tion and sputum weight.

Lung function and deposition

Mouth and throat deposition of the inhaled particles
ranged 8–37%.  The mean±SD values for the two expo-
sures were 16±5% and 17±8%, and the values within the
subjects were significantly correlated (r=0.66; p<0.05).
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Fig. 2.  –    Retention of inhaled 3.6 µm Teflon particles in 14 subjects with chronic bronchitis over time.  ▲ : first clearance measurement; ● :
second clearance measurement.

100

80

60

40

20

0
7224 48

Time  h

R
et

en
tio

n 
 %

Fig. 3.  –  The mean retention of 3.6 µm Teflon particles in 13 sub-
jects with chronic bronchitis (mean±SD).  Solid symbols: first mea-
surement; open symbols: second measurement.
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Fig. 4.  –  Alveolar deposition:  distribution of retentions of inhaled
3.6 µm particles at 72 h (Ret72) in 14 subjects with chronic obstruc-
tive bronchitis.  The mean±SD was 48±13% for both exposures.

The Ret72 values, considered to represent alveolar  de-
position of particles, were normally distributed (fig. 4).
There was a significant negative correlation between Raw
and Ret72 (r=-0.66;  p<0.05) (fig. 5).  For comparison, cor-
responding theoretical deposition data and data found
previously in healthy subjects [18] are included in fig-
ure 5.  Theoretical data are based on the model by the
Task Group on Lung Dynamics [32].  The model was
modified so that the diameters of all airway generations
could be changed, and both airway resistance and depo-
sition could be calculated for each generation for any
flow rate and particle size [17, 18, 20, 33].  For healthy
subjects, the 6 h retention values (Ret6) at correspond-
ing flow rate and particle size are given in figure 5.
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These values were obtained when clearance was stimu-
lated by a cholinergic aerosol.  It is shown that experi-
mental and theoretical data are in good agreement.  The
correlation between FEV1 and Ret72 was similar to that
between Ret72 and Raw (r=0.66).  Among the lung func-
tion parameters, specific airway resistance (sRaw) was
found to be the best predictor of Ret72 (r=-0.82).  A
sRaw value of 5 and 25 cmH2O·s corresponded to an
alveolar deposition of about 65 and 30%, respectively.
Also, data in chronic bronchitic patients agree with cor-
responding data in healthy subjects [18].

The mean±SD of the absolute individual differences
in Ret72 between the two exposures was 5±3%.  The
Ret72 value was found to be significantly higher, 3±5%
(p<0.05), at the exposure with the best Raw. Consequently,
the difference in Ret72 between exposures was, partly,
explained by changes in Raw.

We found no significant correlation (p>0.05) between
Ret72 and the lung function parameters FEF75–85%
and N2-delta;  FEF75–85% (range 0.1–0.4, mean±SD 0.2±0.1
L·s-1) (r=0.43), and N2-delta (range 2.1–14.4, mean
6.1±3.1%·L-1) (r=-0.18).  Introducing multiple stepwise
regression analysis,  including several lung function para-
meters (sRaw or Raw + FEF75–85% + N2-delta), did not
enhance the r-value substantially from sRaw or Raw alone.

Discussion

The present study demonstrates the dynamic course
of tracheobronchial clearance, i.e. the sum of MC and
cough, in chronic bronchitis during 3 days, until the short-
term clearance phase is completed.  This corresponds to
the clearance course in real life, in contrast to most ear-
lier investigations of MC performed in experimental
conditions during a few hours [4–7, 24].  The fast clear-
ance phase was practically at an end within 72 h in the
present study, since between 48 and 72 h only about 3%
of the inhaled particles were cleared.  The Ret72 values,

considered to represent the alveolar deposition fractions,
were highly correlated at repeated exposures within the
patients, and the small differences in Ret72 found bet-
ween exposures could be explained, in part, by changes
in lung function.

Earlier studies have demonstrated that MC is usually
severely impaired in chronic bronchitis with or without
COPD [4–7].  In spite of this, the fractions of rapidly
cleared particles in the present study were found to be
similar to those in healthy subjects [18].  This clearance
is most likely due to a productive cough, but other mech-
anisms, such as compression of small bronchi and pos-
tural drainage, may also be relevant.  An increased mucus
production has been found to be important for the effec-
tiveness of cough [10, 11, 34];  thus, cough is reported
to be effective in cleaning tracer particles from the cen-
tral airways of patients with increased amounts of secre-
tion but not in healthy subjects [11, 12].  Hypersecretion
and cough are likely to be important compensation mech-
anisms for the impaired MC in chronic bronchitis, as has
been shown to be the case in immotile-cilia syndrome
[2, 13].  Obviously, patients with immotilecilia syn-
drome can partly compensate for their profound ciliary
defect by coughing;  although surviving, they still suf-
fer from a chronic airway disease and at times develop
bronchiectasis and airways obstruction [2, 35].

Cough is thought to be most important in central air-
ways where sufficiently high air velocities can be ob-
tained, i.e. mainly between generation 0 and 7 [36].  One
hypothesis in this study was that subjects with more tra-
cheobronchial secretions would clear the inhaled parti-
cles in the central airways faster, due to a more effective
cough.  Although sputum weights correlated well intrain-
dividually, and the amounts of expectorated sputum var-
ied markedly among patients, there was no correlation
between sputum weights and lung retentions after 24, 48
and 72 h.  Thus, it seems that although increased sec-
retions may be necessary for cough to be effective, a
further increase above a certain level may be of little
importance.  An explanation for the discrepancy may be
that the biochemical and physical properties are at least
as important for clearance as the mere amount [37].  With
the present method, it may be claimed that some of the
expectorated material consisted of saliva.  The subjects
were, however, trained to avoid sampling saliva, and the
reproducibility of sputum weights indicate that mainly
sputum was collected.  A further explanation for the lack
of correlation could be that a relationship between clear-
ance and the amount of secretion had been masked in
some patients with small sputum volumes and a rela-
tively well functioning MC.  The design of our study
was to investigate whether expectorated sputum volumes
were correlated with the retention at the presumed end-
points of the fast clearance phase.  Already at 24 h more
than 80% of clearance was finished.  Therefore, in a
study aiming at determining the correlation between ex-
pectorated sputum volumes and tracheobronchial clear-
ance extra measurements between 0 and 24 h might be
needed.

Lung function derangements and airway obstruction
are of crucial importance for the deposition of inhaled
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particles and the outcome of clearance measurements.
We found significant correlations between Ret72 and
lung function parameters reflecting the dimensions of
larger airways (Raw and sRaw).  These relationships agreed
well with theoretical deposition data and with data found
previously for healthy subjects.  The regression lines
were parallel, with quite similar retentions at correspon-
ding values of airway resistance for the bronchitic pat-
ients and healthy subjects.  It may seem questionable to
compare the retention values of the bronchitic patients
with values in healthy patients after stimulation of the
mucociliary clearance by a cholinergic aerosol, but we
believe that this is relevant.  Firstly, we have previously
shown that 6 h retention values in healthy persons are
highly similar to the 24 h values when clearance is stimu-
lated by a cholinergic aerosol [17, 18, 30, 33].  Secon-
dly, as mentioned above, only a very small fraction of
particles clears between 24 and 72 h in healthy subjects
and in asthmatics [15, 20, 21].  An advantage in the pre-
sent comparison between the chronic bronchitics and the
healthy subjects is that the comparison is made at the
same degree of bronchial obstruction.  The relationship
between Raw and alveolar deposition particles is explained
by the fact that airway anatomy controls penetration
through the tracheobronchial tree, with an increased effect
of impaction in larger airways when the diameters are
decreased.

The relationships between Raw and lung retentions rep-
resenting alveolar deposition may be influenced by an
increased functional residual capacity (FRC) in patients
with bronchitis.  This was, in fact, the case in the pre-
sent study.  Raw was measured at different FRC levels
in healthy subjects and patients with bronchitis;  where-
as all subjects inhaled the test particles with maximally
deep inhalations, about 70% of the vital capacity (VC),
a procedure independent of FRC.  The increased FRC
in some patients with chronic airways obstruction ex-
plains quite well why sRaw was found to correlate bet-
ter to lung retentions than Raw.

These patients with bronchitis showed impairment of
the lung function variables supposed to reflect dimen-
sions of smaller airways (FEF75–85% and N2-delta).  We
found no correlations between them and Ret72, nor did
multiple regression analysis taking Raw or sRaw, FEF75–85%,
and N2-delta into account enhance the r-value compared
to Raw or sRaw alone. Our study, thus, gives no support
to the view that changes in smaller airways in chronic bron-
chitic patients are important for deposition of particles
of this order of size.

Although cough may, to a certain degree, compensate
for a decreased mucociliary transport, the subjects with
chronic bronchitis or COPD in this study did not have
a normal airway clearance.  Most particles were cleared
within 24 h, but there was a small but significant frac-
tion cleared between 24 and 72 h, in contrast to the re-
sults of earlier studies on healthy subjects or asthmatics,
where no such clearance was detected [15, 20, 21].  These
findings suggest that persons with chronic bronchitis not
only have an impaired mucociliary transport, but also a
slower total mucus clearance course, at least locally,
perhaps in small airways where cough may be less

effective.  This altered clearance pattern may cause a
longer local retention of noxious particles and increase
the risk of respiratory complications, such as infections,
compared to normal subjects.  Moreover, inhaled parti-
cles may deposit at different levels at the airway surface.
Particles deposited on the top of excessive bronchial
secretions may easily be coughed up, whilst particles
deposited at the epithelial level may be insufficiently
cleared by the mucociliary transport system, contribut-
ing to the prolonged clearance found here.  After all, we
only measure a rather rough total sum of airway mucus
clearance.  It should be noted that our clearance obser-
vations were made in patients with chronic bronchitis,
usually taking bronchodilator medication.  Several bron-
chodilating drugs, such as beta-agonists [5], are report-
ed to be able to stimulate the mucociliary transport system
under certain circumstances.  The medication was kept
unchanged during the study and probably did not influ-
ence the present results.  

In conclusion, in contrast to earlier findings that muco-
ciliary transport is usually impaired in chronic bronchi-
tis and COPD, the present results indicate that overall
tracheobronchial mucus clearance in these patients is fair-
ly effective, probably due to a productive cough.  Our
results also suggest that alveolar deposition of 3.6 µm
particles can be estimated by measurements of the lung
retention at 72 h in COPD, and that this retention is, to
a great extent, dependent on the calibre of larger air-
ways.  Finally, we were able to demonstrate a high degree
of reproducibility of the present method of studying
tracheobronchial clearance during the comparatively long
time-period of 3 days.  The retentions at all time-points
at the two different clearance measurements correlated
well.  The reproducible results will encourage us to use
this method as a model for future studies on clearance
in airway diseases and on the possible influence by phar-
macological agents, such as mucolytic or expectorant
drugs.
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