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Mucociliary Clearance Mechanism in Smoking and Nonsmoking
Normal Subjects
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Mucociliary clearance mechanisms were evaluated in 17 normal subjects vis-
ually and qualitatively by radioaerosol inhalation cinescintigraphy of the lung, and
quantitatively by calculating the following indices: (a) overall or regional lung re-
tention ratio; (b) airway deposition ratio; (c) airway retention ratio; (d) airway
clearance efficiency; and (e) alveolar deposition ratio. The inhaled aerosol depos-
ited homogeneously throughout the lungs, and mucus transport was always cepha-
lad in direction and constant in velocity, although a temporary stasis of mucus was
seen in smokers. Overall lung retention ratio was significantly smaller and airway
deposition ratio was significantly larger in the smokers than in nonsmokers, but
there was no difference between the groups in airway retention ratio or airway
clearance efficiency. There was an inverse relationship between alveolar deposi-
tion ratio and cigarette consumption. Mucociliary clearance mechanisms were
well maintained in the normal subjects, but in the smokers inhaled aerosol tended

to deposit more proximally.

J Nucl Med 25: 352-359, 1984

Cinematographic display of the lung images fol-
lowing radioaerosol inhalation is useful for the visual and
qualitative assessment of mucociliary clearance mech-
anisms in the lungs (/-3). Using this method we have
learned, initially, that mucus transport in the airways is
highly protean in direction and pattern according to
underlying pathology (/-3), but what is within normal
limits and what is not in this newly developed modality
has not been established. Indices to quantify mucociliary
clearance mechanisms in the lungs have not been de-
termined.

The purpose of the present study was to see whether
there was any visual difference in mucociliary clearance
mechanisms in normal subjects, currently smoking and
nonsmoking, or in ex- and nonsmokers, and to define
indices to quantify the airway clearance mechanisms in
the lungs.
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MATERIALS AND METHODS

Seventeen healthy male physician colleagues who
were actively engaged in daily patient care and research,
volunteered for this study. Their ages ranged from 29 to
51 yr, with an average 34.

They had no history of pulmonary disease, and their
chest radiographs were within normal limits. They had
no abnormalities of pulmonary function, as shown in
Table 1. At the time of study they had no acute illness
such as sore throat or bronchitis. Three were ex-smokers,
five nonsmokers, and nine smokers (Table 1). Ex-
smokers had a cigarette-smoking history of 2 to 9 pack
yr, but they had stopped smoking for more than 10 yr.
Smokers abstained from smoking for at least 2 hr before
radioaerosol inhalation, but smoking was permitted from
2 hr after aerosol inhalation.

Each subject inhaled ultrasonically generated Tc-99m
human serum albumin aerosol (mass median diameter
3.73 um, with geometric s.d. 1.73) (4) for less than 2
min, by tidal breathing through a mouthpiece with the
nose clipped; he immediately lay supine comfortably on
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FIG. 1. Diagram of aerosol deposition sites. (A) extrapulmonary
ciliated airways, (B) intrapulmonary ciliated airways, (C) nonciliated
distal airways and/or alveolar space, (D) stomach or Gl tract.

the bed under a gamma camera and the resulting depo-
sition pattern and clearance were monitored contin-
uously over the entire thorax for 2 hr in 16 of the 17
subjects. In the remaining normal subject, radioactivity
was measured for the first 15 min only. Special care was
taken to keep subjects in the same supine position during
the 2-hr monitoring period. The total radioactivity ini-
tially deposited in the thorax was from 2.0 to 3.0 mCi.
Twenty-four hours later, 9 of the 17 subjects were
monitored again for 15 min. None coughed during the
measurements. Every 10 sec, data were stored in a
computer in frame mode with 64 X 64 matrix.

The data stored were retrieved and utilized in two
ways: (a) the 720 10-sec frames were edited by pulmo-
nary cinescintigraphy (/-3) for visual evaluation of
mucociliary clearance; and (b) the following indices,
defined below, were calculated: overall lung retention
ratio, airway deposition ratio, airway retention ratio,
airway clearance efficiency, and alveolar deposition
ratio.

As shown diagrammatically in Fig. 1, when a ra-
dioaerosol is inhaled, radioactivity deposits in the ex-
trapulmonary ciliated airways (A), intrapulmonary
ciliated airways (B), in the nonciliated small distal air-
ways and/or the alveoli (C) or, by being swallowed, in
the stomach and/or the G tract (D). Disregarding the
radioactivity in the stomach (D), the radioactivity in
each compartment at time zero can be written as fol-
lows:

A0+ B()+C0=T0, (])

where A, B, and C represent the compartments as in Fig.
1, and T, the total radioactivity in all three. At time t,
radioactivity at each compartment would be

Ai+B+C =T, (2)

If radioactivity is corrected for physical decay, the for-
mula (2) becomes

Ac+ B+ Cc =T, 3)

which can conveniently define the net radioactivity re-

354

maining in the right and left lungs at 24 hr after ra-
dioaerosol inhalation. It is equivalent to the radioactivity
initially deposited in Compartment C (nonciliated distal
airways and alveolar space), because at 1 day this area
has not been cleared (5-8). If we let Cy = net radioac-
tivity at 24 hr, corrected for physical decay, then C,c =
Co, and

A+ B+ Co =T, 4)

Practically speaking, however, it was extremely dif-
ficult to measure A without its being contaminated by
swallowed radioactivity remaining in the esophagus. In
the calculation of the indices, therefore, radioactivity in
the extrapulmonary compartment was neglected, in
which case the formulae become:

Bo + Co = To (]')
B.+C =T, 2)
Btc + Co = TtC' (3,)

The indices are then defined as follows:

Overall lung retention ratio (%) = Tc/To X 100. This
ratio expresses the amount of radioactivity remaining
in the lungs at time t relative to the total radioactivity
initially deposited. A regional lung retention ratio is
similarly defined as the amount of regional radioactivity
divided by the total radioactivity initially deposited in
that region.

Airway deposition ratio (%) = B/To X 100 = (T
— Co)/To X 100. This is therefore the overall lung re-
tention ratio — alveolar deposition ratio, and it indicates
the amount of radioactivity throughout the ciliated
airways relative to the total radioactivity initially de-
posited in both lungs.

Airway retention ratio (%) = By./Bo X 100 = (T —
Co)/(To — Co) X 100 (%). This ratio indicates what
percentage of radioactivity initially deposited on the
ciliated airways still remains there at time t.

Airway clearance efficiency (%) = (Bo — By.)/Bo X
100 = (To — Ty)/(To — Co) X 100 = 100 — airway re-
tention ratio. This indicates what percentage of the ra-
dioactivity deposited on the ciliated airways has already
been cleared by time t.

Alveolar deposition ratio (%) = Co/To X 100 (%).
This is the percentage of the total initial radioactivity
that remains at 24 hr.

These indices were calculated for each 10-min period
and compared with the radioactivity in the initial 10-min
period. As the measurement of radioactivity at 24 hr
could not be made in exactly the identical position—that
is, in the identical pixel-to-pixel relationship to the initial
measurement for 2 hr—we did not try to evaluate these
indices in the form of image data by subtracting and/or
dividing the corresponding images. We simply calculated
these indices numerically by using the physically cor-
rected Tg, T, and Co, which were measurable.

THE JOURNAL OF NUCLEAR MEDICINE



FIG. 2. Aerosol inhalation lung images in
29-yr-old nonsmoking normal subject. Each
1-min lung image was made between in-
dicated times after aerosol inhalation. Note
homogeneous intrapulmonary aerosol
deposition, and faint radioactivity in lower
esophagus and stomach.

To calculate these indices, the lung contour had to be
determined. This was defined by light pen on the 24-hr
display after subtracting the background radioactivity,
so that the right and left lungs became barely separated
at the anterior mediastinum. The initial lung contour
immediately after aerosol inhalation was constructed
after the 24-hr lung contour, so that at least the numbers
of pixels concerned were not different from each other
by more than 2%. When a 24-hr study was not done, the
lung contour was arbitrarily demarcated by light pen so
that the edge of the lung corresponded to approximately
2% to 3% of the initial maximum count rate in the lungs,
since this is the normal relationship when a 24-hr count
can be done. When regional lung retention ratios were
calculated, seven regions of interest (ROIs) were usually
selected: the entire right and left lungs separately, the
upper halves of the right and left lungs, the right lower
half, and two peripheral lung regions covering peripheral
bands of width approximately one fourth of the
transverse diameter of each lung. To calculate the re-
tention ratio for these peripheral lung regions, the data
for the right and left peripheral ROIs were lumped to-
gether.

Student’s t- and paired t-tests were used for statistical
analysis. The results were considered significant if the
p value was less than 0.05 (9). Curve-fitting techniques
were applied to all the data pairs, and coefficients of
determination, r2, and regression coefficients were cal-
culated for experimental formulae of the formsy = a +
bx, y = aeb*, y = a + b-ln x and y = ax®. The regression
curve with the largest value of r2 was considered the best
fit.

RESULTS

Lung function data. Vital capacity in all subjects was
over 91% of the predicted (10) as shown in Table 1, and
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there was no significant statistical difference between
smokers and non- and ex-smokers in percent forced ex-
piratory volume in 1 sec (FEV, ¢%), in maximal mid-
expiratory flow (MMF), or in maximal expiratory flow
either at 50% (Vo) or 25% (Vs) vital capacity (11).

Radioaerosol inhalation lung cinescintigraphy

In the four nonsmokers and two of the three ex-
smokers, transport of radioactivity in the trachea was
always cephalad in direction, steady in its progress, and
showed no stagnation of radioactivity in the bronchi or
trachea. Since cinescintigraphy cannot be used in print
to illustrate mucociliary clearance mechanisms, we
present several static images in Fig. 2 as a better-than-
nothing substitute.

In all the smokers and one ex-smoker (No. 2), al-
though radioactive transport was still cephalad in di-
rection and motion nearly constant, temporary collec-
tions of radioactivity could be seen over the bronchi near
the carina or over the trachea. Otherwise there was es-
sentially no visible difference in tracheal radioactive
transport between the smokers and the non- or ex-
smokers. All the subjects showed a homogeneous aerosol
deposition in the lungs (Fig. 2), and no difference was
appreciable in regional patterns of clearance from the
lung parenchyma. Any deviation from the above findings
will be taken as abnormal.

Overall and regional lung retention ratios. Because of
the foregoing lack of difference, the data of the ex-
smokers and the nonsmokers were lumped together and
these people are referred to as the nonsmoking normal
subjects. Overall lung retention ratios were smaller in
the smoking normal subjects than in the nonsmoking
counterparts, as shown in Fig. 3. Analysis by curve-fit-
ting techniques indicated that the former are described
best by y (overall lung retention ratio) = 119.96 —
11.47-In x (min) (r2 = 0.73, p << 0.001), and the latter
byy =110.33 — 6.52-In x (min) (r2 = 0.58, p «0.001).
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Regional lung retention ratios were also significantly
smaller in any lung region in the smoking normal
subjects compared with those in the nonsmoking group
(Fig. 3).

Airway deposition ratios. Airway deposition ratios
were significantly smaller in the nonsmoking than in the
smoking normal subjects in the first hour following in-
halation of radioaerosol (Fig. 4), indicating a better
penetration of inhaled aerosol in the former into the
nonciliated distal airways and/or alveoli. Analysis by
curve-fitting techniques indicated that the smoking
normal subjects are fitted best by y (airway deposition
ratio) = 94.75 — 11.52-In x (min) and the nonsmoking
toy = 61.83 — 6.12:In x (min), with r2 = 0.52 (p
<«0.001) and 0.61 (p «0.001), respectively.

Airway retention ratios. These were not significantly
different between the smoking and nonsmoking groups
as shown in Fig. 5, although the former tended to indi-
cate smaller ratios. Analysis by curve-fitting indicated
that the former are fitted best by y (airway retention
ratio) = 126.73 — 15.93-In x (min) and the latterby y =
116.44 — 11.41-In x (min), with r2 = 0.63 (p <«0.001)
and 0.58 (p <«0.001), respectively.

Airway clearance efficiency. As shown in Fig. 6, air-
way clearance efficiencies were not statistically different
between the smoking and the nonsmoking subjects. As
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a whole, airway clearance efficiency is fitted best by y
(airway clearance efficiency) = —23.03 + 14.06:In x
(min), with r2 = 0.60 (p <0.001).

Alveolar deposition ratios. The alveolar deposition
ratios were measured in five smoking and four nons-
moking normal subjects, and are plotted in Fig. 7 against
the amount of cigarette consumption in pack-yr. As the
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FIG. 4. Airway deposition ratio. Difference between smoking and
nonsmoking normal subjects is statistically significant until 60 min
(p <0.05) but is not significant thereafter.
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FIG. 5. Airway retention ratio. Difference between smoking and
nonsmoking normal subjects is not significant.

amount of cigarette consumption increased, the alveolar
deposition ratios decreased in a dose-related fashion: y
(alveolar deposition ratio) = 46.83 — 0.69 x (pack-yr)
(r2 = 0.68, p <0.01). The alveolar deposition ratios were
significantly different between the smoking and the
nonsmoking group, with the former showing definitely
smaller alveolar deposition ratios (p <0.001). The mean
alveolar deposition ratio in those nine normal subjects
was 35.8 £ 13.1 (mean + s.d.) %.

DISCUSSION

In our normal subjects we did not observe any retro-
grade migration or retreat, stasis or stagnation of puddling
of mucus, frequent up-and-down motions of radioactive
globs in the trachea or bronchi, or migration into the
opposite bronchus, as is seen in patients with obstructive
airways disease or bronchogenic carcinoma (/-3). In the
normal, aerosol deposition was homogeneous throughout
the lungs (Fig. 2) (12), and the transport of airway
mucus was always cephalad in direction and steady in
progression, in contrast to the temporary stasis of
puddling of mucus often seen in the trachea in smokers.
Such stasis, however, never persisted long. It was im-
possible to tell normal smokers from nonsmoking nor-
mals by simply looking at aerosol inhalation lung
cinescintigrams, but we can distinguish normal subjects
by this means from patients with obstructive airways
disease or bronchogenic carcinoma (/-3). Anyway the
visual evaluation of mucociliary clearance by this
cinescintigraphic method seems to offer a new dimension
in the study of pulmonary medicine, especially in the
evaluation of this aspect of nonrespiratory lung function.
The tracheal mucociliary transport rate has been shown
to correlate with the intrapulmonary mucociliary
clearance (/3), and similar transport mechanisms must
be taking place in the large airways and in the intra-
pulmonary ciliated airways.

Volume 25, Number 3

PRELIMINARY NOTES

o)
100
90
e SMOKER
80t x NON-SMOKER
& EX-SMOKER
701
60

4
» o«
e R
b
o p
0 30 60 1207 2

90
MIN HOUR

FIG. 6. Airway clearance efficiency. Difference between smoking
and nonsmoking normal subjects is not significant.

In this study the data obtained from the normal
subjects were utilized also for numerical assessment of
mucociliary clearance function, besides providing for
inhalation lung cinescintigraphy. As shown in Fig. 3, not
only overall but regional lung retention ratios were sig-
nificantly smaller in the smoking normal subjects than
in their nonsmoking counterparts, giving the impression
that airway clearance is faster in the former than in the
latter. Albert et al. (5,/4,15), and Camner et al. (/6),
report an accelerating effect of cigarette smoking on
clearance rates. Conflicting results have also been re-
ported: slower clearance (/7,/8) or no difference in
clearance rates (/9-21). As far as the lung retention
ratios are concerned, our results appear to support the
seemingly accelerated clearance.

A decrease in ciliary beating frequency, and even
stasis of cilia, on exposure to cigarette smoke have been
demonstrated in animal experiments (/4,22-27). With
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FIG. 7. Alveolar deposition ratio plotted against amount of smoking
in pack-yr. There is significant linear correlation. Alveolar deposition
ratio (%) = 46.83 — 0.69 X pack-yr (r = —0.82, p <0.01).
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these findings in mind, whether mucociliary clearance
is truly accelerated in smoking normal subjects is a
question. Albert and others think that this is not due to
an increased ciliary beat rate but rather to increased
mucus production (5).

If we take into consideration the amount of radioac-
tivity remaining in the lungs at 24 hr after aerosol in-
halation, and define it as aerosol deposited in the alveoli
or at least in the nonciliated distal air spaces where
mucociliary clearance mechanisms are not operative
(5-8), neither the airway retention ratios nor the airway
clearance efficiencies as we define them were different
between the smoking normal subjects and the non-
smoking counterparts, indicating that aerosol deposited
on the ciliated airways is cleared with similar efficiencies
in both groups. Clearance is not actually accelerated in
the former. In this sense overall or regional lung retention
ratios alone could be misleading. Airway deposition ra-
tios, however, are significantly higher in the smokers, and
naturally their alveolar deposition ratios are significantly
smaller. All these indices confirm the findings that in
smokers inhaled aerosol has deposited more proximally
on the ciliated airways than in the nonsmoking normal
subjects (28-30). There is even an inverse relationship
between the amount of cigarette smoking in pack-yr and
the alveolar deposition ratios. From the regression line
in Fig. 7, the alveolar deposition ratios can be estimated
in a person with normal lung function, and all the indices
described here could even be calculated without re-
peating the measurement at 24 hr.

As Albert and others believe, the rate of bronchial
clearance could be partly a function of mucus production
(3). Even asymptomatic healthy smokers could develop
some subclinical airway mucosal changes such as res-
piratory bronchiolitis, increases in mural inflammatory
cells and denuded epithelium (317), goblet-cell hyper-
plasia (32), or increases in ciliated, mucous, and basal
cells (33). Even the microscopic structure of cilia seems
to be affected by chronic exposure to cigarette smoke
(34). Not only the quantity but also the quality of se-
creted mucus could well be affected by cigarette smok-
ing. All these factors must potentially lead to a subclin-
ical bronchoconstriction in normal smokers, although
conventional lung function data remain within normal
limits. If we analyze aerosol inhalation studies, as we did
here in normal subjects with normal lung function data,
we will surely be able to tell smokers from nonsmoking
normal subjects.

Aerosol of a larger particle size, or an increased
downward velocity of the aerosol, are important factors
in determining the site of deposition (4,5). Our particle
size compares well with that used by others (/7,/8).

When calculating the various indices described here,
we had a problem with the extrapulmonary airways.
Abnormalities of mucus transport that we can appreciate
with our lung cinescintigraphy are mostly in the trachea
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FIG. 8. Overall lung retention ratios when radioactivity in extra-
pulmonary airways is included or excluded from calculation of ratio.
No statistical difference is seen in these normal subjects (n =
16).

and the major bronchi, where radioactivity in the sur-
rounding lung tissue does not interfere. Theoretically we
should incorporate radioactivity in the whole thorax,
including that in the extrapulmonary airways, in the
calculation of the indices. The greatest obstacle against
doing so is the difficulty in eliminating radioactivity in
the esophagus, which is brought up from the extrapul-
monary airways and swallowed. By looking at the
cinescintigrams, however, we can appreciate the rising
radioactivity in the trachea or bronchi and its downward
movement in the esophagus. In normal subjects there
was no statistical difference either by Student’s t-test or
paired t-test in overall lung retention ratio, whether the
radioactivity in the extrapulmonary airway was included
in the calculation or excluded, as shown in Fig. 8, but to
cope with the data from esophageal contamination,
which we cannot assess by merely counting the radio-
activity, we propose to disregard extrapulmonary ra-
dioactivity in the calculation of these indices. In spite of
this, radioaerosol inhalation lung cinescintigraphy is
useful for a visual and qualitative evaluation of the actual
dynamic mucociliary clearance mechanisms, and the
indices described here are convenient for a quantitative
assessment of the mucociliary clearance in the lungs.
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