Smoking Impairs Long-Term Dust Clearance from the Lung

Abstract. The time for the long-term clearance of dust from human lungs was
measured. Three heavy cigarette smokers and nine nonsmokers inhaled a harmless
trace amount of magnetic dust, Fe,O .. From periodic measurements with a sensitive
magnetic detector of the amount of this dust remaining in the lungs, a clearance
curve was determined for each subject. This magnetic tracer method allows clear-
ance 10 be safely followed for a much longer time than with radioactive tracer meth-
ods. The dust clearance in the smokers is considerably slower than in the non-
smokers. After about a year, 50 percent of the dust originally deposited remained in
the lungs of the smokers whereas only 10 percent remained in the lungs of the non-
smokers. The smokers therefore retained five times more dust than the nonsmokers.
This impaired clearance of Fe 0, suggests impaired clearance in smokers of other
dusts, such as toxic occupational and urban dusts. The higher retention of these
dusts may contribute to the higher incidence of lung diseases in smokers.

Inhaled dust and smoke can cause or
aggravate lung disease. Consequently,
increasing attention is being given to the
ways in which deposited particles are
cleared from human lungs and to the
identification of toxic particles. Dust is
removed from human lungs by several
different mechanisms (/). Particles de-
posited in the airways are carried on a
moving mucociliary carpet to the throat,
swallowed, and eliminated through the
gastrointestinal tract in a day or so
(short-term clearance). Particles depos-
ited deeper, in alveoli, are engulfed by
macrophages and are cleared more slow-
ly, in times ranging from days to months
or more (long-term clearance). Some
particles may penetrate connective tis-
sue or enter lymph nodes and persist
even longer.

Cigarette smoking has been docu-
mented as a cause of cardiopulmonary
disease. One mechanism by which it
could cause disease is by altering the
dust clearance of the lung and thus ag-
gravating the effect of other toxic parti-
cles on the lung. We report here the first
long-term (1 year) study comparing the
dust clearance from the lungs of human
smokers and nonsmokers. A magnetic
tracer dust is used as a new technique.
QOur study shows that cigarette smoking
slows the dust clearance from the lung,
thus increasing the amount retained.

Numerous studies of short-term dust
clearance from the respiratory tracts of
animals and man have been carried out.
In most, radioactively tagged dusts were
used. The reports of smoking effects on
short-term dust clearance in animals (2)
and man (3) are inconsistent; some re-
port that smoking accelerates short-term
clearance, whereas others describe a
slowing. The effect of smoking on the ini-
tial deposition pattern complicates the
interpretation of many of these studies
(3). In long-term clearance studies in ani-
mals, dusts tagged with long-lived radio-
isotopes have been used; clearance half-
times of Fe,O; dust measured in dogs

514

were usually found to be about 70 days
). Smoking depressed the clearance of
Si0, in rodents (5), whereas in dogs it
had little effect on the clearance of Fe,O,
or Cr,0; (6). ’

There have been fewer studies of long-
term clearance from human lungs, be-
cause of the hazard of long-lived radio-
activity. In the radioactive studies that
have been done (7), dusts usually tagged
with either »Fe or *Cr were used (half-
lives of 28 and 435 days, respectively).
The clearance half-times of these dusts
in the lung were found to be about 70
days; the duration of each study was
usually 60 days. Smokers were involved
in only one study 8); '"*Au (half-life of
2.7 days) was used to measure the long-
term clearance in a group of 20 subjects
containing an unspecified number of
smokers; they were studied for a period
of 30 days or less. Most of the non-
smokers showed a clearance half-time
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Fig. 1. The method of measuring the amount
of Fe,O, in the lungs. (A) The subject is mag-
netized by an external field generated by two
coils. (B) The magnetized particles in the lung
produce a remanent field around his torso. He
is ready to begin his far-near-far motion at the
SQUID detector, located in the tail of the
cryogenic container. Not shown here is the
spacer, which limits his closest approach to 15
cm. (C) The detector output for the three
chest points: right nipple (R), middle (M), and
left nipple (L). Two sequences are shown, re-
corded 2 minutes after magnetization.
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of about 60 days, whereas the smokers
showed a longer but unspecified half-time.

In contrast to the radioactive method,
our use of a ferromagnetic dust repre-
sents a safe, noninvasive approach; the
clearance can be followed for a much
longer time. The magnetic dust we
chose, Fe O, (magnetite), is harmless in
small amounts (9) and insoluble at physi-
ological pH’'s. To obtain a clearance
curve, periodic measurements are made
of the amount of the Fe,0, dust remain-
ing in the lungs after a single session of
inhalation. For each measurement, the

~ particles in the lungs are first magnetized

with an external magnetic field. After the
external field has been removed, the field
produced by these magnetized particles,
called the remanent field, is measured by
a magnetic detector. The reports defin-
ing this technique (/0) showed that as
little as 0.02 mg of Fe O, can be mea-
sured with a sensitive magnetic detector
called the SQUID (superconducting
quantum interference device), when
used in a magnetically shielded room. A
more convenient (and less expensive)
flux-gate detector can be used without
shielding and can detect about 0.2 mg of
Fe 0, in the lungs. The deposition in the
lung of 1| mg of Fe, 0, is sufficient to de-
scribe a clearance curve with the
SQUID. For measurements with the
flux-gate detector, 2 mg or more are nec-
essary, depending on the accuracy de-
sired. For the measurements reported
here, we used a SQUID in the shielded
room at the Massachusetts Institute of
Technology (/0).

One phenomenon seen only with mag-
netic dust in the lungs is called “‘relaxa-
tion’"; after magnetization, the magnetic
field over the chest produced by the par-
ticles decreases continuously, dropping
to about 15 percent in | hour. This is due
to random, small rotations experienced
by the particles in the lungs, which
cause a reduction in the vector sum of
the magnetic fields of the individual par-
ticles. Whenever the amount of dust in
the lung was to be measured, we made
the field measurements soon after mag-
netization and for maximum accuracy
extrapolated the relaxation curve back to
zero time.

Nine nonsmoking and three heavy-
smoking male subjects (each subject
smoked more than 1'/2 packs of ciga-
rettes per day) between the ages of 21
and 45 were chosen for these clearance
measurements. Pulmonary function tests
(11) were performed by each subject; the
results fell within two standard devia-
tions of predicted values, and we con-
cluded that each subject lacked serious
pulmonary disease. Each subject was al-
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so screened for previous magnetic con-
tamination. We generated the dust by
dispersing powdered Fe,O, (Fisher I-
119, 74192), using a fan in a wooden box.
A tube connected the box through a fine-
mesh filter and a one-way valve to a
mouthpiece, which permitted inhalation
from the box and expiration into a plastic
bag. Dust at the mouthpiece had a mass
median aerodynamic diameter of 2.8 um
with a geometric standard deviation (o)
of 1.4.

To find out if clearance was sensitive
to the particle deposition pattern within
the respiratory tract, the breathing of
each subject during the exposure was
done in one of two ways: in the first, the
tidal volume was 2 liters and the frequen-
cy was three breaths per minute (deep-
slow); in the second, 0.4 liter and 48
breaths per minute (shallow-fast). We
monitored the tidal volume with trans-
ducers attached to the torso; the fre-
quency of breathing was guided by a
metronome. The shallow-fast pattern
was expected to produce primarily more
airway deposition, and the deep-slow
pattern primarily alveolar deposition.

To determine each point on a subject’s
clearance curve, it was first necessary
for him to change into clothes containing
no magnetic material. The subject was
then magnetized (Fig. 1A) by an ex-
ternal field having a strength of 660 G.
(The earth’s field is about 0.4 G, and the
field at a horseshoe magnet might be
1000 G or more.) The field was uniform
over the lung with less than + 10 percent
variability and was applied for 20 sec-
onds in order to give the particles time to
rotate in the viscous medium of the lung
and align themselves with the external
field (/0). After magnetization, the sub-
ject quickly went into the shielded room
and began to change his body positions
at the detector; these changes produced
measurements at one of three points of
interest on the chest. For each measure-
ment, the subject first stood out of range
of the detector (far) (Fig. 1B). He then
moved inward and placed one of the
chest points close to the detector (near)
“and then stepped back again (far). The
detector responds only to the horizontal
component of magnetic field normal to
the subject’s chest. It has a bell-shaped
response curve in angle, with the maxi-
mum at the 0° line (this detector axis is
normal to the subject’s chest) and a half-
maximum at about = 22°. A spacer was
generally used between the subject and
the detector, which limited his closest
approach to 15 cm; this allowed a broad
view of the lung, covering about + 6cm
from the center to half-maximum.

The measurements began about 20
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seconds after magnetization. During the
first 2 minutes the remanent field at the
first chest point (M), located midway be-
tween the two nipples, was repeatedly
measured. This yielded an accurate re-
laxation curve, allowing an extrapolation
back to zero time. After 2 minutes, mea-
surements were also made at the right
(R) and left (L) nipples. For the data to be
valid the value at M must always be high-
er than at either R or L because the de-
tector views more dust at M. This is seen
in Fig. 1C, which also shows the good
repeatability of the second sequence.
These R-M-L sequences were period-
ically recorded for about an hour. They
were interspersed with a complete map-
ping of the chest and abdomen without
the spacer, to determine the general dis-
tribution of magnetic particles in the tor-
so; this was an added check against arti-
fact. For example, a speck of magnetized
steel (from canned food), if present in the
abdomen, could produce a magnetic field
extending up to the chest and an error in
the lung measurement; such incidents
were rare.

Fig. 2. (A) Long-term
clearance curves. Af-
ter 11 months, the
smokers retain in the
lungs about five times
more Fe,O, dust than
the nonsmokers. Ex-
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perimental points are 90 1
shown on two curves
only, to indicate typi-
cal scatter. The 100 80 -

percent point of each
long-term curve is be-
gun at about the maxi-
mum point on the
subject’s short-term
curve, after 2 days
(which is after the
completion of any
short-term clearance).
(B) Short-term clear-
ance data for the first
7 days after inhalation.
The vertical scale is
relative to the amount
of dust initially de-
posited, immediately
after inhalation. Curve
1, nonsmokers, deep-
slow; curve 2, smok-
ers, shallow-fast; and
curve 3, nonsmokers,
shallow-fast. The three
curves are smoothed-
out averages and are
representative of all
the subjects in that
group.
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Measurements of the amount of Fe O,
in the lung were made several times dur-
ing the first week after the inhalation.
The purpose was to determine the start-
ing point on the long-term clearance
curve, that is, the amount of Fe O, pres-
ent after the completion of any short-
term clearance. Thereafter, measure-
ments were made every 2 or 3 weeks for
about 6 months, then less often until
about 12 months. Measurements in the
smokers were made for only 11 months
because these subjects entered the pro-
gram some weeks after the nonsmokers.

The smokers showed a much slower
dust clearance than the nonsmokers
(Fig. 2A). After 11 months, approximate-
ly 50 percent of the dust remained in the
lungs of the smokers, whereas only
about {0 percent remained in the lungs of
the nonsmokers. The smokers, there-
fore, retained about five times more dust
than the nonsmokers. Since the curves
appear to be leveling off over time, we
expect the factor of 5 will be maintained
or will perhaps increase.

The spread of long-term clearance

—
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within each of the two groups is seen to
be small compared to the difference be-
tween the groups. The shapes of individ-
val nonsmoker curves are all similar; the
average half-time is about 70 days, but
the curves are not exponential. The co-
herence of these curves indicates that
dust clearance in humans can be readily
followed for a year or more with the use
of a magnetic tracer and can be quan-
tified. In general, the curves obtained for
healthy nonsmokers provide a good data
base for comparison with abnormal cas-
es. The smokers’ curves are not as co-
herent; they diverge somewhat, and after
several years there may be substantial
differences in the amounts of dust re-
tained.

For plotting the short-term data only
(Fig. 2B), the subjects were divided into
three groups. The first group consisted of
four nonsmokers who breathed deep-
slow (curve 1; the long-term curves of
these subjects are those which rank 2, 6,
7, 8, counting down at the right end). The
second group consisted of the three
smokers who breathed shallow-fast
(curve 2). The third group consisted of
the remaining five nonsmokers who
breathed shallow-fast (curve 3). The fast
decline of the lower two curves during
the first 2 days shows short-term clear-
ance, as expected; with shallow-fast
breathing, when airway deposition is
more probable, short-term clearance is
more prominent. However, curve 1
shows a rise. This cannot be due to an
increase of total magnetic dust in the
lung; hence, it must be an artifact pro-
duced by the method of measurement.
We explain the rise as follows: from a
study of the torso maps without the spa-
cer, and of R-to-M and L-to-M dif
ferences, it appears that the dust redistri-
butes during the first few days. The de-
tector, because of the bell-shaped
response curve, does not view the entire
lung uniformly, even with the torso set
back by the spacer. When aimed at M, it
“sees’’ the center of the lung field some-
what more than when aimed at the L or
R regions; hence, if there were a net in-
ward movement of dust during the first
few days (and the three curves in Fig. 2B
are heavily weighted with M data), a
small rise in the measured amount would
be seen, as is the case here. Accurate
measurements of the distribution of
Fe,O, in the lungs of a different subject,
taken by us in an earlier study (/2), in-
dicate that there is indeed a more central
pattern as time passes, which supports
our explanation.

Consideration of the short-term clear-
ance data guided us in the selection of a
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starting point for the long-term clearance
curves. The maximum value observed
for each subject at more than 2 days after
the exposure was used as the 100 percent
reference point for this long-term curve.
We believe this choice of starting point is
best since it largely eliminates the effect
of a differing deposition pattern or short-
term clearance. In any case, even if the
long-term data are plotted relative to the
initial deposition or if the curves are
moved either way a few days, the dra-
matic separation between smokers and
nonsmokers remains.

There is, of course, the problem of
generalizing the results from the data of
only three smokers. We have repeatedly
examined the technique and the data and
can find no artifact that would account
for any differences between the smoker
and the nonsmoker groups. As exam-
ples, we have looked for group dif-
ferences of age and of method of in-
halation; we can find none. The only sig-
nificant difference between the groups is
the fact of smoking. On the other hand,
there are auxiliary data from this study,
other than clearance data, showing that
the lungs of the three smokers handle
dust differently from those of the non-
smokers. These are the relaxation
curves; relaxation is much more rapid in
the lungs of smokers. For example, 20
minutes after magnetization the field
from the lungs of the smokers had de-
creased to 8 percent in contrast to 25
percent for the nonsmokers. Moreover,
the relaxation varied with location over
the lungs of smokers in contrast to
relatively uniform relaxation for the
nonsmokers.

Qur data indicate, therefore, that
smoking impairs the long-term clearance
of Fe 0, dust from the lungs. These data,
accumulated over a year, confirm the
qualitative result of the I-month study
(8). Our data also imply that smoking re-
tards the clearance of other dusts, in-
cluding those that are toxic. This may
help explain some epidemiological find-
ings, in particular, those of Selikoffer al.
(13) who have reported that asbestos
workers who smoke cigarettes had a 90-
fold greater risk of dying of bronchogen-
ic carcinoma than nonsmoking asbestos
workers. Wagoner (/4) has reported a
similar synergism between smoking and
exposure to radon daughters in uranium
miners. We do not suggest that an im-
pairment of alveolar clearance by smok-
ing is the only explanation for this syner-
gism. For example, carcinogenic and ir-
ritant chemicals in tobacco may act
cooperatively with carcinogens in the
work environment and enhance their ef-

fect on the lungs. As another example,
occupational dusts may serve as a more
effective vehicle for the delivery of ciga-
rette smoke carcinogens to the lungs.
Nonetheless, we feel that impairment of
alveolar clearance caused by smoking is
an important effect and worthy of further

study.
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