
Animal studies suggest that smoking induces an increase
in the permeabilityof the bronchial epitheium (5â€”7).Sev
eral attempts have been made to measure the bronchial
epitheial clearance of aerosolized @Fc-DTPA(BC
DTPA) in humans and in animals using particles of various
sizes, ranging from 0.5 to 6 j@m(8â€”11).These studies,
however, include a significant portion of distal sites of
clearance since there is peripheral deposition (especially in
those studies that use particles <2 @m)and they all select
areas of interest that cover the whole lung. We have de

veloped a technique of measuringBC-DTPA that consists
primarily of using a spinning disk system to generate large
particles to ensure a predominantly proximal deposition
and in selecting proximal regions of interest (ROIs) for
analysis. With this technique, we found an increase in
BC-DTPA in acute, but not chronic, asthmaand in chronic
obstructive lung disease (12).

The aim of this study was to compare the in vivo per
meabilities of proximal bronchi to solutes in smokers and
nonsmokers. The measurement of BC-DTPA, however,
has two potential limitations. First, the increase in respira
to!)' clearance of @â€œ@Tc-DTPAin smokers is partlyrelated
to oxidative breakdown of the @Â°â€˜Tc-DTPAcomplex (4)
and second, the mucodiliarytransportmay play a signifi
cant role in BC-DTPA (8). To determine whether break
down of @â€œTc-DTPAoccurred in the proximal lung re
gions of smokers, we also measured the bronchial
clearance of the more stable complex@ To
assess the contribution of mucociliary clearance, we mea
sured the course of activity over a tracheal ROl.

MATERIALSAND MEIHODS

Sub@
Two groups of eight subjects were studied: one group of

asymptomaticnonsmokersandonegroupof asymptomaticsmok
ers. Tobe considereda smoker,a subjecthadto smokemorethan
10 cigarettes a day. All subjects were free of respiratorysymp
toms and had no recent history of respiratorydisease. Each sub
ject hadtwo measurementsof BC-DTPAusing @Tc-DTPAor

@ Anthropometric data and pulmonary function tests

of allsubjectsareshowninTable1.Allsubjectsprovidedwritten
informedconsent.

Lung Volume Measurement
Forcedexpiratoiyvolumein 1 sec (FEy1)andvitalcapacity

(VC) were measured using a spirometer in the sitting position.

In asymptomaticsmokers, epithelialpermeabilityin the distal
lungregionsis increased.To date,the effectof smoldngon the
epithelialpermeabilityin prodmal lung regions is stilldebated.
The measurement ofbronchialclearance ofInhaledradidabeled
diethylene-triaminepentaacetic acid (BC-DTPA) can be used to
assess epithelial permeability of prodmal bronchi, but there are
two potential Iimltafions to this method: in vh@obreakdown of

@@r@1c@DTPAin smokers and mucodliajy transport of DTPA
Methods: 9ght nonsmokers and eight asymptomatic smokers
were studied.We used a spinningdisksystem to generatean
aerosol of large partides of @rC-DTPAor 11Â°'@In-DTPA
(MMAD6.3 sm). To measure the bronchial dearance of Â°Â°@rc
DWA and11Â°â€•in-DTPA,weanalyzedthepetihilarregionsofthe
lung. To determine the conthbution of mucocibary transport, we
measured the activity over a tracheal region of Interest (AOl) in
eight nonsmokers. Results: Technetium-99m-DTPA bronchial
clearance did not differ in smokers (1.16 Â±0.54 %/min; mean Â±
s.d.) ornonsmokers(1.29 Â±0.51 %/min;ns).The@ 1Â°â€•@ln-DTPA
bronchial dearances in nonsmokers (1.24 Â±0.51 %/nin) and in
smokers (1.01 Â±0.66 %/min) were similar to the Â°@Fc-DTPA
brOnchial clearances (ns). In the tracheal ROl, we found no
increase in actMty. Conclusion: In smokers, BC-DTPA was not
increased compared to nonsmokers. In contrast to distal lung
regions, there was no evidence of breakdown of the Â°Â°@1c-
DWA complaxinthepro,dmalregionsofsmokers'lungs.Mu
coaliaryclearance does notsignificantlycontiibuteto BC-DTPA.
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he respiratoiy epitheial clearance of @9'c-diethylene
triamine pentaacetate (@Fc-DTPA) is commonly used to
assess the permeability to solutes of the epitheium of ter
minal respiratory units (1). In asymptomatic smokers, 5ev
eral studies have shown that the respiratoty clearance of

@Tc-DTPAis higher than in controls (Z3). Part of this
increase can be attributedto chemical dissociation of the

@Tc-DTPAcomplex (4). The respiratoiy clearance of a
more stablecomplex @3mIn@DTPAis still increasedin smok
ers compared to nonsmokers (4).
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Nonsmokers
(n=8)Smokers(n=8)Age

(ym)28.0 Â± 7.827.0 Â±4.4TLC
(%pred)100.0 Â±13.098.5 Â±12.6VC

(%pred)100.5 Â± 8.3103.1 Â±9.1FEy1
(% prod)108.0 Â±12.3104.1 Â±12.6FEF@Th

(%P@)144.4 Â±34.898.5 Â±35.6

CTABLE I
Means and Standard Devlations of Age and Pulmonary

FunctionData in Smokers and Nonsmokers

A
Total lungcapacity(TLC)was derivedfrommeasuredfunctional
residual capacity performedby multiple-breathhelium dilution.
Resultswereexpressedas a percentageof predictedvaluesfrom
theEuropeanCoalandSteelCommunitySurvey(13).

Radioactive Aerosols
To generatethe @Tc-DTPAaerosol, 1.85 GBq (50 mCi)

[99m,rc]pertechnetatewereelutedfroma @Mogeneratorandin
troduced into a vial containing9.1 mg DTPA-CaNa3.Salinewas
addedto the @Tc-DTPAsolution(MW492daltons)to a total
volumeof 10 ml. The bindingof @â€˜Tcto DTPAwas analyzed
using paper chromatographyWithin1 hr after preparation and
foundto be greaterthan95%bound(n = 3). Indium-113m-DTPA
(MW 504 daltons)was obtained from the labeling of 13 mg DTPA
with 0.74GBq (20mCi) 113m@â€¢Indium-113mwas eluted from a
â€˜135ngeneratorandwas addedto 10mlsaline.Theradiopharma
ceutical preparations were aerosolized immediately.

Measurements of Bronchial Clearance of DTPA
Our techniquehas been previouslydescribed(12).To obtaina

deposition of particles mostly in the proximalbronchi,we used a
spinningdisksystem(14)to produceanaerosoloflargeparticles
(MMAD, 6.3 zm; GSD, 21). The generator included a spinning
disk of 2.5 cm in diameter, driven by a high-pressureair supply.
Theradioactiveaerosolpreparationwas suppliedfroma nearby
reservoirvia a fineneedleto the disk center at a rate of one drop
per 4 sec. The spinning disk was enclosed in a glass belljar 40cm
in height and 20 cm in diametersurroundedby removable 2-mm
lead platesactingas radiationshielding.The bell jar was con
nected to a plastic tubing with a mouthpiece through which the
patientinhaledwhileairenteredthrougha secondopeningat the
top of the belljar. Air was exhaled through another plastic tubing
with a one-wayvalve and a filtertrap.

Subjects were seated facing the camera and breathed quietly at
theirrestingtidalvolumeandfrequency.Theyinhaledtheaerosol
untildepletionof theradiolabeledsolution,whichlastedabout10
mm. Care was taken to ensure that none of the subjects coughed
duringthe 30-mmobservation.Radioactivitycounts were ac
quired in 30-sec frames over the entire thorax in the posterior
projectionusing a gamma scintillationcamera and a high-energy
collimator. When the subjects inhaled the @â€œ@Tc-DTPAaerosol,
the thyroidareawas monitoredat the end of acquisitionto check
for activity which would be caused by fixationof [@Tc]pertech
netate. No significant increase in activity was found arguing
againstformationof [@â€˜Fc]pertechnetate.

Perihilar regions of the lungs were selected for analysis as
previouslydescribed,focusingon the areaswheredepositionis
predominant(12). Countswere corrected for radionucide decay
and plotted on a semi-logarithmicscale against time from peak
radioactivity until the end of the experiment. The regression line
of thecountswas determinedby the leastsquaremethodduring
the 10-rainperiod following peak activity in the RO!. The clear

FIGUREI. Depositionpatternof 11@ln-DTPAaerosolin both
lungs(A),centralaJrway(B)and tracheal(C)ROls.

ance of labeledDTPAwas the negativeslope of this line, cx
pressed as the percent decline in activity per minute.

Toassessthecontributionof mucociliarytransportto themea
surement of BC-DTPA, we selected a ROl covering the trachea
from the carina to 2â€”5cm below the larynx (Fig. 1). This ROl
includedmostof thetracheaandthefirstcentimetersof themain
bronchi.We measuredthe changein activityof labeledDTPA
over this ROl during the 10-mis of BC-DTPA measurement; this
measurement was made only in nonsmokers because of the po
tentiallydepressingeffect of tobacco smoke on mucociliaryclear
ance(15).Thechangeintrachealactivityis expressedas %/min.

Statistical Analysis
Results are expressed as mean Â±s.d. Functional data and

clearance values were compared using analysis of variance or
paired Student's t-test. A p value < 0.05was considered significant.

RESULTS

Pulmonary function test results for the two groups of
subjects are shown in Table 1. There was no difference in
TLC, VC and FEV1, but FEF@75 was lower in smokers
than in nonsmokers (p < 0.05).

The means and s.d. of the bronchialclearance of @â€˜Fc
DTPA and@ in smokers and nonsmokers are
listed in Table 2. Individualvalues are shown in Figure 2.
There was no significantdifference in the bronchial clear
ances of @9@c-DTPAand@@ smokers corn
pared to nonsmokers. In addition, in both smokers and
nonsmokers, there was no significant difference between
the bronchial clearance of @Tc-DTPAor @3mIn@DTPA.

To assess the contributionof mucociliaiy transport to
DTPA clearance, we measured the tracheal activity of DTPA
in nonsmokers. In one subject, swallowing of radioactive
saliva during activity recording made it impossible to reliably
measure tracheal clearance. As shown in Table 3, activity
over the tracheal region just after inhalation was low. For

@Tc-DTPA,background activitywas 20.0 Â±176 cts/30 sec
and peak activity was 135.1 Â±73.9 ctsI3Osec (n = 7); for
ll3m@jy@@p@,background activity was 16.8 Â±29.4 cts/30 sec
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Nonsmokers
(n=8)Smokers(n=8)@â€œTc-DTPA1.29

Â±0.511.16Â±0.54â€˜1@â€•In-DTPA1
.24 Â±0.511 .01 Â±0.66

@â€˜1c-DTPA
(n=7)11@ln-DTPA(n=8)Ratio

of activityto20.35 Â±23.8010.32Â±11.04beckground
activity(1.94â€”58.13)(2.76-35.91)Change

intracheal0.56 Â±3.11â€”0.50Â±3.62activity
(%/min)(â€”4.01 Â±6.13)(â€”6.42 Â±5.39)Values

in parenthesesare meanÂ±s.d.andrange.

TABLE 2
Means (%/n@n)and Standard Deviationsof the Bronchial

Clearances of Technebum-99m-DTPAand
Indium-ii3m-DTPA in Nonsmokers and Smokers

TABLE 3
Ratio of Activityover Tracheal Region-to-Background Activity

after Inhalation of RadiOlabeled DWA and Change in Tracheal
Activityafter Inhalation of Technetium-99m-DTPA and

lndium-il3m-DTPAin Nonsmokers

and peak activity was 77.8 Â±72.0 cts,30 sec (n = 8). The
changes in activity of@9'c-DTPA and @3mIn@DTPAin non
smokers in the tracheal region are listed in Table 3. The
values are not significantly different from zero.

DISCUSSION

In contrast to the respiratory clearance, smoking does
not increase bronchial clearance of DTPA nor does it in
duce chemical breakdown of @â€œTc-DTPAin the proximal
airways. In addition, we found no increase in tracheal
activity during BC-DTPA measurement, indicating that the
mucociliaiy transport does not significantly affect the mea
surement of BC-DTPA.

To ensure thatwe measured in vivo bronchialclearance
ratherthan respiratoryclearance, we used a spinningdisk
system to generate an aerosol of large particles. Visual
assessment of the aerosol deposition clearly demonstrates
that predominantly central deposition was achieved (12).
Peripheraldeposition of the radiolabel,however, cannot be
totally avoided, and some absorption from the peripheral
regions of the lung inevitably occurred. In their evaluation
of the bronchial clearance of DTPA in stable asthmatics,
Elwood et al (9) estimated that the peripheral deposition
represented almost half of the central deposition. In the
study by Kennedy et al. (10), visual representation of the
aerosol distributionshows that deposition of particles did
not predominatein centralregionsof the lung. Yet, in these
studies, datawere analyzed from the whole lung fields and

FIGURE2. lndMdualvaluesof bronchialcisarancesof Â°Â°@rc
DTPA(fihledsquares)and 11Â°â€•@ln-DTPA(opensquares) innonsmok
emsand smokers. Means are indicated by a bar.

reflect a combination of both the bronchial and the respi
ratory clearance of DTPA. By contrast, to minimize the
contribution of peripheral absorption, we selected as areas
of interest the perihilar regions of the lungs only, which
contain relatively more conducting bronchi and is where
most particles are actually deposited.

Studies in asymptomatic smokers have shown that re
spiratory clearance of DTPA is increased (23), but part of
this increase may be explained by dissociation of the

@Tc-DTPAcomplex with formation of [@TcJpertechne
tate which has a much more rapidclearance. This hypoth
esis was based on the fact that respiratory clearance of

@ in smokers is significantly lower than that of

@â€˜Tc-DTPA(4). Based on the difference between the re
spiratoiy clearances of @Tc-DTPAand@ it
has been estimated that dissociation of @Fc-DTPAmay
account for up to 25% of the increase observed in smokers
(4). A significantcontribution of dissociation of the @â€˜9'c-
DTPA complex, however, was not supported by other stud
ies, in particular urinalyses for [@Tc]pertechnetate (16).
Nevertheless, even though dissociation of @9'c-DTPAis at
most small, the respiratoiy clearance of @3mIn@DTPAprob
ably more acuratelyreflects actual respiratoiyclearance of
DTPA in smokers. Our study did not find evidence that
smoking does increase the bronchial clearance of @9'c-
DTPA, nor did we find a significant difference between the
bronchial clearances of @Fc-DTPAand H3mIn@DTPA.

DTPA can be cleared by transepitheial transfer or muco
cilial)T transport. To date, the contribution of mucocffiaiy
transport to this process has not been conclusively deter
mined. Bennett and Ilowite (8) calculated the rate of @â€˜@â€˜Fc
DTPA transfer across the bronchial epitheium by correcting

@Tc-DTPAbronchial clearance by mucociliary clearance,
measured by the rate of mucociliary transport of @Tc-albu
miii. This correction relies on the unproved assumption that

@Fc-DTPA,a small compound with a molecular weight of
492 daltons, has the same mucociliaiy clearance as human

serum albumin, which has a much larger molecular weight of
66,000 daltons and different physico-chemical properties. In
particular, there is no evidence that albumin and DTPA bind
similarly to mucus. Furthermore, these authors used a poly
disperse aerosol with a MMAD of 2.0 @m,which is likely to
deposit in the peripheral regions of the lungs. Bronchial dep
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osition was enhanced by breathing maneuvers and deliveiy
of the aerosol duringthe last half of inspiration,but periph
cml deposition occurred and the investigators included the
whole rightlung field in theiranalysis. Finally, Bennett and
Howite claimed that they observed labeled DTPA clearing
from the lung into and up the trachea. We did not observe
such a phenomenon oursubjects. If mucociliaiyclearance
played a significant role in the bronchial clearance of DTPA,
we should observe an increase in activity over the tracheal
regionin nonsmokerssince:

1. In normalsubjects, the rate of mucus transportin the
trachea is about 5 mm/mm.

2. In the study by Bennett and Ilowite (8), radioactivity
appeared in the trachea within 15 mm.

3. In our study, just after inhalation of radiolabeled
DTPA, the activity over the trachea was low (which
should improve the detection ofan increase in activity).

We measured the activity over the tracheal region and
found no increase duringthe 10 min after inhalation. This
observation confirms that of Greiff et a!. (17) who directly
deposited @Tc-DTPAin the trachea of anesthetized
guinea pigs and observed no transport of the radiolabel
above the initial level of deposition. Furthermore, smokers
usually have depressed mucodiliaryclearance (15,18), but
we failed to find decreased BC-DTPA clearance in smok
ers. We also used the same technique and found a dramatic
increase in the bronchial clearance of DTPA during acute
attacks of asthma (12), although mucociliaiy clearance in
asthma is not increased (19,20). Although we cannot rule
out the contributionof mucodiiary transportto the clear
ance of DTPA, we found no indicationof its significance,at
least duringthe timeframeof our measurement.

In our sample of young asymptomatic smokers, DTPA
clearance of the proximal portion of the bronchial tree is
likely to be less affected by cigarette smoke than the distal
portion for two reasons. First, the component of tobacco
smoke responsible for the increase in the respiratoryclear
ance of DTPA is contained in the particulate phase rather
than the gas phase (21,22). The particulate phase corn
prises particles from 0.1 to 1 pm MMAD; the less hygro
scopic of these particles are likely to deposit in peripheral
bronchiandterminalrespiratoryunits ratherthanin central
bronchi (23,24) and therefore should not affect BC-DTPA
in smokers. Second, pathological and lung function studies
have shown that smoking-inducedbronchial changes first
appear in the distal bronchi (25,26). The pathological
changes include inflammatory infiltration and epitheial
damage, which in turnmay mediate the effects of cigarette
smoke on the respiratoryclearance of DTPA.

CONCLUSION
This study shows that in vivo bronchial clearance of

DTPA, in contrast to the respiratory clearance of DTPA, is
similar in nonsmokers and asymptomatic smokers. This
differenceillustratesthat the site of aerosol deposition may
be an important determinant in the measurement of the
clearance of aerosolized DTPA in lung diseases.
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