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Distribution of Nebulized Aerosols in

Spontaneously-breathing Puppies
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the alveolar ductules within one hour of exposure.
There was more deposition of dye in the small
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d of d. Mean particle
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MANY STUDIES report the uptake of water
particles in the lung as the difference between
the amount inhaled and the amount ex-
haled.’-® These reports assume all retained
water is distributed within the lung. Recent
human studies with technetium-labeled water
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have questioned whether ultrasonic aerosolsg
reach the gas exchange areas of human lungqm
in significant quantities.? Reports dealing wltl\m
radioactive labeling of technetium more .1ccu—w
rately identify the intrapulmonary retentiong
of water aerosols. These reports express the§
retention as a fraction of the total volume of2
water aerosol generated and imply that the§
greater the retention, the greater the possible3.
benefit to patients with pulmonary disease.3
Wolfsdorfet al.* found that the amount of water &
retained was very small in spontaneously
breathing man and questioned whether sig
nificant water is retained in the lung. This
observation is contrary to findings in an-
imal studies in which spontaneously breath-
ing puppies retained sufficient ultrasonic
saline aerosol to develop severe pulmo-
nary congestion and bronchial pneumonia.®=
Matthews and Doershuk® have questionedg
how the effects of evaporation in a mistg
tent would effect the final size of theQ
particles inhaled, and whether, in turn, this &
would influence retention.
These reports prompted us to study the S
distribution of water aerosols in the lung. We §
have evaluated how the type of nebullzer,\,
(pneumatic~surface tension or ultrasonic), g
output volume of the nebulizer, and length X
of exposure affect the distribution of aerosol- 8
ized water in the lung. Finally, we wzmted§
to know whether the spectrum of water &
particle sizes changed in a mist tent as used ©
clinically.
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Materials and Methods

Twenty-two beagle dogs, 2 months
of age, were studied in three groups. The 12 g
beagles in Group I were divided into three _
experimental subgroups (table 1). Each dog 2
was placed in a 3 x 3 x 3-foot cage enclosed g
in a plastic oxyvgen tent cover (fig. 1). The four

dogs in subgroup A breathed for one hour an §
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F16. 1. Schematic drawing showing A, compressed air and valves
D, corrugated delivery hose; E, plastic enclosed cage; F, Andersen 6 stage impactor column: G, flowme!
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B, nebulizer: C, reservoir of dyed

&
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H, source of vacuum; 1, sampling point for particles directly from nebulizer; J, sampling point rmnE
mid-tent; K, thermometer. =
5

&

TasLE 1. Studies of the Intrapulmonary Distribution g

of Nebulized Dyes in 22 Beagle Puppies N

)

Number IS4

of Exposure 8

Aninuls (Hours) Dye Nebulicer S

=1

Group | S
A 4 1 Fluorescein Pneumatic -

B 4 1 Fluorescein Ultrasonic #83

C 4 1 Fluorescein Ultrasonic #&

3

Group 1 S
A 4 Fluorescein Pneumatic &

B 3 4 Fluorescein Ultrusonic #$

=

Group II1 °
A 2 1 Rhodamine-6 G Pneumatic S

B 2 1 Rhodamine-6 G Ultrasonic #&

<

aerosol of distilled water containing fluores-
cein dve (1.5 per cent) produced by a
pneumatic nebulizer.** The aerosol was
delivered through the top of the tent via a

SN

corrugated tube 60 cm long, L.D. 4 cm. Theo
four dogs in subgroup B breathed for onel
hour fluorescein dyve (1.5 per cent) :1emsnljo>

produced by an ultrsonic nebulizertt at an3,

** Hvdrosphere, Owens-Illinois, Inc., Toledo,
Ohio.

N
}# Ultrasonic Model 35, Devilbiss, Co., Somerset,Q
Pennsyivania. -
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FI16. 2. Photographs of dog lung after spontaneous breathing of fluorescent dyes, taken under2
ultraviolet (A and B) and mercury (C and D) light. A (above, left), cut surface after one-hour exposure
to 1.5 per cent fluorescein aerosol produced by 2 pneumatic nebulizer; B (above, right), pleural surface S
after four-hour exposure to 1.5 per cent fluorescein wist produced by an ultrasonic nebulizer at a power g

setting of 9. Facing page: C (above), and D (below), terminal bronchlole and alveolar ductules nﬁer'\‘

Tl

produced by an ult ata power“

one-hour exposure to rhodamine-6 G (1.5 per cent)
setting of 9 (330x).

—_—

output power setting of 3, and delivered
through a 60-cm long corrugated tube, 2.5 cm
L.D. A power setting of 3 was selected because
at this setting the ultrasonic and pneumatic
nebulizers have roughly equivalent water
density-per-volume outputs (44 mg/m3).7 The
dogs in subgroup C breathed for one hour an
aerosol produced by the ultrasonic nebulizer
at a power setting of 9 (maximum output).

In Group II, six beagles were exposed to
fluorescein dye (1.5 per cent) aerosol for four
hours, three via the pneumatic nebulizer and
three via the ultrasonic nebulizer at an output
setting of 9.

In Group I11, four beagles breathed for one
hour an aerosol of thodamine-6 G dye (1.5 per
cent), rather than fluorescein dye. The aerosol
was generated by the pneumatic nebulizer for

>

two of these dogs, and by the ultmsomc_\
nebulizer at a power setting of 9 for the other\l
two. The temperature within the tent was2®
recorded throughout every experiment. S
At the conclusion of each exposure, puppies 2
were sacrificed with intravenous injection ofo
sodium thiopental and potassium chloride, =
and the skin was removed to eliminate the&
major portion of the “rained out”™ fluorescenty
dye. Each animal’s airway, from the extemalua
nares and mouth to the small bronchml"’
branches, was dissected carefully with sepa—”
rate instruments to minimize the possibility of >,
spreading fluorescent dye from one area to2
another. The lung was also cut in serial sec-8
tions to study the more distal areas. TheN
deposition pattern of fluorescein dye was doc-9
umented by photography under ultraviolet
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light. The heart, esophagus, and all intra-
abdominal organs were similarly examined
under ultraviolet light for fluorescence.

Frozen sections were taken from the periph-
ery of the lungs of the beagles exposed to
rhodamine-6 G dve. These were fixed in acetic
acid and mounted with glycerol. The sections
were examined with a Leitz microscope with
Phlome illumination, using a mercury light
and appropriate filtration.

Samples of the rhodamine-6 G aerosols
were collected from the end of the corrugated
tubing and from the mid-point in the tent with
each nebulizer. These samples were run
through an Andersen six-stage impactor col-
umn at a flow of 1 cubic foot/min (fig. 1).* The
aerosols were impacted onto 100-mm plastic
petri dishes, from which they were eluted with
100 ml of distilled water. The dve from each
stage was analyzed in a fluorescent spectro-
fluorometer.i] The results from each stage
were expressed as a percentage of the total of
all stages and were plotted as accumulative
percentage on a probability scale such that the
50 per cent line represents the mass median.

Results

At necropsy, brilliant fluorescence was seen
in the nasopharvnx, trachea, mainstem
bronchi, and esophagus of every dog, and in
the stomach of all but one dog. No other intra-
abdominal organ examined showed fluores-
cence except the gallbladder. Fluorescent
spots, 1-3 mm in diameter, were visible on
the pleural surface of the lungs in all but one
dog exposed to fluorescein dye via the pneu-
matic nebulizer for one hour (Group 1A). On
the cut surface of the lung small airways
fluoresced brilliantly (fig. 24). After four hours
of exposure there was more deposition of
fluorescein dve visible in the mainstem
bronchus and on the pleural surface, but the
amount visible in the smaller airways was
similar to that which was present after the
1-hour exposure.

The dogs exposed for 1 hour to the fluores-
cein aerosol from the ultrasonic nebulizer had
diffuse areas of dull fluorescence on the
pleural surfaces of the lungs, especially at the

11 Spectrofiuorometer Model MTF-24, Perkin EI-
mer, Norwalk, Connecticut.
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edges of the lobe. There were no prominent
discrete fluorescent spots on the pleural sur-&
face as was seen in Group IA, but the cuti
surfaces of the lungs were similar in the twog
groups. The lungs of the dogs exposed tog
aerosol from the ultrasonic nebulizer at az
power setting of 9 for one hour (Group 10)3
were indistinguishable from those of the one-Z
hour pneumatic-nebulizer group. After breath-2
ing of fluorescein aerosol from the ultrasonic
nebulizer set at 9 for four hours, there were
increased amounts of dyve in the mainstem
bronchus and the small airways (fig. 2B).8
Again, there were large areas of fluorescenceg
on the pleural surfaces, as well as an increase
in the number of discrete brilliant fluorescentS
spots. Grossly, we interpreted the quantity ofg
fuorescent material to be slightly greater with
the ultrasonic nebulizer than with the pneu-ri;
matic nebulizer after four hours, although theg
distribution patterns were similar. 53

The gross fluorescent pattern of the lungs of2
the dogs that breathed rhodamine-6 G dyeg_
aerosol was similar to those of the Auores-o
cein Groups IA and IC. On frozen section,‘céL
fluorescence indicative of rhodamine-6 G dveR
was present in the terminal bronchioles andz
alveolar ductules of the lungs in both groupsg
(fig. 2,C and D). 2

The temperature in the tents remained®
constant (22 C) throughout the expen'menls&
regardless of the nebulizer used. The masss
median diameter of the aerosol containing>
rhodamine-6 G dye decreased in size as ilcE
moved from the nebulizer output hose to mid#®
tent. The mean diameter of the purtic]es@‘
changed from 2.8u at the exit hose of theX
ultrasonic nebulizer to 1.8z in mid-ten
(fig. 3), whereas the mass median particle size>
from the pneumatic nebulizer decreased fronS
3u at the exit hose to 1.3p in the tent. 'I'he%
percentage of particles 0.5¢ or less in sizes
increased from 5.5 per cent at the exit of theZ
pneumatic nebulizer to 20 per cent wheir
sampled at mid-tent, versus a change from 0.
per cent to 0.8 per cent with the ultrasonid
nebulizer. Approximately 14 per cent of thé
particles directly from both nebulizers wer&s
10g or larger in diameter, whereas only 4 peg
cent were that large in the tent (fig. 3). The shif%
in particle sizes from the output hose to midg
tent for each nebulizer was significant at alP
points (P < 0.001).
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Discussion

In the present study we have demonstrated
in spontaneously-breathing dogs that liquid
aerosols are distributed throughout the con-
ducting airways and into the gas exchange
area at the level of the alveolar ductules. We
also have documented that there is a shift from
larger to smaller aerosol particles within a mist
tent. The intensity of fHuorescence and,
therefore, the quantity of water delivered to
the lung increased with increased exposure
time. The greatest deposition in the periphery
of the lung was seen in the dogs exposed to
ultrasonic aerosol at high output for four
hours. When the two nebulizers were studied
at comparable water outputs, however, more
peripheral fluorescence was visible with the
pneumatic nebulizer than with the ultrasonic
nebulizer at a setting of 3. Since the mass
median diameter of particles from the pneu-
matic nebulizer was smaller (1.3x) than that
of particles from the ultrasonic nebulizer
(1.8p1), deeper penetration and greater reten-
tion may have resulted. The ultrasonic nebu-
lizer at a setting of 9 produces more than twice

T —
10 20

MICRONS

the water density per volume of gas than either
the pneumatic nebulizer or the ultrusonic
nebulizer at a power setting of 3 at 37 C.7 This
greater volume explains the increased deposi-
tion at this power setting over that produced
by the pneumatic nebulizer at four hours.
These findings suggest that particle size,
quantity of nebulizer water output, and dura-
tion of exposure influence the distribution and
retention of aerosolized liquids.

We believe that the decrease in particle
sizes within the mist tent is due to evaporation
of the particles as they humidify entrained air
and not due to the larger particles mining out,
since the method of sampling would catch all
particles passing the tube in any given period.
The fact that supplemental air is delivered
into the mist tent during clinical use is
important to consider in any aerosol study.
Whereas our study permitted entrainment of
ambient air, techniques using radioactive sub-
stances frequently require a closed system to
prevent atmospheric contamination and.
therefore, the particles studied may actually
be larger than would occur with the same
nebulizer in clinical use.
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The dogs used in this study were all con-
sidered normal on physical examination. We
did not find any preponderance of distribu-
tion of liquids to dependent parts of the lungs.
Since our dogs were not anesthetized, they
were free to move within the tent during the
exposure period. Constant observation of the
dogs within the mist tent was attempted, but
good visualization was notalways possible due
to the opacity of the dye aerosol. Since the
temperature within the tent remained constant
at room temperature (22 C), we did not abserve
panting during the exposure period. Had
panting occurred, it would have resulted in
a more proximal distribution of aerosols than
we found. We would also expect that distribu-
tion of aerosol in diseased lungs would be
different, in that the aerosol could not pene-
trate distal to areas of small-airway occlusion.

Fluorescein dye was chosen for this experi-
ment as a continuation of previous work done
by Modell et al.® Once we documented that
fluorescent material reached the smaller air-
ways, we elected to see whether it could be
found in the alveolar ductules. Background
fluorescence of tissue in histologic sections
negated the possibility of using fluorescein in
that part of the experiment. Rhodamine-6 G
dye was chosen since there is no tissue
fuorescence in its light range. By studying
the distribution of particles within the mist
tent with rhodamine-6 G aerosols we could
correlate the results with our findings on
histologic section. The dog lung terminal
bronchiolus does not terminate in an acinus
but continues as a long alveolated ductule
which is a gas exchange area.® Since
Auorescence was seen in the ductule, we
confirmed that aerosols do reach this level.

It was not the purpose of this study to
quantitate the retention-to-delivery ratio of
aerosols or the pathologic changes that might
occur due to prolonged exposure to aerosols.
The studies which found a small percentage
of labeled aerosol retazined in the lungs
compared with that delivered imply an inef-
fective delivery system, whereas the water
retained, even though small in amount
compzred with that delivered, may produce
the desired result. Previous studies in our
laboratory in unanesthetized animals have
shown that chronic exposure to ultrasonic

CALDERWOOD ET AL.
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aerosols can have deleterious effects® Fur-
themore, in intubated subjects, both human
and animal, these effects can be accel-§
erated "1 3
We have shown that aerosols are depositedg
throughout the airway and into the alveolary”
ductules within one hour in sufficient \'olumei
to cause brilliant visible fluorescence. Tlleg
quantity of aerosol, particle size, and lengthz
of exposure all influence the quantity of aerofﬁ.’
sol deposited. All these factors should be takeng
into consideration when mist-tent therapy i
considered in the treatment of patients withe,
pulmonary disease. 3
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