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Recent bacteriologic studies have shown that
the bronchial secretions of human beings are
usually sterile in the absence of evident broncho-
pulmonary disease (1-3). However, bacterial
contamination of the bronchi by inspired air, and
perhaps by upper respiratory tract secretions, can
be considered to be a common occurrence. For
example, when radiopaque media are instilled
into the pharynges of sleeping individuals, radi-
opacity can often be detected in the lungs after-
ward (4). Thus, the absence of bacteria in the
bronchi suggests that potent antibacterial mecha-
nisms are continuously operative (3).

The capacity of bronchopulmonary tissue to dis-
pose of foreign materials, including bacteria, has
been recognized for many years. Stillman (5)
and Hamburger and Robertson (6) observed that
pneumococci disappeared from the peripheral por-
tions of the lungs of mice and dogs within a few
hours after sprays of pneumococci had been in-
stilled. On the other hand, oropharyngeal com-
mensals and potential respiratory pathogens can
be isolated from the bronchial secretions of pa-
tients with chronic bronchitis during relatively
quiescent periods in their disease, i.e., in the ab-
sence of increased symptomatology and signs of
infection (3). The bacteria that are found in
such secretions are usually present in numbers
exceeding 106 colonies per milliliter of secretions
(3). Such a finding implies impairment of the
antibacterial mechanisms of the respiratory tract
in chronic bronchitis and indicates the need for
further study of the mechanisms by which the

* Submitted for publication October 17, 1963; accepted
December 19, 1963.
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New York Tuberculosis and Health Association.

bronchopulmonary system retains its sterility.
Presumably, insight into such mechanisms would
provide a basis for understanding better the
pathogenesis of chronic bronchopulmonary in-
fection.

The present study was designed to investigate
the quantitative implantation and clearance of
aerosolized bacteria in the lungs of small animals.
Many early experiments with airborne contagion
employed coarse sprays and systems that were
difficult to quantitate. Precise aerosol-exposure
systems were introduced by Wells, who demon-
strated that droplet nuclei play a key role in the
aerial transmission of disease (7, 8). Bacteria
in minute-dried residues of evaporated droplets
live suspended in air for hours, and in this state
they are inhaled and deposited in pulmonary tis-
sue., Aerosol devices were further developed in
large-scale cloud chamber studies (9). Lurie,
Heppleston, Abramson, and Swartz (10) and
Middlebrook (11) also adapted these techniques
to the experimental production of pulmonary
tuberculosis. Most of the experimental equip-
ment for such studies is complex and costly.
This report describes an inexpensive, compact
aerosol exposure system that offers a relatively
simple method for the deposition of predictable
numbers of bacteria in the lungs of small animals
and the quantitative study of the clearance of
bacteria from the respiratory tract.

Methods
The exposure apparatus is illustrated in Figure 1.

An aerosol is generated by a nebulizer which contains
bacteria in a liquid suspension. The aerosol is then
drawn into a large air volume in which the liquid par-
ticles are rapidly dried and carried to the experimental
animals. The effluent is discarded after being passed
through bacterial filters.
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FIG. 1. AEROSOLEXPOSUREAPPARATUS.

Aerosol-genera ting apparatus

Compressed air, flowing at the rate of 6 L per minute,
is passed through a De Vilbiss 40 nebulizer 1 which con-

tains a liquid suspension of bacteria. This process pro-

duces a cloud of small liquid droplets 85% of which
have a particle diameter of 3.3 ja or less (12). Flow
is measured with a calibrated rotameter, and the rate is
controlled by a screw clamp located between the compres-

sor and rotameter. A glass-wool filter (no. 800 Pyrex
laboratory glass wool) is placed in the line upstream from
the rotameter to remove dust and lubricants from the
air. The outlet of the nebulizer is directed into the open

end of a hollow plexiglas tube. This cylinder is the
mixing chamber in which the bacterial cloud from the
nebulizer is mixed with a larger volume of air. The
secondary air enters the mixing chamber around the noz-

zle of the nebulizer, and it dilutes and dries the spray.

A blower located at the downstream end of the appara-

tus maintains the secondary airflow at 5 cubic feet per
minute. At the center of the mixing chamber, a circu-
lar metal disc is suspended perpendicularly to the stream.
This baffle removes the large droplets and provides more

uniform mixing of the bacteria in the air., The stream
of finely divided aerosolized particles passes through the
space between the metal baffle and the inner surface of
the mixing tube.

Exposure chamber

The chamber is a large plexiglass cylinder whose
transparency makes it convenient to observe the test
animals during a run. It is equipped with removable ends

1 The De Vilbiss Co., Somerset, Pa.

and a small port for air sampling. A perforated plastic
rack with a receptacle for mouse droppings fits into the
cylinder.

Filter and evacuation system

Two bacterial filters 2 are placed in series downstream
from the exposure chamber on the negative pressure side
of the blower. The blower is capable of delivering 75
cubic feet of air per minute against a resistance of 30
inches of water. Airflow is regulated by mechanical
dampers and measured by an orifice meter. The effluent
is vented to the outside through a pipe extending 12 feet
above the highest point of the building.

Safety precautions
Care must be taken to protect the workers and the

general community from bacterial aerosols. The ap-

paratus is installed in a well-ventilated room, and traffic
into and out of the room is kept at a minimum. The
apparatus is operated only by individuals who have
familiarized themselves completely with the equipment
and procedures. Surgical gown, cap, and gloves are worn

as a safeguard against contact infection. Before the
removal of animals from the exposure chamber, the
operators don full face masks equipped with bacterial
filters.3 The entire apparatus is kept under negative pres-

sure when in operation to prevent the escape of infected
air. Whenever the exposure chamber is opened, the
flow is increased by valves to produce a minimal velocity
of 75 cubic feet per minute of air through the opening.

2 6C10-A-N2Na, Flanders Filter, Inc., Riverhead, N. Y.
3 Mine Safety Appliances Co., Pittsburgh, Pa.
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The bacterial penetration through a single filter of the
type used is reported to be less than 1 per 100 million
organisms at the filtration velocity employed (13).
Two filters in series provide an additional safety factor.
A U-tube manometer is mounted across the first filter
to measure a potential change in pressure that would in-
dicate failure of the filter by rupture or occlusion. No
change in filter resistance was noted during the course
of the present experiments.

Since a failure of the blower while the aerosol gen-
erator is in operation might result in the escape of or-
ganisms into the laboratory, a safety valve is installed in
the compressed air line to the nebulizer. The solenoid
valve is activated by a pressure switch connected to a
pressure tap located upstream from the main system.
The valve is normally open when flow through the expo-
sure chamber is adequate. However, when the secondary
airflow decreases, the valve closes and diverts the air from
the upstream compressor away from the nebulizer. As
a further precaution all joints between sections of the
test apparatus are reinforced with rubber tubing and
sealed with hose clamps or electrical tape. Ultraviolet
lights are installed in the laboratory to disinfect the
room air. If pathogenic bacteria are being aerosolized,
the aerosol-generating apparatus and exposure chamber
may be housed in a gloved box made of plexiglass.

Preparation of bacterial stuspensionl
The organism used was a coagulase-positive strain of

Staphylococcuts autreus (FDA 209P, type 42D). White
Swiss mice weighing 20 to 25 g were exposed to aero-
sols of this organism, and the numbers of bacteria in
the nebulizer suspensions, exposure chamber air, and
lungs of the animals were determined. By reference to
the growth curve for this strain of bacteria, it was pos-
sible to decide on a procedure that would insure a repro-
ducible concentration of bacteria in the suspension for
the nebulizer. A loopful of bacteria from an agar slant
was inoculated into 100 ml of nutrient broth. The broth
was incubated for 12 hours at 370 C in an agitated wa-
ter bath. A loopful of the broth culture was then in-
oculated into a second flask of broth, and the 12-hour
growth in the second flask was used to prepare the neb-
ulized suspension. A few experiments were done with
broth dilutions of the bacteria, but most experiments
were carried out with suspensions of staphylococci in 0.1
M potassium phosphate buffer (pH 7.3). Twenty-ml
vol of broth cultures containing 1-2 X 109 staphylococci
per ml were centrifuged at 6,000 rpm for 20 minutes in
an anglehead centrifuge. The supernatant liquid was
poured off, and the sedimented bacteria were washed
with 10 ml of buffer. The bacteria were then resus-
pended in appropriate amounts of buffer, and 6 ml of
the buffered suspension of bacteria was placed in the
reservoir of the nebulizer.

General operation and experiments
When mice are exposed to rapid air currents, they

have a tendency to huddle and cover their external nares.
To circumvent this, each mouse was placed in a small

rubber mesh envelope. The borders of the mesh were
stapled together, and care was taken to make the en-
velopes large enough so that respirations were not re-
stricted. At the end of each run the stapled borders
could be easily pulled apart, and the mice removed
quickly. The mice were placed in the mesh envelopes 1
hour before each run. After 45 minutes they were placed
in the exposure chamber, and the air blower was turned
on. Fifteen minutes later the nebulizer was started,
and the flow rates into the neubulizer and through the
chamber were adjusted. The exposure period for most
runs was 30 minutes. At the end of this time, the nebu-
lizer was turned off, and the flow through the main
system was increased to 15 cubic feet per minute. A
period of 10 seconds was allowed to elapse to effect one
complete change of air in the parts upstream from the
exposure chamber; then the upstream end of the ex-
posure chamber was opened, and the mice were removed.
The high flow rate was maintained for 10 minutes longer
to clear the apparatus and to prepare it for another run.

Immediately after the mice were removed, they were
killed by clamping the tracheae externally with hemo-
stats. This method was used to prevent agonal aspiration
of pharyngeal contents. The animals were then im-
mersed in a 1: 1,000 solution of aqueous benzalkonium
chloride for 10 minutes to decontaminate their coats.
The lungs were removed aseptically and homogenized in
high speed glass homogenizers containing samples of
nutrient broth. The tissues that were homogenized
included the lungs and all intrapulmonary bronchi; the
trachea and proximal portions of the main stem bronchi
were excluded. Pour plates of nutrient agar were made
with dilutions of the bacterial suspensions and of the
homogenates. These were incubated at 37° C for 24
hours, and the colonies were counted in the usual man-
ner. Bacterial retention (and clearance) was determined
by counting the numbers of bacteria in the lungs of mice
sacrificed at 1-, 2-, 3-, 4-, 6-, 8-, 10-, 12-, and 24-hour
intervals after exposure.

The bacterial content of exposure chamber air was de-
termined by collecting multiple air samples at the rate
of 0.1 cubic feet per minute in midget samplers,4 con-
taining 10 ml of phosphate buffer and 2 drops of sodium
alginate (14). Colony counts were performed on the
samples of air obtained in this manner.

Histologic sections were made of the lungs of mice
at the designated times after exposure to bacterial aero-
sols. The lungs were fixed in buffered formalin and
stained by standard methods.

Definition of terms

Nebulizer concentration. The number of bacteria per
milliliter of diluent in the nebulizer before nebulization.

Loading concentration. The calculated number of bac-
teria per cubic foot of air aerosolized from the nebulizer
suspension. It is determined on the basis of the volume
of nebulizer fluid used during the exposure period, di-
luted with 5.5 cubic feet of air per minute.

4 Mine Safety Appliances Co., Pittsburgh, Pa.
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TABLE I

The influence of suspending medium and of bacterial concentration in the nebulizer
on concentration of staphylococci in chamber air

Chamber air concentration

Measured Calculated
Suspension Staphylococci/ml Staphylococci/ Staphylococci/ MeasuredX0

media in nebulizer* cubic ft. cubic ft. Calculated

no. no. Ito. %
Buffer 1.6 X 107 1.3 X 105 4.0 X 105 33

1.6 X 108 1.5 X 106 4.0 X 106 38
1.6 X 109 2.0 X 107 4.0 X 107 50

Broth 4.6 X 106 9.5 X 103
2.2 X 107 2.4 X 104
4.3 X 107 8.6 X 103
4.3 X 101 4.3 X 103

* In this and in subsequent tables, numbers of staphylococci will refer to numbers of colonies counted.

Exposure chamber aerosol concentration. The number
of bacteria per cubic foot of exposure chamber air.
This is derived from the numbers of bacteria collected
in the fluid of the air samplers and corrected for the
volume of air sampled.

Inttaled numiber. The calculated number of bacteria
inhaled by each mouse. This is determined by the formula

Ce.c. X M.R.V. X tCc.3XM1R03.Xt = inhaled number of bacteria,
28.3 X 10'1

where Ce.c. = bacteria per cubic foot exposure chamber
air, M.R.V. = minute respiratory volume of mouse (28
ml per minute), calculated on the basis of the average

Nos. of Stophylococci/mL. Buffer in Nebulizer:
* /.6x/07

1I0 O I.6x/08
a I.6x /09

t$4

107

06~~~~~~~~~~~~

b5(

.R. . *I

IC)04 _

1 5 10 15 20 25 30
TIME IN MINUTES

FIG. 2. NUMBERSOF STAPHYLOCOCCI PER CUBIC FOOT

EXPOSURECHAMBERAIR (AEROSOL) GENERATEDOVER A

30-MINUTE PERIOD FROM THREE DIFFERENT CONCENTRA-

TIONS OF BUFFER-SUSPENDEDSTAPHYLOCOCCI.

minute respiratory volume for 20-g mice (15), t = ex-
posure time in minutes, and 28.3 refers to 28.3 L = 1
cubic foot.

The bacterial content of lungs and intrapulmonary
bronchi was measured as the number of colonies of
viable bacteria in the lungs at the end of the exposure
period. It represents the total number deposited in the
lungs minus the unknown number of deposited organisms
that were killed or cleared during the exposure period.
An additional number of bacteria, present in the smallest
aerosol particles, can be presumed to have been inspired
and expired again without deposition.

Results

Aerosol studies. The suspension of staphylo-
cocci in buffer was superior to that in broth for
purposes of the present studies. In the buffer,
the concentration of staphylococci remained con-
stant to within 1.0% over a 2-hour period at
room temperature. During aerosolization there
was a maximal increase of 0.5 %o in bacterial
numbers in the buffer suspension that remained in
the nebulizer reservoir. The concentration of
staphylococci in broth was more variable, and
bacterial multiplication was often observed.
Foaming was barely visible in the buffer solution,
but was obviously substantial with broth. During
30 minutes of nebulization a mean volume of 3.8
ml + 0.02 ml of buffer suspension was used
(range, 3.0 to 4.3 ml). The broth mixture went
through much more rapidly, so that it was usually
necessary to refill the reservoir of the nebulizer
after 15 minutes. The concentration of bacteria
in aerosols generated from buffer mixtures was
higher than in those produced from broth suspen-
sions (Table I). The losses in bacterial viability
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due to aerosolization were relatively small. At 1
X 109 bacteria per ml of buffer suspension the
concentration of bacteria in the aerosol (loading
concentration) was 50% of the calculated value.
At 1 x 108 bacteria per ml in the nebulizer the
loading concentration was 38% of the calculated
value, and similarly at 1 x 107 the concentration
of bacteria in the aerosol was 33% of the maxi-
mal possible value.

Samples of buffered aerosols were taken at dif-
ferent times from the exposure chamber air over

a 30-minute period, and the results are shown
in Figure 2. The maximal concentration of aero-

sol in the air is reached almost immediately, and
the levels are then maintained. A linear rela-
tionship between numbers of staphylococci in the
buffer and the numbers in the air of the exposure

chamber is seen.

Bacterial deposition and retention. During ex-

posure periods the respiratory rates of the mice
vary between 150 and 250 per minute. A com-

parison between the numbers of staphylococci

107[ ;6

10~~~~~~~

CI I0

105

144

'I e .- , , ,

K)6 107 108
NUMBERSOFSTAPHYLOCOCCI/C.F GENERATEDSPRAY

(Loading Concentration)
I lI

107 108 log 1010

NUMBERSOF STAPHYLOCOCCI/ ML. BUFFER SUSPENSION

FIG. 3. RELATIONSHIP OF THE NUMBERSOF STAPHYLO-

COCCI IN BUFFER SUSPENSIONS, THE CALCULATEDNUMBERS
OF STAPHYLOCOCCI IN THE GENERATEDSPRAY, AND THE

NUMBERSOF STAPHYLOCOCCI IN THE CHAMBERAFTER 30
MINUTES OF NEBULIZATION.

'4 /

A '.00/0 (8)-85
MIan I S.E.

105 6 107 lol
NUMBERSOF STAPHYLOCOCCI/ C.E OF EXPOSURECHAMBERAIR

(Chamber Air Concentration)
I I I I

06 107 Oea 109 100
B) NUMBERSOF STAPHYLOCOCCI/ML. BUFFERSUSPENSION

(Nebulizer Concentration)

FIG. 4. RELATIONSHIP OF THE NUMBERSOF STAPHYLO-
COCCI PER MILLILITER OF BUFFER SUSPENSION (NEBULIZER
CONCENTRATION), THE NUMBERSOF STAPHYLOCOCCIPER
CUBIC FOOT OF EXPOSURECHAMBERAIR (AEROSOL), AND
THE NUMBERSOF STAPHYLOCOCCIRETAINED IN THE LUNGS
OF MICE (RETENTION NUMBER) IMMEDIATELY AFTER 30
MrINUTES OF EXPOSURE.

found in the lungs of mice at the upstream and
downstream ends of the exposure chamber showed
no consistent pattern of difference. However,
wide differences and smaller numbers of organ-
isms in the lungs were found in animals in the
lower tier in the preliminary experiments in which
the animals were stacked in the exposure chamber.
The variability was probably due to the poorer
circulation of air in the crowded areas.

The numbers of staphylococci found in the
lungs of mice killed after 30 minutes of exposure
to aerosols generated from various concentrations
of bacteria in the nebulizer are shown in Figure 3.
A linear relationship exists between the log num-
bers of bacteria in the nebulizer and the log
numbers of staphylococci in the chamber, for
nebulizer concentrations of 3 X 106 to 2 X 109
bacteria per ml. In other studies, mice exposed
to buffer-generated aerosols had consistently more
bacteria in their lungs than those exposed to broth-
generated clouds containing similar numbers of
organisms. Figure 4 shows the relationship of
staphylococcal numbers in the nebulizer to the
numbers in the exposure chamber air and in the
murine lungs. Thus, the numbers of bacteria in
the nebulizer, the aerosol, and the lungs are di-
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FIG. 5. RELATIONSHIP BETWEEN THE NUMBERS OF

STAPHYLOCOCCI RETAINED IN LUNGS OF MICE AND THE

NUMBERSOF STAPHYLOCOCCI INHALED (CALCULATED) AT

VARIOUS TIME INTERVALS DURING 30 MINUTES OF EXPOSURE
TO AN AEROSOL GENERATEDFROM A BUFFER SUSPENSION
(NEBULIZER) OF 2.0 X 10' STAPHYLOCOCCIPER MILLILITER.

rectly related to one another; the bacterial con-

centrations in the air and in the lungs rise in linear
fashion in response to increasing concentrations
of bacteria in the nebulizer.

The numbers of staphylococci in the lungs of
the mice were determined at different time inter-
vals during a 30-minute exposure to buffer-
generated aerosols, and the results are shown in
Figure 5. There is a constant rate of increase in
the numbers of bacteria in lungs during the ex-

posure period, but the numbers of bacteria found
after 30 minutes are less variable than the num-

bers after shorter exposure periods. The num-
bers of staphylococci inhaled by the mice during
the exposure period can be calculated, and from
this the percentage of bacteria retained at the end
of 30 minutes of exposure can be derived (Table
II). The percentage of inhaled bacteria found
in mouse lungs is relatively low: 10% at an air
concentration of 2.0 x 107 staphylococci per cubic
foot, and 36% at a concentration of 1.3 x 105
staphylococci per cubic foot of air. Although the
latter figure is not corrected for the amount of
bacterial killing that must have occurred during
the 30-minute exposure time, at the higher con-
centrations of organisms the efficiency of deposi-
tion is somewhat impaired.

The numbers of viable bacteria remaining in
the lungs of mice were studied at intervals follow-
ing the 30-minute exposure period, and the data
are given in Tables III and IV. The numbers of
bacteria retained in the lungs are expressed as
the proportion of the numbers found immediately
after exposure in animals exposed simultaneously.
Figure 6 shows the clearance curve constructed
from these data. Within 1 hour after the termina-
tion of exposure to the aerosol, the lungs were
cleared of 43%o of the bacteria that were present
at the end of the exposure period. After 2 hours,
68%o of the bacteria were cleared; at 3 hours,
82%; and at 6 hours, 95% of the bacteria were
cleared from the lungs of mice.

Routine histologic sections of the lungs after
30 minutes of exposure and at hourly intervals
thereafter showed no evidence of pneumonia.
The staphylococci could not be identified in ordi-
nary histologic preparations. The only signifi-
cant morphologic changes that were noted con-
sisted of focal areas of increased septal cellularity
composed largely of polymorphonuclear leuko-
cytes. The presence or degree of this finding
could not be correlated with the length of time fol-

TABLE II

Relationship of staphylococcal concentrations in nebulizer buffer to numbers found in exposure chamber air,
numbers inhaled, and numbers in lungs after 30 minutes' exposure time

Nebulizer Chamber air Staphylococci Staphylococci
concentration concentration inhaled counted in lung No. in lung

Staphylococci/ml Staphylococci/cubic ft. (estimated) No. inhaled X100

no. no. no. no. %
1.6 X 107 1.3 X 105 3.9 X 103 1.4 X 103 36
1.6 X 108 1.5 X 106 4.5 X 104 8.6 X 103 19
1.6 X 109 2.0 X 107 5.9 X 105 5.6 X 104 10
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lowing exposure or the numbers of bacteria
retained.

Statistical considerations. The model in analy-
sis of the data on bacterial clearance assumes a

constant rate (v) of inhalation of bacteria during
the exposure of the mouse to the bacterial aerosol.
A constant death rate (u) per bacterium present
in the lung per hour is also assumed. From this
the mean number of bacteria (in0) retained im-
mediately after exposure should be:

mO= V (1 - e-ui)
U

where i is the duration of exposure. At time (t)
after exposure, the mean number of bacteria (mt)
retained should be:

V

Mt = - (1 - e-ui)e-ut.
U

According to the model, the variance of each
number of bacteria is equal to the mean number of
bacteria. However, heterogeneity of the animals
implies larger variances than the model would
predict. This allows an estimation of variance
for v and u.

Thus, for example, from the counts of bacteria,
the mean and its standard error are computed
(Table IV):

Time

0

1
0

1
0

1

Mean
mo= 10,300
mt = 5,150
MO= 38,438
mt = 24,214
mo = 61,250
mt = 35,000

Standard error

SO= 1,634
st = 1,015
so= 7,669
st = 2,797
so = 6,471
se = 4,714

The proportion of bacteria remaining at time (t)
= Pt = mt/mo. The proportion of bacteria cleared

is 1-pt. The variance of each Pt is Vt = (St/mO) 2

+ Pt (sO/mO) 2, approximately. Therefore:

Pi V Pip-Pi (P l-pl)2
50.0% 160.0(%)2 -6.7%G 44.8%2
63.0% 21 1.0(%/0)2 +6.3% 397%2

57.1 %c 95.6(Co)2 +0.4%cc 0.2 %2

pi = 170.1% vi =466.6(%)C2 p-pl)2 =84.7'C2
pi= 56.7%o fl = 155.5 (%)2
r = no. of runs, 3 in this case. (Ir - 1) (Ps - pl)2
= 42.3%2.

The "within variance" listed in Table IV is
Vt (the average of the vt) : the variances of
the proportions. Therefore, vt measures the

TABLE III

The numbers of viable staphylococci remaining in murine
lungs at various times after exposure to aerosols of bacteria

Time
after

exposure

hrs

0

1
3

0

1
6

0

1
6

0

2
4

0

2
4

0

2
4

0

3
5

0

3
5

0

5
8

0

6
8

0

10
24

0

10
12

0

12
24

0

6

0

24

5
10

7

8
7

10

6
10
10

7
10

8

6
8

10

6
9

10

7
10

8

6
9

10

5
7

10

5
15

5

10
5

10

9
10

5

8
10

5

12
10

10
9

variation among

at a given time.

10,300
5,150
1,614

38,438
24,214

2,150

61,250
35,000

4,000

10,143
3,100
1,219

24,250
9,781
2,425

57,500
15,150

8,250

28,214
5,025
2,737

54,167
11,100

3,875

19,900
1,393

760

47,000
1,567
2,320

25,650
600
740

47,778
2,100

780

35,344
1,560

710

24,292
1,170

16,083
131

±47
4±

±4

±4-
4±

±4

4±

4-

4±

4±

4±

±4

4±

4±

4±

4±

4±

4+
4±
4±

±4

±4

±4
4±

±4

4±
±4

4±
4±

4±
±4

4±

4±
4±

±4
4±

4±
-4

1,634
1,015

182

7,669
2,797

901

6,471
4,714
1,041

2,406
648
404

3,283
795
460

6,124
2,450
2,781

4,009
478
311

7,528
3,172

648

2,535
230
461

4,472
553
383

2,954
320
406

5,369
941
496

5,367
745
295

5,421
539

3,412
115

the animals on a given run

For example: 160% 2 is the
variance of the proportion cleared due to variation
among the animals run at times 0 to 1. The

Staphylococci in lungs

No. of Mean
mice no. 4 SE
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TABLE IV

The hourly clearance of staphylococci from the lungs of mice (and the numbers of staphylococci remaining)
expressed as the proportion (%) of staphylococci originally retained immediately after exposure

Time after
end of Proportion of staphylococci Variance

30-minute
exposure Remaining* Cleared SE Within Between

hrs 0 % % %squared
0 100.0 00.0
1 56.7 43.3 8.1 155.50 42.30
2 32.4 67.6 5.3 33.70 51.50
3 17.9 82.1 2.8 18.89 5.30
4 12.1 87.9 2.7 18.45 4.63
5 7.9 92.1 1.3 2.56 2.29
6 5.0 94.9 1.3 4.79 1.86
8 4.4 95.6 1.4 3.14 .63

10 3.4 96.6 1.2 2.88 2.12
12 3.0 97.0 1.9 3.00 3.86
24 1.4 98.6 .8 .67 .72

* (No. of staphylococci remaining/no. of staphylococci originally found) X 100.

"between variance" is (1/r- 1) (Pt - pt)2, which
is 42.3%o2 in our sample calculation. This is
simply the sample variance of the proportions at
time 1 hour. Each proportion comes from a
different run, so the "between variance" meas-
ures variation from run to run. If the between
variance were significantly greater than the within
variance, we would conclude that these are real
differences among the proportions from different
runs. However, this is not the case. Both within
and between variances in Table IV are variances
of a single proportion. The total variance for a
single proportion is the sum of the within- and

100.

&808

-600

40_

P-0

8 20 _ \

___j

between variances. The variance of the mean
proportion listed in Table IV is the total variance
for a single proportion divided by the number
of proportions (3, in our example). The stand-
ard error of the mean proportion (column 4 in
Table IV) is the square root of this variance of
the mean proportion. Thus, total variance for
a single proportion = vt + (1/r - 1) (pt -pt)2
= (155.5 + 42.3%o2 = 197.8% 2.

Total variance for the mean proportion = total
variance for a single proportion = 197.8/3%2 =
65.9%2. Standard error for the mean proportion
= V/65.9%2 = 8.11 %.

HOURSAFTER EXPOSURE
FIG. 6. PROPORTION OF STAPHYLOCOCCICLEARED OR MADE NONVIABLE

BY LUNGS OF MICE AT VARIOUS TIME INTERVALS AFTER 30 MINUTES OF
EXPOSURETO AEROSOLSOF STAPHYLOCOCCI.
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Discussion

The generation of finely divided aerosols from
fluid suspensions of bacteria closely resembles the
natural processes whereby air is contaminated by
microorganisms. In 1897, Flfigge (15) demon-
strated bacteria in droplets of moisture that were
expelled from the respiratory tract by cough.
Such droplets, if expelled into the air when the
relative humidity is less than 100%, evaporate
almost immediately (16). The larger particles
settle out on the surfaces in the vicinity of their
source, but finer droplets persist as bacterial cells
attached to small amounts of dried organic mat-
ter (17, 18). These are referred to as droplet
nuclei, and in this state the bacteria may remain
viable for hours.

The method herein presented provides a simple
and reproducible technique for the study of in-
fection of the respiratory tract through the use
of aerosol techniques. The apparatus produces
clouds with a high bacterial content which re-
mains constant over a 30-minute period and which
results in the implantation of high numbers of
organisms in the lungs of mice. The numbers of
bacteria found in the murine lungs immediately
after 30-minute exposure periods is dependent
on bacterial numbers in the air. However, 10%7
of the inhaled bacteria was retained at 2.0 X 107
staphylococci per cubic foot of exposure chamber
air, whereas 367o was retained when the air dose
weas 1.3 X 105 per cubic foot. It is probable that,
at high air concentrations, bacterial agglomerates
form when air passes through the mouth or nares
and that these large aggregates are filtered out
in the upper respiratory tract.

The decrease in the numbers of bacteria in
the lungs of mice during the postexposure period
demonstrates that the antibacterial activity of the
lower respiratory tract is effective and rapid.
Under the conditions of these studies bacterial
clearance is predictable over a wide range of
bacterial deposition. In this context, the term
clearance refers to the process by which deposited
bacteria become nonviable in the lungs or are
removed from pulmonary tissue. In either case,
clearance is used as an index of the total anti-
bacterial activity of the lung.

The within and between variances and the
standard error can be used to analyze the source

of variability in the data. The over-all between
variance is slightly smaller than the within vari-
ance, and it can therefore be suggested that the
proportions of staphylococci cleared at a given
time are not significantly different from run to
run. Thus, the aerosol concentration has no de-
tectable effect on the proportion of bacteria cleared
within the ranges of the concentration studied.
This fact argues that the major source of the
antibacterial activity lies within a system or sys-
tems that have not approached saturation. The
reproducibility of the clearance curves makes it
possible to quantitate the effects of various cir-
cumstances on bacterial clearance, and studies
demonstrating the adverse effects of various en-
vironmental circumstances have been undertaken
in this laboratory.

Although the mucociliary stream is traditionally
considered to be the main source of antibacterial
activity in the lung, the size of the droplet nuclei
generated in the present aerosol suggests that
cells more distal to the bronchi may be involved
in the mechanism. Unfortunately, relatively little
is known about the rate of deposition of particles
in alveoli of the size found in the broncho-alveolar
system of the mouse. Hartroft (19) has studied
the murine lung and shown that the alveolar di-
mensions are I to I those of the human lung. The
alveolar orifice in mice measures approximately
35 u in diameter, the alveolar depth is approxi-
mately 40 /%, and the width is estimated as 38 ,4 on
the average. From these data, it would appear
that the particle size and air space relationships
are sufficient to suggest that there is no barrier
to the entry of bacteria into alveoli, where their
removal would involve the activity of alveolar
macrophages. However, direct study to test this
hypothesis is essential. The confirmation of this
view would focus special attention on the func-
tional activity of alveolar macrophages in con-
trast to the activities of the mucociliary stream.

Summary

An apparatus is described that allows the ad-
ministration of predictable numbers of aerosolized
bacteria to small animals. When staphylococci
are nebulized from a phosphate buffer into the
system described, with mice as the recipient ani-
mals, a linear relationship is established among
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bacterial concentrations in the buffer, bacterial
concentrations in the air, and numbers of bac-
teria retained in the lungs of mice. After 30
minutes of exposure, colony counts in the range
of 5-10 X 104 are found in the lungs of the mice.
The bacteria disappear rapidly in the postex-
posure period, so that within 6 hours, 95% of
the organisms that were originally found have
disappeared. The pattern of clearance is quanti-
tative and predictable, and the variation is sur-
prisingly small. The size of the droplet nuclei
generated in this apparatus suggests that a large
share of the bacteria were deposited distal to the
bronchial tree and thus raises the possibility that
the antibacterial mechanisms which are respon-
sible for the clearance of the bacteria may involve
primarily the alveolar cells.
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