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Since the suspicion that disease may be airborne is centuries old, it is not sur-
prising that medical scientists have long been concerned with the properties of
airborne particulate suspensions. Following the rise of modern bacteriology,
the medical significance of dilute aerosols has become clear. And, since many
bacteria may be cultured to form particles with nearly uniform size and shape,
characteristic of a given species, aerosols derived from bacterial suspensions may
be profitably studied. Knowledge so gained should extend the understanding of
colloidal phenomena and also clarify the mechanism of airborne disease.

Quantitative studies surely depend on, first, methods for generating uniform
dilute aerosols, second, accurate measurement of their concentration and, third,
with living organisms, on their collection and enumeration by biological methods,
and further understanding of the physical properties of particulates. Although
methods of generation are not completely satisfactory, concentration has been
determined by the method of impingement and direct photoelectronic count. The
latter method is convenient, rapid, and accurate provided particle size somewhat
exceeds 0.7u4. Although impingement yields results consistent with the dimension-
less group,

pV D?
7l
derived by May and Sell, a comprehensive theory must include such factors as par-
ticulate asymmetry, the physical characteristics of the particulate and collecting
surfaces, and the microaerodynamics of the impinger used. Biological enumera-
tion is not only slow, but apparently limited by the efficiency of impingement
methods. Simultaneous application of photoelectronic and biological methods
should help increase understanding of aerosols composed of solid particles.

INTRODUCTORY REVIEW

Since disease has long been associated with airborne agents, it is not surprising
that medical scientists have long concerned themselves, implicitly or explicitly,
with the study of aerosols. Indeed, the suspicion that infection may be airborne
is probably as old as medicine itself. In The Ewvolution of Modern Medicine,
Osler (66) cites Maspero (59) as his authority for stating that “the Egyptians
believed that disease and death were not natural and inevitable, but were caused
by some malign influence which could use any agency, natural or invisible, and
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very often belonged to the invisible world.”” Fifty or sixty centuries were to
pass before the nature of some of the invisible agencies began to be apprehended.
Our understanding is, of course, to be attributed to the rise of bacteriology and
the concomitant development of appropriate investigative tools late in the
nineteenth and early in the twentieth century. More recently virology has
further clarified our understanding of many other diseases. And it is now proven
that the air we breathe is a disease vector.

None the less, the importance of airborne factors has been obscured until
recently by at least two factors. In the first place, Manson (58) in 1879 demon-
strated that mosquitoes were responsible for the spread of filariasis. Subse-
quently, insect vectors have been associated with such diseases as malaria,
plague, and typhus. Second, it has been technically more difficult to obtain
evidence directly connecting airborne particles with disease. For although
airborne dust particles are ubiquitous and generally numerous, their sizes range
from a small fraction of a micron upwards and completely efficient collection ig
difficult. Moreover, only a small proportion of those particles may be expected
to contain an infectious agent.

None the less, epidemiological investigations of the more common respira-
tory diseases such as pulmonary tuberculosis (1), influenza, and the common
cold demonstrate the importance of airborne agents (16). On this basis, air
sterilization by ultraviolet light (27, 57) or by chemical agents (4, 5, 15, 26, 28,
29, 31, 42, 54, 60, 70, 71, 72, 74, 75, 87, 88) has been applied to their control.
These methods will not be reviewed here. Nor have laboratory studies of air-
borne infection been neglected (1, 3, 23, 24, 26, 32, 55, 68, 75, 77, 80, 86,89, 93, 94).
These studies have generally been based on exposure of animals to aerosols gen-
erated by the atomization of living suspensions of the infectious agent. The
concentration of the bacterial aerosol was usually estimated from samples
collected either in liquids or semisolids by means of a modified Greenburg-
Smith (77) impinger, a cotton filter, or by means of the Wells air centrifuge (92).
The estimate of the number of organisms contained in the sample rested pri-
marily on counts of the number of bacterial colonies appearing in plate cultures
of an aliquot.

Although the results obtained by these methods are extremely valuable, the
methods are time consuming, often inconvenient, and affected by the many
variables encountered in biological systems. Moreover, they provide no pos-
sibility for direct estimation of the ratio of living to dead organisms in the aerosols
studied. And this information appears necessary for an understanding of the
factors affecting viability and consequent infectivity. Despite the recent
contributions of Rosebury (77) and Robertson (74) and his coworkers, further
information seems desirable.

Injury to the respiratory tract and respiratory infection have been related
to invasion of the respiratory tract (11, 12, 17, 18, 20, 30, 43, 50, 52, 85, 95).
Rooks (76) has reported a study of bacterial penetration. Further studies
relating penetration not only to the size and dispersion but to other physical
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properties of the particles appear desirable. Recently Wilson and La Mer (97)
have reported a study with radioactive tracers.

Moreover, information concerning the number of bacteria necessary to pro-
duce infection in man and animals would appear to depend on rapid and accurate
methods of determining the particulate count in rather dilute aerosols.

Finally, certain bacterial species may be grown under conditions such that
their size and shape are nearly uniform, although characteristic of each species.
Since size varies about twentyfold from 0.4 to 8.0 u, and the shape from the
almost spherical cocci to the thin rodlike bacilli, it is possible to secure valuable
physical information concerning aerosols containing particles differing not only in
size but also shape, from a study of airborne baeteria. Unlike most solid par-
ticles, their density is low.

As a result of these considerations, it seemed to us that quantitative laboratory
studies depended on: (Z) a method for the preparation of pure bacterial aerosols
at low concentrations, from one hundred to a few thousand per liter, and prefer-
ably containing only single cells of nearly uniform size; (2) a rapid and accurate
method for determining the number of particles in such suspensions; and (3)
a satisfactory method for collecting and enumerating the number of living
bacteria in aerosols. We believed that the first requirement could readily be
met by slight modification of existing methods for atomizing liquid suspensions
of particles. We hoped that the photoelectronic counter, which utilizes a lens
system developed by La Mer and Sinclair (47) and a photoelectronic, amplifying,
and counting system developed by Gucker (38), would satisfy the second.
And we expected that these methods combined with the use of one of the devices
frequently used for collecting airborne organisms would satisfy the third require-
ment. This paper describes the first and appraises the second method, and in
partly appraising the third, suggests that further scrutiny of the methods may
be necessary. For convenience, the methods are treated in separate sections.
In their present form, they are applicable only to laboratory studies and are
not yet sufficiently refined to permit the study of individual particles much
smaller than 1.0 u.

Since Gucker’s photoelectronic counter has been extensively used by us, and
is often referred to, it is briefly described here. It is more fully described in a
preceding paper (39). This instrument depends primarily on light scattering
by small particles suspended in air (83, 90). The apparatus is schematically
shown in figure 1, to parts of which reference is made by letter.

By means of appropriate lenses (A, B) and stop system (C), a hollow cone of
light is brought to a rather deep focus, through which an air stream may be
passed. This part of the apparatus we shall subsequently call the smoke cell.
Unless the air contains particles, the rays pass outside a small collecting lens
(E). If suspended particles are present, light is scattered with maximal in-
tensity in the forward direction. Some of the scattered light enters lens D
and is brought to a focus at diaphragm E. It then excites a photocell (F);
the resulting impulses are amplified by an appropriate electronic system and
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may be electronically or mechanically recorded. For further details, the reader
is referred to Gucker’s papers (38, 39).

I. GENERATION OF DILUTE BACTERIAL AEROSOLS
A. Introduction

Accurate studies of aerosols appear to depend on the production of homogene-
ous suspensions of uniformly sized single particles in air. Although the treat-
ment of spherical particles is simpler, the theory of light scattering is sufficiently
developed for the consideration of less symmetrical particles (7, 19, 45, 47, 62,
65, 69, 81,98). Since the Gucker instrument with a Thalofide photocell responds
accurately only if the counting rate is less than 1000 per minute (38), dilute
aerosols are essential for study.

Bacterial aerosols can be readily generated (13, 74, 77, 88), and, provided the
test organisms are suitably selected, reasonable uniformity of particle size is
attainable. Perfect spherical symmetry is not readily realized, for although
cocci are nearly spherical, they grow in clumps which are not readily broken.
Consequently, the resistant spores of B. globigii and the sensitive vegetative form
S. marcescens were chosen. These organisms have similar symmetry, and ap-

Fig. 1. Schematic representation of optical system for photoelectronic counter

pear as ellipsoids of revolution with axes in the former case about 0.8 X 1.2
(8), in the latter approximately 0.6 X 0.8 u (8). Microscopic examination
showed little variation in the individual cells of each species. The difference in
size seemed suitable for fixing the limit below which the photoelectronic instru-
ment fails accurately to estimate concentration. Moreover, penetration of the
respiratory tract, which depends on particle size and dispersion (11, 12, 43, 50,
95), is near a maximum in this size range, and our studies have a biological as
well as physical orientation. Finally, the difference in size appeared to permit
theoretical analysis.

In generating bacterial aerosols, the following precautions should be observed:
(1) Leakage inwards or outwards is not permissible; the former will contaminate
the aerosols, the latter will pollute room air. (2) Humidity must be controlled
and readily measurable, since the death rate of bacteria apparently has a critical
maximum at about 50 per cent relative humidity (25). (8) Diluting air must
be carefully filtered, not only to avoid bacterial contamination, but also to
eliminate adventitious photoelectronic counts. Future quantitative studies,
especially with live infectious agents, depend on observing all of these precau-
tions. For many purposes, this has not been necessary.
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Simple atomization of bacterial suspensions either in water, broth, or other
media, followed by simple dilution in a chamber (74, 77, 87, 93, 94), has gen-
erally sufficed. The atomizers used may be classified as refluxing or direct.
Both depend on the shearing effect of a high-velocity air stream which is directed
across an orifice through which the liquid passes and is broken into droplets.
In the former, only smaller droplets and particles escape (34, 77, 87), while
larger droplets return to the reservoir. Consequently some of the fluid is re-
peatedly atomized so that partial evaporation of the larger droplets within the
atomizer causes concentration of the suspension atomized and consequent
concentration of the aerosol. In the direct type concentration is avoided, but
droplets ave larger (87). With either type the observed aerosol concentration is
less than that calculated from air flow and the volume and concentration of the
suspension atomized (77, 87). This effect is much greater with refluxing than
with direct atomizers and may be attributed to impingement of incompletely
dried droplets on nearby surfaces (13). Further attenuation is readily observed
in regions of turbulence, as in mixing chambers.

The recovery of particles in an aerosol prepared with a given atomizing and
diluting system is, under controlled conditions, almost constant. For example,
in our experience with atomizer 8 and a B. globigit suspension, recovery was
about 35 per cent of that expected. The liquid orifice may, however, unexpected-
ly become occluded so that constant control of particulate concentration at the
point of use is essential.

After careful consideration, the refluxing type was deliberately chosen for use
in our studies, since it had been reported to produce aerosols composed chiefly
of single bacterial cells, presumably by breaking up bacterial clumps by re-
peated reatomization. For our purposes, uniform particulate size was more
important than constant concentration. Further improvements in atomizer
design should make it possible to maintain more nearly constant concentration
of aerosols.

B. Methods

A general description of the apparatus used is followed by a brief description
of certain important procedures.

Atomizer: Readily available Vaponefrin atomizers were modified by the
introduction of an additional baffle, as shown in figure 2, and used for atomization
of washed particulate suspensions in distilled water. Under these conditions,
the particle size is uniform and is determined by that of the suspended particles.
Satisfactory uniformity of the aerosol has been shown by study of impinged
samples by light-field, dark-field, and phase-difference microscopy. Less than
5 per cent of the particles appeared as doublets; no clumps, and only traces of
very minute foreign particles were observed. Breakage of dead bacteria used
in impingement studies is probably insignificant at jet velocities less than 150 m.
per second. These points deserve emphasis.

In constructing the atomizing and diluting system shown diagrammatically
in figure 3, we were aided by suggestions from Gucker and his group. As in
figure 3, filtered air at constant pressure maintained by two Mason-Neilan
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regulating valves in series enters the system at the left, passing first through a
copper coil, then through distilled water in a Pyrex gas-washing bottle, and
subsequently through a coiled trap (not shown) to the atomizer. These parts
were immersed in a water bath at 28°C. in order nearly to saturate the atomizing
air. Other parts of the dilution system were placed in a bath at 25°C. The
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Fic. 3. System for aerosol generation and air dilution. Room temperature = 25°C.

atomizer mist was at once diluted with a measured volume of filtered air at
known humidity, and passed through a mixing chamber consisting of a series of
bulbs about 2 em. in diameter. The mist evaporated almost immediately, and
a small fraction of the aerosol passed through a capillary flowmeter into a venturi
tube where it was again diluted with a known volume of air. At the end, simul-
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taneous sampling with the photoelectronic instrument and impingers or other
collecting devices was possible. Not shown on the diagram are outlets for the
collection and disposal of excess aerosol. The excess eventually passed into
a common duect in which it could be sterilized by ultraviolet radiation, or heat,
or both.

The flow of diluting air was measured with calibrated capillary flowmeters.
Dilution factors could thus be calculated from observed flow rates.

The humidity of the aerosol was manually controlled by mixing saturated and
dry, or partly dried, air. It was measured with an Alnor Dewpointer. Since
the dilution ratio in the final stage is 40:1, measurement of the humidity of the
diluting air instead of the aerosol should be sufficiently accurate and safer when
virulent organisms are used.

With this system we have prepared aerosols, composed predominantly (95
per cent upwards) of single bacterial particles at a concentration of 100-5000
particles or 5-250 X 10~ g. per liter. The relative humidity of the aerosols
studied was generally about 62 per cent.

Counter operation: Since the photomultiplier tube had not been successfully
applied in the Gucker instrument when these studies began, a Thalofide cell
was used throughout. The procedure described by Gucker (38) was somewhat
modified.

(1) Air flow through the smoke cell was half that given by Gucker. Smoke
was sampled at 0.5 1. per minute; sheath air flowed at 1.5 1. per minute.

(2) The 6-8 v. tungsten filament bulb was supplied from four-cell storage
batteries instead of three, producing a voltage drop up to 7.0 v. across the fila-
ment and markedly increasing light intensity. Although the lamps burned out
after 4-8 hr., they could readily be replaced.

(8) A scale of sixty-four scaler was interposed between the phototube amplifier
and the thyratron tube.

C. General

Those components of the apparatus in which the pressure was likely to exceed
that of the atmosphere, including all of the atomizing and diluting system, were
placed in a separate room which was maintained at slightly reduced pressure by
ventilation with an exhaust fan. The effluent could be sterilized by heat or
ultraviolet radiation. Leakage into the outer room was thereby avoided.

In the outer rooms were the electrical apparatus, vacuum pumps, smoke cell,
and sampling outlet. Aerosols contained in parts of the smoke line passing
into the outer room were generally at reduced pressure so that accidental leaks
would be inward. Openings could be protected by efficient filters.

D. Preparation of bacterial suspensions
The preparation of bacterial suspensions is briefly described in appendix A.
E. Results

In figure 4 the photoelectronic count of S. marcescens aerosols appears as or-
dinate, and time as abscissa. The photoelectronic instrument rapidly follows
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the concentration effect observed with reflux atomizers. The solid lines are
calculated in terms of atomizer delivery at constant air pressure and volume,
temperature, and water content of the expanded atomizing air, by means of a
simple equation of the form
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F1c. 4. Instantaneous direct photoelectronic measurement showing increasing aerosol
concentration,

where C;'is the count at time ¢ in minutes, C, is the initial count, b is the ob-
served weight loss per minute at observed temperature, humidity, and air
pressure, ¢ = (b minus the evaporative loss sufficient to saturate the initial
mist). ‘

The values @ and b are characteristic for each atomizer, and their systematic
variation with air pressure, temperature, and humidity could be computed.
They may, however, be obtained by atomizer calibration. The computations
suggest that constant aerosol concentration might be attained by adding water
to the liquid suspension at a rate equal to that of evaporative loss.
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The parallelism of the concentrations of the aerosol and of the bacterial sus-
pension in the atomizer has been shown by comparing direct bacterial counts
made at the beginning and end of an experiment®. These ratios, compared
with those of the corresponding photoelectronic counts, are, within the experi-
mental error, unity. They do not show how completely the photoelectronic
instrument enumerates bacterial particles. Other methods are necessary for
this determination.

With B. globig?i suspensions, the course of events is similar, but sometimes
obscured by spontaneous clumping in the suspension which partially blocks the
atomizer. These concentration phenomena are surely significant when atomizers
of this type are used to administer drugs as aerosols.

II. COMPARISON OF THE PHOTOELECTRONIC INSTRUMENT WITH AN INDEPENDENT
PHYSICAL METHOD

A. Introduction

Comparison with an independent physical method was desirable in order to
find out whether photoelectronic counts were complete, and to determine the
smallest particle size at which satisfactory counts were possible. For this pur-
pose, comparison with biological methods seemed inappropriate, since possible
changes in the viability of suspended organisms would introduce uncertainty.
In order to avoid errors due to changes in concentration, it was necessary to
compare samples taken simultaneously.

Inasmuch as the Gucker instrument, at least in its original form, had a fre-
quency response limited to 1000 counts a minute (38), particulate concentra-
tions could not exceed 1000 per liter at a flow rate of 1 1. a minute, or 2000 per
liter at half this rate. Consequently many existing methods, most of them
reviewed by Drinker and Hatch (21) and by Heymann (44), were not suitable
for making comparisons. The methods described by them utilize the following
principles for collection of particles from the air: (7) thermal precipitation,
(2) filtration, (8) electrical precipitation, and (4) impingement. (4) In addition,
we seriously considered a direct count of particles containing radioactive mate-
rials by means of a Geiger counter. (6) Use of an electrostatic counter devised
by Guyton (41) appeared unsuitable, since it is not sufficiently sensitive (39).

In the first four methods, estimation of concentration is derived either from
microscopic observation, weighing, or analysis; in the last two, directly from air
flow and count of electrical impulses.

(1) For our purposes thermal precipitation (2, 35, 91, 96) appeared unsuitable,
since the sampling rate of about 6 cc. per minute would introduce large sampling
errors at low concentrations unless the sampling period were prolonged. In
that case, errors attributable to changing aerosol concentrations were certain
unless control of concentration was precise. (See also Rosenblatt and La Mer
77a).)

(2) Filtration also appeared not to provide a satisfactory approach, since
quantitative recovery of particles from either soluble or insoluble filters did not
seem assured (77).

3 Ferry, Farr, and Hartman: Unpublished data.
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(3) Electrical precipitation (6, 22, 73, 82), at least without considerable modi-
fication, appeared to spread a deposit over so wide an area that accurate direct
counts were likely to be difficult at the low aerosol concentrations studied.
Washing off the deposit, followed by concentration and subsequent enumeration,
seemed a precarious approach.

(4) Impaction or impingement on a surface seemed promising. There are
numerous variants such as:

(a) Simple settling: This is slow and ineffective with particles as small as
1 4 or less (33).

(b) Centrifugation: Wells’ centrifuge is intended primarily for cultural
studies. With it, collection efficiency appears uncertain (14).

(c) Bubblers Neither of these methods is adapted for the study of dilut

(d) Washing P y ot ditute
aerosols, composed of dead bacteria, since particles cannot be readily
counted without concentration and transfer (36, 37). It is difficult to
be certain that this procedure is rigorously quantitative.

(e) Impingers: The studies of Owens (67) and, among others, the more
recent studies of May (61) and Sonkin (79) suggested that at appro-
priate jet velocities particles somewhat smaller than 1 u in diameter,
and with a density near unity, might be nearly quantitatively recovered
and counted. This method was therefore used for appraising the
photoelectronic counter.

(5) We seriously considered the use of a Geiger counter to count particles
containing radioactive material. Specious counts due to the presence of minute
radioactive particles outside the bacteria were possible, and proof of their ab-
sence seemed difficult. It was not attempted.

B. Methods

Impinger details: After preliminary experiments had shown that neither a
cascade impactor (61, 79) nor a Bausch and Lomb dust counter (40) produced
deposits sufficiently symmetrical or well defined to make accurate particulate
count possible, the impinger shown in figure 5 was made. In its present form,
it resembles Owens’ jet impinger (67) and consists of a simple slit jet which
impinges on a glass disc held at a fixed distance from the orifice.

It is composed of two main parts, one containing the jet and slide holder, the
other a funnel-shaped piece through which the aerosol leaves the collector. The
parts can be tightly closed by a large nut which fits over the outer threaded sur-
face of the funnel-shaped piece. Consequently small metal particles, produced
by tightening the threads, cannot be caught in the air stream and deposited in
a second impinger. Sharp corners have been eliminated to minimize deposition
except on the collecting slide. The design of the collecting chamber is such that
air flow divides symmetrically on either side of the jet orifice. Stainless-steel
construction permits frequent sterilization.

Two types of jet, both shown in figure 6, were tried. The tapered jet shows
less apparent constriction and probably induces less turbulent flow. None the
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less, the simple rectangular slit 6.8 x 0.6 mm., with carefully polished edges,
resulted in about 1.5 times better recovery.

Calibration was in terms of air flow, measured in liters per minute with a
standard rotameter accurate to about 3 per cent, and pressure, in millimeters of
mercury, at room temperature 25°C. = 0.5°. The effective cross-section and
the apparent constriction factor were calculated from the observed air flow at
critical pressure drop. The latter turned out to be about 0.8, a reasonable
value. Average linear jet velocities were, in turn, calculated from the effective
cross-section, air flow, and pressure-volume relations.

Although the jets were intended to be alike, one was slightly larger than the
other. The larger orifice was placed second when two impingers were used in
series, with the result that calculated jet velocities differed by not more than 3
per cent at air flow up to 21 1. per minute. At 25 1. per minute the difference
was about 12 per cent.

F1e. 7. Diagrammatic representation of a typical impinger deposit. Jet deposit and
halo pattern for slotted jet.

Air flow through the impingers was actuated by a mechanical vacuum pump
having a capacity of 12 cu. ft. per minute. Flow was regulated by calibrated,
critical orifices placed between the impingers and a filter which prevented escape
of live organisms to air—a vital precaution with pathogenic bacteria. With
single impingers, flow rates up to 35 1. per minute, and consequent jet velocities
up to 345 m. per second were possible. Two impingers used in series reduced
the maximum air flow to 29.7 l. per minute.

C. Collection and count of impinger samples

Collection of particles: Particles were collected on glass discs (23 x 1.5 mm.).
These were scrupulously clean and free from scratches. Metal spacers per-
mitted separation from the orifice by 0.25-3.5 mm. In order to decrease the
chance that particles would strike an area already filled by an organism and
carom, exposure in the air stream was only long enough to collect about 5 X
10¢ particles.
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Under these conditions and at optimum flow rates, the impinged deposit takes
the form shown in figure 7. A central primary deposit, almost exactly the size
of the orifice, is immediately surrounded by a clear space containing a few scat-
tered organisms. This is, in turn, surrounded by a halo of impinged particles,
which is sharply defined. Only occasional organisms appear beyond its limits.
The density of the secondary deposit or halo is not uniform, as is shown in
figure 8, in which the average density of individual strips is plotted as ordinate
and the distance from the center of the deposit as abscissa. A smooth curve
has been drawn through points obtained from two experiments. This, with
the observation that particles were not impinged on cover slips fixed to the
“roof”” of the collector, suggests that deposition is essentially restricted to the
area outlined in figure 7. Our confidence that estimated aerosol concentration
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based on impinger collection approximates an actual value rests primarily on
this evidence and appears well founded.

Enumeration of impinger samples: The number of particles deposited was esti-
mated from an average deposit density per square millimeter (derived from the
count of representative strips at right angles to the jet) and the area of the de-
posit, determined by measurement and planimetry of a scale drawing thereof.
The area times the density, divided by the total air flow, gave the number of
particles collected per liter of air, a number directly comparable to that obtained
photoelectronically.

Representative strips were defined by a slit eyepiece, and particles counted by
means of dark-field illumination with a high-power dry lens. The length of
each strip was measured with the aid of a mechanical stage; its width was deter-
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mined by calibration of the eyepiece slit with a stage micrometer. The density
of the particulate population per square millimeter was separately determined
for each strip, and a mean density derived. This value multiplied by the area
of the deposit yielded the total number deposited. From it, the particulate
concentration per liter was obtained by dividing by the total air flow.
Particulate population, not only of the primary deposit but also of the right
and left portions of the halo, was estimated separately. The ratios of the
population of the jet deposit to that of the halo were not sufficiently constant to
justify estimates based solely on counts of the former. But when two impingers
were used in series, there was no statistically significant difference between these
ratios as computed for first and second impingers. We believe that this supports
the microscopic observation that particle size is approximately uniform.
Experiments did not indicate that total counts were markedly increased by
coating slides with an alkyd resin adhesive. The density of the primary deposit
appeared, however, to be slightly increased at the expense of that of the halo.
Since coating tended to interfere with dark-field microscopy, it was abandoned.

D. Results

Single impingers: Results of a number of experiments performed with B.
globigi aerosols using single impingers are graphically shown in figure 9, in
which calculated jet velocity appears as abscissa and the counter/impinger count
ratio as ordinate. The full line represents results obtained with slit jets; the
broken line those derived with tapered jets. In the former case, maximum
collection efficiency lies at velocities between 90 and 120 m. per second, and ap-
pears to be slightly more than 50 per cent. At velocities greater than 150 m.
per second, efficiency rapidly diminishes.

The observations represented in figures 7, 8, and 9 suggest that impingement
should be largely explicable in terms of microaerodynamics within the impinger.
Comparison of the efficiency of tapered and slit jets suggests that turbulence
favors impingement. Although the geometry of the deposit and the increased
size of both clear space and halo at higher jet velocities are striking, we can only
offer a qualitative explanation. This phenomenon, the less effective impinge-
ment of solid as compared with liquid droplets observed by Landahl (51) and
May (61), and the reduction in collection efficiency when jet velocities exceed
optimal values, can all be qualitatively explained by the assumption that these
particles are elastic. Some of those striking the surface under the jet would
bounce; of these, a fraction could be returned to the halo and adhere; some would
be carried by the air stream and, as its velocity increased, would clear the slide.
Many would be deposited elsewhere. The marked diminution of deposition
observed at jet velocities above 150 m. per second might also be due to shattering
of bacteria into very fine particles, not microscopically visible. But the relative
importance of aerodynamic factors, elasticity of the particles, and shattering
cannot yet be quantitatively evaluated.

Two impingers in series: Although impingers were occasionally used singly,
rather more consistent data could be obtained when two collectors were placed
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in series. Data representative of an experiment with two impingers in series
appear in table 1.

The experimental conditions are given at the top of the table. Flow rates
in liters per minute, determined by means of critical orifices, appear in the
second column. Calculated jet velocities preceded by the numbers (1) and (2)
refer to velocities at the first and second orifices, respectively. Spacer thickness,
given in millimeters, indicates the distance between collecting slide and orifice.
Under the heading “Concentration per liter, impinger,” sets of three values

10 T T

— Siotted Jet
9 — == Tapered Jet -

Ratio of 00unter/ impinger Counts

0 | ]
0 100 200 300

Jet Air Velocity in Meters per Second

F16.9. Comparison of collection by single impingers with direct photoelectric measurement

generally appear. These sets of values from top to bottom denote successively
the concentration derived from the first impinger deposit alone, from the second
deposit, and from their sum. Figures in parentheses indicate an estimate with
patently ineffective collection, and a single value is given where an impinger was
used singly. “Concentration per liter, counter” refers to photoelectronic enu-
meration. Theratiosin the final column are usually paired; the upper value refers
to the ratio between the electronic count and the number collected by the first
impinger; the lower expresses the relation between counter value and the num-
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TABLE 1
Comparison of impinger and photoelectronic counts
February 13, 1948
Conditions

Barometer (cor.), 765.6 mm. Dewpoint of atomizer air, Organism, B. globigi{ spores
Temperature: room, 24.5°C.; 16.8°C.; aerosol, 16.2°C. Concentration of suspension,

bath, 25°C. 1.6 X 108 cc.
ENTR, 1.
RUR | FLOW RATE ! C“CYEL?TED T;f;f:;gss CONC. ATION FER LITER Col:f?frzgn/
‘ | VELOCITY Impinger Counter IMPINGER
1 l./min. ‘1 m./sec. mm. :
Lo 168 ¢ (1) 91 0.5 572 2.4
L(2) 92 527 1360
i 1099 1.2
2 ! 16.8 1) 91 0.5 707 2.0
| (2) 92 367 1418
] 1074 1.3
- S 20.8 (1) 118 0.5 739 2.0
(2) 122 370 1462
1109 1.3
A 20.8 (1) 118 0.5 626 2.3
(2) 122 334 1464
960 1.5
B 20.8 (1) 118 1.0 570 2.5
(2) 122 304 1398
874 1.6
i 20.8 (1) 118 1.0 605 2.3
(2) 122 331 1398
936 1.5
Y S, 25.2 (1) 149 1.0 478 1402 2.9
: (2) 168 (60)
8. 25.2 (1) 149 1.0 549 1320 2.4
2) 168 (69)
9 16.8 (1) 91 2.0 477 1326 2.8
(2) 92 245
722 1.8
0................0 168 (1) 81 2.0 474 1352 2.9

ber collected by two impingers in series. Where no second value is given, col-

lection by the second impinger was either negligible or the deposit faulty.
Collection by the first impingers in replicate runs may differ by as much as

25 per cent, presumably owing to unpredictable changes in the air streams within
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the impinger resulting from minute changes in the position of the collecting discs.
The number of particles collected by two impingers in series in two replicate runs
appears to differ less markedly. Indeed, the error is consistent with the ex-
pected sampling error 35, when the count is about 1000.

In table 2 appear results derived from all experiments with S. marcescens
as well as B. globigi?, in which the light bulb was supplied by an 8-v. storage
battery.

Ratios of concentrations determined photoelectronically and by the impinger
method are given, including values for single impingers, for two in series, and
a calculated value for 100 per cent collection by the impinger method. At the
extreme right of the table, the values of the ratio indicate progressive diminution

TABLE 2
Comparison of aerosol concentrations determined photoelectronically and by impingement
SPACER THICKNESS (MM.)... 0.5 1.0 } 2.0 l 3.5
PHOTOELECTRIC CONCENTRATION
RATIOS:
IMPINGER CONCENTRATION
APPARENT TYPE OF
VELOCITY T 0 Two impingers Photoelectronic
impi‘;eger in se?iesg TCalculated Single impinger
(A) B. globigiz
m./sec. i E
113 Slit 1.8 ! 2.80 ‘
118 Slit 2.140.237 1.4:0.14 1.1£0.10 240 | 270 | (50)
149 Slit 2.2 2.70 | i
123 Taper 3.6 | 2.1 1.5 i \ |
(B) 8. marcescens
118 Sie | 29 | 20 |
149* Slit P22 : 1.4 i 1.040.1
233t Slit 2.8 !

* Velocity at second jet 169 m. per second.
t Velocity at second jet sonic.

of collection efficiency as the distance between slide and orifice increases. This
confirms the observations of Bourdillon and others (10).

The calculated value rests largely on the theoretical conclusions reached inde-
pendently by May (61) and Sell (78) and applied by La Mer and Hochberg
(49) and Johnstone, Winsche and Smith (46) to the deposition of larger particles
from slower air streams. May’s data (61, fig. 7, p. 192) suggest that one may
write impingement efficiency, I, as

7= Number of particles impacted per liter of aerosol _ N; _ f <pVD2>
7l

Concentration, particles per liter Ca
where P denotes density, V is velocity in centimeters or meters per second, D is
the particulate diameter in centimeters, 5 is the viscosity in poises, and [ is
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g linear dimension to which May and Sell attach different physical significance.
The experimental conditions, including humidity, are such that p, 7, and [
are constant, so that we may write,

I = f(KVD?Y
Each bacterial species is approximately uniform in size, and although not
spherical, we take D? ag a characteristic constant dimension related to surface.
May’s data, moreover, suggest that I is nearly linear in KV D? over the range

25-75 per cent, or in KV, where D is constant. Consequently, since aerodynamic
conditions are similar in both impingers, we write:

N1 = CaKVl = NoI
Ne = (1 — CDIVy/V,

and solving

Ne W
I=1 o X T
The meaning of the symbols is unchanged, except that the subscripts refer to
the first and second impingers, respectively.
For B. globigei I = 0.51 and ¢ = =£0.07, so that two impingers in series should
remove 76 per cent of the suspended particles. Total concentrations may
readily be calculated. Values for the mean value of the ratio

Photoelectronic concentration _ C,

Calculated concentration  C;

appear in the fifth column of table 2. Since the impinger method appears likely
to provide slightly low estimates of concentration, the value of the ratio

C,/C: = 11, ¢ = 0.1

is very satisfactory. We believe that it implies that photoelectronic measure-
ment of aerosol concentration is accurate when particle diameter is somewhat
more than 0.7 u.

With 8. marcescens, similar considerations lead to values of K = 0.47, 75 per
cent collection efficiency for two impingers in series, and

C,/C; = 1.0, ¢ = =£0.1

These values are, however, less certain than those for B. globigii, since the jet
velocities of 150 and 170 m. per second, respectively, for the first and second
jets may differ sufficiently to invalidate the assumption that collection is linear
in the velocity. Moreover, the estimates of velocity are less accurate, since
pressure head, on which they depend, is changing rapidly in this range. None
the less, comparison of the calculated values for B. globigit and S. marcescens
suggests that photoelectronic count is about 90 per cent complete with the
smaller organism.

The values for impingement efficiency are lower than estimates derived from
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the collection of similar droplets of methylene blue and glycerol by means of a
cascade impactor (79). This is to be expected, since collection of liquid particles
is more complete (51, 61). Moreover, these liquid droplets are more dense than
the bacterial particles on which our estimates rest.

Recent preliminary observations suggest that the counter may be more readily
calibrated. If light intensity is increased by gradually inereasing filament
voltage from 2.0 to 7.0 v., the counting rate increases rapidly at first, later
approaching a limiting value. If the count per minute is indicated as ordinate
and voltage as abscissa, the resulting curve is sigmoid. With B. globigii the
limiting value appears to be reached when filament voltage is not over 5.5 v.
With S. marcescens the count appears to be about 90 per cent complete at 6.5 v.,
and is not quite complete at 7.5 v.

III. THE DETERMINATION OF THE CONCENTRATION OF BACTERIAL AEROSOLS BY
THE METHOD OF COLLECTION AND CULTURE, COMPARED WITH DIRECT PHOTO-
ELECTRONIC COUNT

A. Introduction

The determination of the concentration of living bacteria in air has depended
on their collection, subsequent culture, and enumeration of the colonies appear-
ing in plate cultures. Although biological material can be collected by methods
used with inanimate matter, care is necessary to avoid impairment of viability.
The methods generally used depend either on () filtration (63), (2) electrostatic
sampling (9, 56), (3) bubbling through a liquid, (4) impingement (10, 77),
(6) centrifugation (92), or (6) some combination of these methods (53, 56, 64).
Filtration appears unsatisfactory, since recovery of viable vegetative organisms
is poor (77). Electrostatic sampling (9, 56) appears promising, but has not, as
far as we know, been carefully compared with other methods. Application of
other methods is such that collection is either directly on a solid culture medium
(10, 56) or into a liquid, from which aliquots are taken for culture (64, 74, 77),
mixed with molten agar, and poured into plates. In either case, colonies are
counted after an appropriate period of incubation at a temperature suitable for
the organism studied. When collection is initially in a liquid medium, the
concentration of viable particles in the aerosol, but not necessarily of viable
organisms, is derived as follows:

volume of sample (ec.)

Concentration, particles per liter = volume of aliquot (cc.)

% number of colonies in culture
air flow (l./min.) X period of sampling (min.)

If collection is directly on a solid medium, the term including volumes of sample
and of aliquot is unnecessary. The relative collection efficiency of a number of
typical devices has been compared by du Buy, Hollaender, and Lackey (14).
One of these is an atomizer bubbler, devised by Moulton, Lemon, and Puck (64),
in which the aerosol atomizes some of the collecting fluid. The mist generated
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is collected by bubbling through fluid in a second reservoir. Although bacterial
concentrations measured with it are generally higher than those obtained with
other devices, this is attributed to fracture of clumps of organisms. Results with
the air centrifuge were not consistent. Moreover, both Lemon (53) and Rose-
bury (77) have found that impinger-bubblers collect nearly as efficiently as
the Moulton device and are much more convenient.

Provided suitable precautions, described in modern bacteriological texts,
are observed, culture counts are accurate to about 5 per cent. The error de-
pends on the population of the sample taken.

B. Comparison of the bacterial concentration derived by the method of collection
and culture with direct estimation by photoelectronic count

It seemed that the method of collection and culture might be quantitatively
appraised by comparison with the photoelectronic method, which directly meas-
ures the total particulate concentration of bacterial aerosols. Provided the
bacterial aerosols were pure, and provided further that the ratio of viable or-
ganisms to the total number present, commonly termed the viability coeflicient,
were known, absolute collection efficiency could be estimated. Or, alternatively,
it would at least be possible to follow changes in viability by comparison of the
photoelectronic and biological counts. The methods used and the results attained
are next discussed.

C. Methods

1. Photoelectronic counts were made according to procedures already in-
dicated.

2. The determination of viability ratios is essential for this proposed com-
parison. The methods used are described in appendix B.

Collection and culture of airborne organisms was accomplished by the method
described by Rosebury (77), with impinger-bubblers operating as critical orifices
at an air flow between 2 and 2.5 1. per minute.

The orifice was immersed about 4 mm. below the liquid level and 5 mm. above
the bottom of thick-walled Erlenmeyer flasks into which they were inserted.
Although 25 ce. of collecting fluid and four drops of olive oil were placed in each
flask before sterilization, fluid losses amounting to about 2 cc. occurred during
this process and the course of a run. Losses and final liquid volumes were deter-
mined by weight differences. After collection, the concentration of organisms
per liter of aerosol was estimated by pour-plate colony counts.

D. Results

Representative data appear in table 3, and include zero values for the controls.
The captions are self-explanatory. The data presented serve to illustrate (7)
the consistency of data obtained, (2) the fact that clumps are broken up during
atomization, and (3) especially that no significant changes either in apparent or
true viability coefficients occur during an experiment, despite repeated atomiza-
tion in the refluxing atomizer used. A summary comparing estimates of total
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TABLE 3

The viability of bacterial suspensions as affected by alomization
April 9, 1948; organism, S. marcescens

A. SUSPENSION CHARACTERISTICS

Before After
experiment experiment
Particulate concentration in atomizer X 1078 ... .............. 1.0 1.4
Concentration of viable organisms in atomizer X 107%.......... 0.6 0.9
Per cent organisms as doublets................ .. ... ...l 60 46
Apparent viability (percent)......... ... ... i 55 64
“True’ viability (per cent).........c.o.oveiiiiiniininiaini... 60 68

The collection of living organtsms from bacterial aerosols

B. AEROSOL CHARACTERISTICS
TIME OF SAMPLING, 2 MIN.; FINAL VOLUME OF COLLECTING LIQUID, 23 ccC.

Volume of aliquot
| Concentration

0.5 cc. 0.2 cc. of organisms

Run Flow rate 1.0 cc. A
per liter

Number of colonies per plate

L./min. ‘
I 2.27 (control) | 0 ‘ 0 0 0
I 2.27 54 i 27 9 370
IIT. o, 2.28 54 25 12 392
IV, | 2.28 49 ' 25 10 363

TABLE 4

Comparison of particulate concentrations of bacterial aerosols estimated by biological methods
and by direct photoelectronic count

S. marcescens B. globigii
CONCENTRATION: CONCENTRATION:
PARTICLES APPARENT PARTICLES APPARENT
pATE 2oN S P el BT wn | U onae
B'}g}ﬁg- Direct creNey Biig!ﬁg- Direct CrENEY
per cent per cent
April 1, II....] 535 1406 38 April 13, II....| 775 2008 37
1948 IIT... | 440 1654 27 1948 II1....| 844 2020 42
IV....| 447 1728 26 IvV....| 982 2150 46
April 9, II....] 370 1425 26 April 14, II....1 911 2106 43
1948 IIT... .0 392 1518 26 1948 ITI....| 934 2064 45
Iv....| 363 | 1555 23 IV....| 896 1964 46
Mean............o. oo, 28 Mean........................... 43

bacterial or particulate concentration of aerosols derived by the method of
collection and culture with direct photoelectronic determinations appears in
table 4.
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Since no significant change in viability appeared to result from atomization,
the mean values determined for the aqueous bacterial suspensions in the atom-
izer have been assumed to apply to organisms in the aerosol. These values are
taken as 0.7 for S. marcescens and 1.0 for B. globigii spores. The total bacterial
concentration, based on the biological method of collection and culture, can be
obtained by dividing the viable count by the viability coefficient. With the
counter, particulate concentration is directly obtained. Both values appear
under the captions ‘“Concentration: particles per liter.” The subheadings
“Biological” and “Direct ' distinguish them. Since the evidence discussed in
Section IT (page 406) suggests that the photoelectronic counter completely
enumerates B. globigit and S. marcescens to the extent of 90 per cent, we have
termed the ratio of biological concentration to direct concentration, ‘apparent
collection efficiency.”

The values are consistent, though smaller than those calculated from the
impingement of dead organisms with another device. This is not surprising,
since aerodynamic conditions are different, the jet velocities (345 m. per second)
are greater than optimal, and the mean distance from jet to impinging surface
is excessive. Some bacterial breakage may occur as the result of impingement
at sonic velocity. Its extent probably varies with bacterial species, but has not
vet been determined.

The efficiency is, however, less than that estimated by Rosebury (77) for
these organisms, using similar impingers. This discrepancy is not explicable
in terms of excessively high particulate counts resulting from contamination by
non-bacterial particles, nor is it likely to be due to impaired viability of atomized
organisms. Rosebury’s experimental arrangements were, however, so different
that the discrepancy may well be attributed to differences in density and par-
ticle size.

DISCUSSION

The simple theoretical considerations of May (61) and Sell (78) permit com-
parison of impingement efficiencies derived from physical and biological measure-
ment. When impingement efficiencies are identical, the jet velocities should
be inversely proportional to the squares of representative diameters; at identical
velocities, the ratio of squared diameters should equal that of the efficiencies,
since I = KVD2,

In table 5 we have collected appropriate values for jet velocity, V, diameter,
D, and efficiency, I.

For example, the method of microscopic count shows that collection efficiency
is 45 per cent with S. marcescens at 150 m. per second; with B. globigiz, we esti-
mate from table 2 and figure 9 that 45 per cent efficiency is attained at a velocity
of about 88 m. per second. The velocity ratio is about 1.7.

We should expect impingement to be proportional to the surface of that part
of the particle that comes in contact with the collecting medium. In the case
of spheres, this is proportional to D?, where D is the diameter. But the bac-
terial particles, although symmetrical, are not spherical. For these ellipsoidal
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particles, comparable values may be obtained if we calculate the diameter of
the sphere of equivalent mass. This appears in the table under the heading
‘“diameter.” The assumed mean values for particulate diameters may, of course,
differ somewhat from the true values. Tentatively basing comparison on the
assumed dimensions of B. globigii, we have computed a diameter for a sphere
equivalent to S. marcescens which will exactly accord with theory. This turns
out to be 0.7 u instead of 0.66 u calculated from axes 0.6 1 and 0.8 4.

But in a streaming medium particles tend to orient themselves so that the
long axis is parallel to the line of flow. One would then expect the impinging
surface and impingement to be proportional to the squares of the short axes of
an ellipsoidal particle. Values based on this assumption appear under the
heading ‘“‘Short axis of ellipsoid.” Agreement with the observed value is some-
what closer. It has, however, been shown that the counter values are 10 per
cent low in the case of S. marcescens. The observed value for collection ef-

TABLE 5
Theoretical appraisal of impingement data
n‘ﬁ:ﬁgﬁ“ D " l;ﬁfé%‘g“ i BIOLOGICAL METHOD
Sp]?"? of Short axis of | 1 v 1 ! 1 ;,-N
equivalent A Y !
qmass ellipsoid } cog:&;ted Corrected |
e —
5;’, zc/ ‘ per cent per cent :':‘/
Organism: D Dt D D2 1
B. globigii.................. 0.92 0.85 ‘ 0.8 0.64|45!88 ! 43 43 345
S. marcescens............... 0.66 0.44 1 0.6 0.36 | 45 |150 | 28 25 345
B. globigii = !
Ratio R = o9 0%. R=1.9 | R=18 YE= Rpro1s5|R=17
S. marcescens 1.7
|

ficiency should therefore be correspondingly reduced. The corresponding ratio
turns out to be 1.7, in excellent agreement with theory.

Although this hypothesis seems attractive, our data are too scanty for defini-
tive proof. Further study of the impingement, both of spherical particles,
such asg the sulfur particles described by La Mer (48), and of more elongated
bacteria, should provide information that has theoretical and practical sig-
nificance.

The theory of impingement is certainly incomplete in other respects. Indeed,
the significance of the dimension, I, appearing in the denominator appears in
doubt. May (61) relates it to slit width; Sell (78) to a dimension of the object
on which impaction takes place. The former explanation appears unsatis-
factory, since this dimension is directly related to jet velocity, and with the
impinger used by us, Sell’s explanation appears irrelevant. That it is not di-
rectly related to slit-to-slide distance has been indicated in table 2.

Further information is necessary concerning the influence of physical prop-
erties of the particle and the collecting surface such as elasticity, number and
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orientation of charges, and “tackiness.” The elasticity and friability of bacteria,
both dead and alive, deserve further study.

Although the effect of long-range forces may well be more important, the effect
of charge can be experimentally determined by coating slides with substances
differing in this respect. Although particle size and also shape may, as suggested
by Gucker and by Mueller (65), be determined by photoelectronic measurement
of the intensity of light scattered at different angles, it should also be possible to
estimate particle size with the present instrument from the relation between
counting efficiency and intensity of the light source. Results must, however, be
carefully interpreted, since Barnes and La Mer (7) have shown that the intensity
of light seattered by particles is characterized by a function in which the exponent
changes with the ratio of particle size to the wave length of the scattered light.

Empirical calibration may be easier by means of aerosols generated from the
extraordinarily uniform sulfur sols prepared by La Mer (48). Such aerosols
should also demonstrate the effect of changes in particulate refractive index on
the intensity of scattered light. As the index is increased, it should be possible
to count smaller particles accurately.

But even in its present form the photoelectronic instrument instantaneously
provides information which can be obtained by other methods only after hours
of meticulous and tedious observation. With improvements based on the use
of more sensitive photocells and changes in the optical system, it should be
possible to determine accurately the concentration of aerosols containing particles
considerably smaller than 0.7 u in diameter, the present lower limit.

And even with this limitation, it is a useful tool for the rapid estimation of the
concentration of dilute bacterial aerosols. It should be useful for calibrating
methods for the collection of particulate matter from aerosols, for the deter-
mination of changes in viability, and in quantitative laboratory investigation
of airborne disease, especially those concerned with penetration and dosage.

In conclusion, it should be emphasized that the counter is at present a labora-
tory instrument, that enumeration of particles smaller than 0.7 x is incomplete,
and that it cannot be directly applied to determining the concentration of
aerosols greater than 1000 particles per liter and therefore is not adapted for use
in ambient air, which generally contains many particles. It is not sufficiently
sensitive to detect and enumerate primary virus particles, some of which are
only 0.01 g in diameter. Biological fluids are, however, rarely as dilute as 0.1
per cent. The particulate size of infectious particles may often be largely con-
ditioned by the concentration of the solute in the fluid in which they are sus-
pended. One might expect particles about 1 p in diameter to result from drops
10 p in diameter if concentration of the solute is only 0.1 per cent, assuming that
the solute has a density of 1.0. This fact may extend the utility of the instru-
ment.

Moreover, improvements which will materially decrease the lower limit of
size and increase the limiting concentration at which counts are complete seem
theoretically and practically possible. With improvements, it should be possible
not only to count suspended particles but also to measure their size and approxi-
mately to describe their size and shape.
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SUMMARY

1. Since it has long been suspected and it is now definitely established that
disease may be airborne, it is not surprising that medical scientists have studied
and clarified the understanding of aerosols.

2. Certain bacterial species may be grown so that size and shape are nearly
uniform. The study of bacterial aerosols exemplifying suspensions containing
solid particles of low density should therefore be profitable on physical-chemical
grounds as well as for the elucidation of the mechanism of transmission of air-
borne disease.

3. Effective study of aerosols must be preceded by the generation of pure
suspensions of particles of uniform size and shape, and by accurate measurement
of their concentrations.

4. The photoelectronic instrument used in these studies is very briefly de-
seribed.

5. A method of generating dilute bacterial aerosols is briefly presented.

6. Comparison of aerosol concentrations, determined by photoelectronic and
impingement methods, suggests that direct measurement by the photoelectronic
device is accurate provided (1) the diameter of the bacterial particle somewhat
exceeds 0.7 u and (2) illumination is sufficiently intense.

7. The concentration of living organisms, determined by biological methods
after collection with impinger-bubblers, is less than particulate concentration
determined photoelectronically. Although this discrepancy arises in small
part from the presence of non-viable organisms, it appears to be largely attribut-
able to incomplete collection, presumably due to unfavorable conditions, pos-
sibly including breakage at the high impingement velocity used.

8. Impingement efficiency, as already shown by May and Sell, is proportional
to particle density and surface. It is suggested that with ellipsoidal bacterial
particles, presumably oriented in the air stream, the surface effective for im-
pingement is determined by the magnitude of the shorter axis of the ellipsoid.

9. A quantitative theoretical description of impingement must also include
the effect of other physical properties, such as elasticity and friability of the
particle, the magnitude and distribution of charge both on the particles and on
the collecting surface, as well as the microaerodynamics of the impinger.

10. Advantages and limitations of the photoelectronie instrument are indi-
cated. Improvements should decrease the particle size at which accurate
measurements are possible.
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APPENDIX A
B. globigii spores

For impinger studies, the spores were autoclaved 45 min. at 15 p.s.i. and
sterility tests made. Suspensions were diluted with distilled water to give a
final concentration of about 108 per cubic centimeter. For viability studies, auto-
claving was omitted.

S. marcescens

This organism was grown for 18 hr. at room temperature in tryptic digest
broth with 0.3 per cent dextrose added. Cultures were centrifuged, re-sus-
pended in sterile distilled water, and allowed to stand overnight in the cold room.
A second centrifugation was followed by re-suspension, 2-3 hr. standing, and
final re-suspension in distilled water; if dead suspensions were desired, final re-
suspension was in 0.5 per cent formaldehyde.

Total concentrations were determined by the method of direct count (84)
in a Petroff-Hausser counting chamber on the day of use. Great care was taken
to count individual organisms. Final concentrations were generally of the
order of 108 per cubic centimeter.

The concentration of viable organisms was established by making appro-
priate dilutions, and counting colonies on pour plates.

APPENDIX B

Although direct determination of this ratio did not appear possible in terms
of easily and rapidly measurable physical differences between living and dead
organisms, indirect means of estimation did exist. Dunklin and Puck (23)
have shown that at room temperature and humidity exceeding 60 per cent, the
death rate of organisms in an aerosol is in terms of minutes and hours, not
seconds. It therefore seemed reasonable to assume that under those atmos-
pheric conditions viability would not change measurably as an organism passed
from the atomizer to the collecting device. The time of transit is surely less
than 3 sec. and probably less than 1 sec.

It remained to be shown that the viability of organisms was not reduced by
atomization, although direct evidence is not now available. Supporting evi-
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dence can be obtained by determining viability ratios on the liquid suspension
used for atomization both at the beginning of an experiment and on the residual
fluid remaining in a reflux atomizer at its conclusion. In this type of atomizer
larger droplets, many of them containing bacteria, return to the fluid reservoir.
Consequently, some bacteria must be atomized more than once. If the process
is harmful, viability of the bacterial suspension would decrease demonstrably
with time. The absence of change would suggest that (7) atomization did not
alter viability, and (2) indirectly that it was permissible to assume the same
viability coeflicient for both suspension and aerosol. The following measure-
ments were necessary:

(a) The concentration of viable organisms was determined by the pour-plate
method, using an incubation period of 48 hr. The temperature was 37°C.
for B. globigii and about 25°C. for S. marcescens. ’

(b) Direct bacterial counts were made in a counting chamber. In addition
to the usual count, the proportion of organisms occurring singly or in clumps was
carefully observed. Moreover, the number of clumps containing two, three, or
more organisms was separately recorded. Estimates of total bacterial concen-
tration were computed in the customary manner.

Apparent viability coefficients presumably represent true coefficients only
when a bacterial suspension is composed of single organisms. When clumps
occur, the number of colonies appearing in plate cultures depends on the com-
bined number of single particles and clumps. In the case of suspensions con-
taining only single organisms and doublets, as with S. marcescens, it is possible
to compute the viability ratios provided the proportion of organisms occurring
singly and the apparent ratio are known. From these data, together with
customary probability considerations, and the assumption that the probability
of viability is the same for each cell whether it be single or in a doublet, one can
readily derive the equation

2 2V

Y= 5
in which B denotes the true and R the apparent viability ratio, and D the
proportion of cells observed as doublets.

With B. globigit spores such treatment is not convenient, since more than
four organisms frequently appear in a clump, and equations of higher degree
result. Moreover, these spores are highly resistant and the assumption of 100
per cent viability is consistent with the observed number of colonies and the
apparent viability ratios.

2R
+3 =0



