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Penetration of Airborne
Microorganisms Through a Surgical
Mask and a Dust/Mist Respirator

This study investigated bacterial penetration of different bacterial shapes, aerodynamic sizes,
and flow rates through a surgical mask and a dust/mist respirator. The bacterial penetrations
were compared with those of spherical corn oil particles of the same aerodynamic diameter
tested under the same conditions. The tests were performed at different levels of aerosol
penetration. Bacteria, ranging from spherical to rod-shaped with a high aspect (length to
width) ratio, were selected as test agents. Among these, Pseudomonas fluorescens physically
simulates Mycobacterium tuberculosis by shape and size. The concentrations of bacteria
upstream and downstream of the test devices were measured with an aerodynamic size
spectrometer. This instrument was found to measure the total viable and nonviable bacterial
concentration effectively and dynamically over the entire bacterial size range down to 0.5 pm
in aerodynamic size. The results indicate that the spherical corn oil particles and the spherical
Streptococcus salivarius bacteria have the same penetration in the size range from 0.9 to 1.7
pm. It has been found that rod-shaped bacteria penetrate less. The penetration difference
between the spherical and rod-shaped bacteria depends on the aspect ratio of the bacteria. For
an aspect ratio of 4, the penetration of rod-shaped bacteria is about half that of spherical anes.
Thus, it is projected that a respirator with 90% efficiency against spherical microorganisms or
test particles (10% penetration) will be 95% efficient against rod-shaped microorganisms of

the same aerodynamic equivalent diameter with an aspect ratio of 3 to 4, such as

Mycobacterium tuberculosis (5% penetration).

Keywords: aerodynamic size spectrometer, bacterial penetration, Mycobacterium
tuberculosis, respirator, efficiency, microorganism

urgical masks were designed originally to
protect patients against infectious agents
produced by health care workers who were
sneezing, coughing, or speaking.!'? The
mean size of the droplets expelled in these ways is
about 4 pm or larger.® A surgical mask provides a
barrier that prevents large droplets from escaping
into the wearer’s immediate air environment. Sur-
gical masks, be they flat or cone-shaped, efficiently

retain large droplets, but they allow much or most
of the airborne material of 1 pm or smaller to pen-
etrate through the filter material 9

Today health care workers and hospital admin-
istrators are concerned about the presence of air-
borne antibiotic-resistant strains of the tuberculo-
sis bacterium and the release of bacteria through
the use of new medical technology, such as the
carbon dioxide laser that may aerosolize viable tis-
sues and cells.®1 Thus, there is a need to protect
health care workers from infectious agents in the
air surrounding them. As the size of these air-
borne infectious agents may be as small as 1 pm
or less, health care respirators worn for protection
against airborne bacteria present in the environ-
ment are more efficient than surgical masks. The
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1993 Draft Guidelines by the Centers for Disease Control and Pre-
vention (CDCY? require “the ability to filter particles 1 micron in
size in the unloaded state with a filter efficiency of >95%, given flow
rates of up to 50 liters per minute.” They also state that “available
evidence suggests that infectious droplet nuclei are in the 1-5 mi-
cron size range, therefore respirators used in health-care settings
should be able to filter the smallest particles in this range effi-
ciently.” The 1994 notice of proposed rulemaking by the National
Institute for Occupational Safety and Health (NIOSH) proposes
that new particulate filters meet or exceed the performance recom-
mendation contained in the 1993 CDC document.!?

Industrial respirators are generally tested with inert, spherical,
or necar-spherical test particles. Testing with spherical particles rep-
resents the “worst case,” i.e., the highest possible penetration, 132
Airborne microorganisms are gencrally complex in shape, and may,
therefore, penetrate less than spherical particles of the same aero-
dynamic size. Through this study an understanding is sought of
the differences in penetration between nonspherical bacteria and
spherical test particles.

Bacteria have been employed in testing surgical masks used
against bacteria-containing droplets expelled by the wearer.(32122
In the bacteria filtration efficiency (BFE) test, Staphylococcus an-
vens (about 0.8 um in geometric diameter) is nebulized from wa-
ter and is contained in water droplets of about 2.3 pm.@Y In the
Greene and Vesley method, a challenge bioaerosol with a mean
size of 4 pm or larger is generated from a person’s mouth directly
while the person says the words “sing and chew.”®#? Both meth-
ods use the six-stage Andersen viable cascade impactor (Graseby
Andersen, Inc., Atlanta, Ga.) to collect bacteria on blood agar
plates on both sides of the mask being tested. Thus, both meth-
ods give an evaluation of mask penctration by viable bacteria car-
ried by supermicrometer-sized water droplets, which simulate the
expelled saliva from health care workers; but these methods are
not suitable for the evaluation of the penetration of unattached
nonclumped bacteria through respiratory protection devices.
When bacteria arc acrosolized through the use of new medical
technology, any liquid that may have become airborne with the
bacteria may evaporate quickly, and the smallest bacterium that
may be drawn to the respirator filter is that of a single-cell (non-
clumped) bacterium.

In a recent study Mycobacterium chelonae has been used as a sur-
rogate for testing the penetration of Mycobacterium tuberculosis
through respiratory protection devices.??) It was found that My-
cobacterinm chelonae penctrated somewhat less than spherical PSL
(polystyrene latex) particles of 0.8 pm diameter. However, the
aerosol sizing equipment used in this study may not have been ca-
pable of prompting definitive statements about the penetration dif-
ferences. In another study Bacillus subtilis subsp. niger was used as
the surrogate acrosol for Mycobacterium tuberculosis®® The
aerosol sizing instrument used in this study was also of limited use
for size-differentiating between spherical test particles and rod-
shaped bacteria. Therefore, one objective of the present study was
the development of a method for dynamically measuring the filter
penctration of airborne microorganisms.

The major focus of this study, utilizing the new measurement
method, was to show how the acrosol penctration of a surgical
mask with low filtration efficiency and a dust/mist respirator with
higher filtration efficiency depends on the size and shape of the test
organism, and how the total bacterial penetration (which includes
dead, injured, and viable bacteria) differs from the one obtained
with traditionally used spherical test particles. Psendomonas fluo-
rescens, a bacterium that is physically similar in size and shape to
Mycobacterinm tuberculosis, and three other bacteria with varying

sizes and shapes were acrosolized as challenge agents in this study.
Face-seal leakage, an important performance parameter, is not ad-
dressed in this study.

EXPERIMENTAL MATERIALS AND METHODS

Asurgical mask and a dust/mist respirator made by the same com-
pany (3M Co., St. Paul, Minn.) were selected for this study: the
No. 1838 Filtron high-performance surgical mask, which is flat
and has relatively high acrosol penetration, and the NIOSH-ap-
proved No. 1814 dust/mist respirator, which is cone-shaped and
has relatively low acrosol penetration. The purpose of selecting test
devices with these two different penetration levels was to verify that
the conclusions derived from the tests are applicable to a wide
range of filter penetration levels. Both devices are made of three
components: the cover web, the filter medium, and the shell. The
cover web and shell provide very limited filtration for large parti-
cles. The filter medium is the main part of these devices, responsi-
ble for filtering the microorganisms. The filter efficiency of respi-
ratory protection devices and surgical masks depends on the filter
material and the thickness of the filter layer.

Since the major focus of this study was to determine how the
filter penetration of rod-shaped microorganisms differs from that
of spherical microorganisms and spherical test particles, bacteria of
different aspect (length to width) ratio were selected for study:
Streptococcus salivarins ATCC 13419 (American Type Culture
Collection Inc., Rockville, Md.)*® with a single-cell spherical
form; Bacillus megatherium ATCC 14581 with an aspect ratio of
2.6;® Pseudomonas fluovescens ATCC 13525 with an aspect ratio
of 3.0, and Bacillus alcalophilus ATCC 21522 with an aspect
ratio of 4.4.%9 The cells were prepared and aerosolized as de-
scribed below. The inert spherical test particles were aerosolized
from corn oil.

For the airborne microbial penetration test, Pseudomonas fluo-
vescens ATCC 13525 was selected to physically simulate rod-
shaped Mycobacterium tuberculosis (whose length is 1 to 4 pm and
width is 0.3 to 0.6) because this bacterium is nonpathogenic and
similar to Mycobacterium tuberculosis in shape and size. @30 My-
cobacterinm tuberculosis H37Ra and Mycobacterium bovis BCG vac-
cine could have been chosen, but the interest of this study is in
physical size and shape and not metabolic nor genetic similarities.
Although there are other nonpathogenic bacteria with size and
shape similar to the Mycobacterinm tuberculosis bacterium, such as
Bacillus and  Escherichin, %31 they have more flagella than the
Pseudomonas fluovescens bacterium. The Pseudomonas fluovescens
bacterium has only two flagella at its two ends, while the Mycobac-
tevium tuberculosis bacterium has none. Therefore, Pseudomonas
fluorescens is a better physical substitute for Mycobacterinm tuber-
enlosis than the others.?” The importance of flagella in filter pene-
tration has, so far, not been tested. The physical sizes and shapes of
the four test bacteria and of Mycobacterium tuberculosis are listed in
Table 1.

As seen in Table I, the two references for Pseudomonas fluo-
vescens give different size ranges, but about the same aspect ratios.
Therefore, the size of this test bacterium was examined by scanning
electron microscopy (SEM) (Hitachi S-570, Hitachi Co., Tokyo,
Japan) following 18 hours of incubation and three washings as de-
scribed below. The bacterial sample was dried and coated with
gold /palladium in a sputter coater (Desk 11, Denton Vacuum Co.,
Cherry Hill, N.J.} prior to taking the SEM micrograph. The
process of taking SEM micrographs may shrink the size of the mi-
croorganisms by as much as 30%.%2 The actual size of a living
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Physical Size of Bacteria Tested

reduce these charges with time

to lower levels and to an ap-

Diameter Length Average ; :

: " proximate equality between
Bacterium Shape (um) (um) Aspect Ratio Reference the positive and negative char-
Streptococcus salivarius sphere®  0.8-1.0 N/A 1.0 Hardie'® ges.#%9) This state, referred to

ATCC 13419 as the Boltzmann equilibrium,
Bacillus megatherium rod 1.2-1.5 2-5 26 Claus and Berkeley?  is attained in the test setup by
ATCC 14581 the indicated electrical charge
Pseudomonas fluorescens rod 03-05  1.0-15 3.1 Breed et al.?” neutralizer, which is a tube with
ATCC 13525 07-08  1.5-30 3.0 Palleroni®® an axially aligned %Kr radioac-
Bacillus alcalophilus tive source. Such a device is
ATCC 21522 rod 0.7-0.9 3-4 44 Claus and Berkeley™ roultinely used in} 1abor atory ex-
Mycobacterium tuberculosis ~ rod 0.3-0.6 1-4 5.5 Wayne and Kubica®  periments containing an acro-

" The average aspect ratio is calculated by dividing the average length by the average diameter of the bacterium.
® Some single cocci are formed during aerosolization; but generally they appear in irregular chains.

sol generator.?%#®
The aerosol entered the 1.2
m wide, 1.0 m deep, and 2.2

microorganism may therefore be somewhat larger than the SEM-
measured size.

Throughout the period of experimentation, the bacterial cells
were maintained on Tryptic soy agar slants at 5°C (Difco Labora-
tories, Detroit, Mich.). To prepare them for use in the experiments
as a challenge to the test devices, the cells were streaked on Tryp-
tic soy agar plates and incubated at 25°C for 18 hours. Then, stet-
ile deionized water was added to these plates, and the growth was
removed with the aid of L-rods. This growth was washed either
once, three times, or six times (depending on the experiment) with
sterile deionized water using a centrifuge at 2860 X g (Marathon
6K, Fisher Scientific, Pittsburgh, Pa.). Prior to nebulization all
three differently washed bacterial suspensions were kept at the
same absorbance level of about 1.21 as measured by a spectropho-
tometer at a wavelength of 600 nm to produce similar suspension
concentrations (Spectronic 21D, Milton Roy Co., Rochester,
N.Y.). This cell suspension was placed in the nebulizer for use in
the experiments.

The test setup is shown schematically in Figure 1. Two aerosol
generators, one for microorganisms and the other for spherical
acrosol particles, were arranged in parallel. As one of the genera-
tors was in use, the other was closed off from the test system. The
generated acrosol was mixed with clean dilution air to attain the
desired aerosol concentration. It was then passed through a 10-
mCi 3Kr electrical charge neutralizer (TSI Inc., St. Paul, Minn.)
before entering the test chamber. The surgical mask and the
dust/mist respirator were tested in this chamber by dynamically
measuring their upstream and downstream aerosol concentrations
with an aerodynamic size spectrometer (Aerosizer, Ambherst
Process Instruments Inc., Hadley, Mass.). The penetration was cal-
culated by dividing the downstream concentration by the upstream
concentration of the tested device.

A six-nozzle Collison nebulizer (BGI Inc., Waltham, Mass.)
acrosolized the bacteria from the prepared suspension with about
7 psi clean compressed air. This resulted in an airborne bacterial
concentration of about 30 cm ™ in the test chamber. Spherical corn
oil droplets (Eastman Kodak Co., Rochester, N.Y.) of about 40
cm™® were generated in the 0.1 to 10 pm size range with a size-
fractionating acrosol gencrator. In this device the corn oil acrosol
size distribution is tailored to reduce small particle coincidence in
the size spectrometer, and to produce enough large particles for
good statistical results.®*3) Whenever particles are artificially gen-
crated, they may be highly charged. Usually, generated particles
containing charges of one polarity exceed those of the opposite po-
larity. Positive and negative ions that are naturally present in the air
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m high test chamber at the top

and was exhausted at the bot-
tom. Inside the chamber perforated metal sheets at the top and
bottom ensured a uniform aerosol concentration in the vicinity of
the test mannequin. The sclected test device was sealed to the man-
nequin with silicone and petroleum jelly. Each device was tested at
constant airflows of 16, 32, 50, and 80 L/min to simulate breath-
ing rates ranging from conditions of rest to strenuous work. Acro-
sizer sampling from outside the test device was alternated with
sampling from inside the device. The flow rates and sampling lines
were the same both up- and downstream of the test device. The
aerosol concentration remained constant within 5% during each
period of testing.

The Aecrosizer was chosen because it resolves smaller particle
sizes than other aerodynamic particle size spectrometers. %) Its
performance limitations were evaluated by paralle] measurements
with a laser acrosol size spectrometer (1LAS-X, Particle Measuring
Systems, Inc., Boulder, Colo.). The LAS-X counts particles from
0.1 to 3 um and was used in experiments to diffcrentiate airborne
bacteria from residue particles aerosolized into clean air (sce be-
low).®) Since the LAS-X measurements depend on the refractive
index of the tested microorganism, this instrument was calibrated
for each tested microorganism with a Marple cascade impactor
(model 266, Sierra Instruments Inc., Carmel Valley, Calif.). Thus,
each optical equivalent diameter of the LAS-X was converted to its

FLECTRICAL CHARGE NEUTRALIZER
Kr-85

DILUTION AIR
-

' ,—TEST CHAMBER

———————————— L MANNEQUIN
SPHERICAL U
BACTERIA 1 "PARTICE e
NEBULIZER| | AEROSOL s=
GENERATOR AFRODYNAMIC
SIZE
TEST RESPIRATOR~f ==~ ——~=—— SPECTROMETER
-

FIGURE 1. Dynamic test system for respirator studies on bacteria and ref-
erence corn oil particle penetration
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aerodynamic equivalent diameter.®” The impaction substrate of
the impactor was coated with a thin layer of petroleum jelly to
avoid particle bounce. To confirm the validity of the Aerosizer
data, the LAS-X took data in parallel with the Aerosizer through-
out the experiments.

Each measurement was performed four times on each of the
test devices. The data for cach test condition were averaged.
The standard deviation is indicated in the figures wherever it
was significant.

RESULTS AND DISCUSSION

he size distributions of Pseudomonas fluorescens, acrosolized after

one, three, and six washings, are shown in Figure 2. The bacte-
rial aerosol concentration, N is plotted as a function of the acrody-
namic equivalent diameter, d,, as measured by the Aerosizer. These
data demonstrate that the number of washings does not signifi-
cantly affect the aerodynamic size distribution of the bacteria. The
bacterial size distribution after one washing is slightly wider, with a
corresponding decrease in its peak value, and the peak is at a slightly
larger size than measured after three or six washings. This difterence
may be due to residual surface material, such as growth medium or
bacterial slime still coating the bacteria after only one washing. As
seen in Figure 2, the peak size of the bacterial size distribution af-
ter three or six washings is about 0.8 pm with a geometric standard
deviation 6,=1.31. The residue particles, resulting from the evapo-
ration of nebulized droplets not containing bacteria and composed
of growth medium and slime, have been monitored with the LAS-
X optical size spectrometer measuring down to (.1 pm in particle
diameter. After three washings the residue particles are less than 0.3
pm in diameter and are clearly separated from the larger bacterial
mode.®® Thus, the acrosol concentration measured by the Aero-
sizer in these experiments is the total bacterial concentration con-
sisting of all viable and nonviable bacteria in the air.

The sizes of the Pseudomonas fluorvescens bacteria used in the ex-
periments were analyzed by SEM. They were found to be rod-

0] [ — —_—
Pseudomonas fluorescens |
500 + -
L NUMBER OF |
WASHINGS

400 1 .
3 .

6

300

200

100

AEROSOL CONCENTRATION, N, cmi®

2 3 S)
AERODYNAMIC DIAMETER, dae, Mm

FIGURE 2. Pseudomonas fluorescens size distribution following three dif-
ferent culture washings

15 T T :

N Pseudomonas fluorescens ]
o v AEROSIZER |
z . v LAS-X, -
2 10k Yo, IMPACTOR -
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= | !ﬁ\v ]
o L |
- 5 -
O i v Vo i
2 RESPIRATOR: v,

& 3M 1814 |
< | Q,=32 L/min v
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0.3 0.5 1 2 3
AERODYNAMIC DIAMETER, dge, pm
FIGURE 3. Comparison of microbial penetration data obtained with two
different aerosol size spectrometers. The bacterial suspension was washed
six times before aerosolization.

shaped and about 1.5 t0 2.0 pm long and 0.4 to 0.7 pm wide. This
size range is between the higher and lower size ranges given by the
two references quoted in Table I. The measured average aspect ra-
tio of 3.2 is similar to the aspect ratio quoted in the two references.
The reason for the size differences may be due to different bacter-
ial preparation procedures, such as different incubation time and
growth temperatures, different media, and measurement methods
used.®**) The SEM measurements confirm that Psendomonas flu-
orescens is physically similar in size and shape to Mycobacterinm tu-
beveulosis.#*) No flagella were found in the SEM micrographs of
Psendomonas fluorescens. They are therefore assumed to have been
removed before. They were probably broken off by the high phys-
ical shear forces during aerosolization from the Collison nebulizer.
This makes Pseudomonas fluorescens physically even more similar to
the Mycobacterium tuberculosis. Thus, the physical penetration re-
sults of this study are considered valid for predicting the penetra-
tion of Mycobacterinm tuberculosis through the test devices.

Figure 3 shows the penetration of six-time washed Psendomonas
flwovescens bacteria through the No. 1814 dust/mist respirator as
a function of aerodynamic diameter, measured by two different
means, The flow rate through the test devices, Qp, was fixed at 32
L/min, and the aerosol penetration, P, is recorded as the ratio of
the acrosol concentration downstream of the respirator to that up-
stream. The Aerosizer data are as recorded by the instrument. The
bacterial sizes from the 1.AS-X optical size spectrometer were con-
verted to acrodynamic diameters through calibration with the
Marple impactor. As seen, both methods give the same penetration
data within the standard deviation of four tests for each experi-
mental condition. The small difference, if significant, may be
caused by the shape of the bacteria.®¥”#2#) Comparison tests at
other conditions were similar.

Figure 4 shows how spherical corn oil droplets differ from the
rod-shaped Psendomonas fluovescens bacteria in their penetration
through the No. 1838 surgical mask and the No. 1814 dust/mist
respirator when these test devices are exposed to microbial acrosol
flows of Qz=32 L/min. As seen for both devices, the corn oil
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FIGURE 4. Comparison of comn oil partide penetrations to bacterial pene-
trations for three different levels of bacterial washings. (A) 3M Co. No. 1838
flat surgical mask, (B) 3M Co. No. 1814 cone-shaped dust/mist respirator

droplets penetrate about 35 to 40% more than the Psendomonas
Sfluorescens bacteria in the 0.6 to 1 pm aerodynamic size range and
about 30% morc in the 1 to 2 pm size range.

Figure 4 also shows the effect of bacterial preparation on pene-
tration through both respiratory protection devices. As seen, there
are only slight penetration differences for the indicated number of
washings and the penetration results are repeatable within a stan-
dard deviation of less than 10%. Figure 4A shows that the penetra-
tion for one-time washed bacteria is somewhat lower over most of
the measured size range. This may be due to residue material that
is still attached to the surface of the bacteria after one washing.
This residue coating may affect the shape and therefore the aero-
dynamic characteristics of the bacteria.

352 AIHA JOURNAL (57) April 1996

Figure 5 shows the effect of flow rate on penetration. The pen-
etration of corn oil droplets is always higher than that of
Psendomonas fluovescens at all flow rates. A study with a different
bacterium, Mycobacserium chelonae, has also shown less penetra-
tion with bacteria than with spherical test particles.??)

To further understand the bacterial penetration, the ratio of the
Psendomonas flnovescens penctration to the corn oil particle pene-
tration at the same flow rate is plotted in Figure 6 to indicate the
difference between the penctrations. For acrodynamic sizes be-
tween 0.7 and 0.9 pm the penetration ratio ranges from about 45
to 60%, and decreases somewhat with increasing flow rate. For this
size range the primary removal mechanisms appear to be mechan-
ical interception and electrostatic attraction by the electrically
charged fibers of the filter material.?**¥ Interception depends on
the physical proximity of the aerosol particles to the filter material
and is therefore particle size and shape dependent and independent
of flow rate. Although the test acrosol is charge-neutralized before
reaching the test device (see Figure 1), this does not mean that all
test aerosols are without clectrical charge. The acrosol cloud con-
tains some positively and negatively charged particles. Nonspheri-
cal particles can hold more charges than spherical particles of the
same volume.“® This appears to be duc to the greater surface area
of the nonspherical particles relative to the spherical ones. There-
fore, interception and electrostatic attraction cause greater removal
(ie., less penetration) for rod-shaped bacteria than for spherical
particles of the same acrodynamic size. The somewhat greater re-
moval of the 0.7 to 0.9 um bacteria at the higher flow rate appears
to be due to a small impaction component that increases with flow
rate. With increasing particle size, the importance of impaction in-
creases and that of electrostatic attraction decreases.?46#7) There-
fore, the dependence of the penetration ratio on flow rate in-
creases, and the difference between the two penetrations decreases
at low flow rates, as seen in Figure 6.

Figure 7 shows the acrosol penetration data for corn oil parti-
cles and four bacteria that differ in average aspect ratio from 1 to
about 4.4. The flow rate through the No. 1814 dust/mist respira-
tor was kept constant at 50 L/min for all experiments. As seen,
acrosol penetration decreases with increasing aspect ratio of the
bacteria. In the testing of the filter penetration of inert elongated
particles such as asbestos fibers, a decrease in particle penetration
has also been observed as the length of the fibers of a given diam-
eter increased.®® In the aerodynamic particle size range of 1 to 1.7
nm, the penetration of Streptococcus salivarvius cells is approxi-
mately the same as that of the spherical corn oil particles. Strepto-
coccus sadivarius cells are spherical with a diameter of 0.8 to 1.0 pm

3M 1814
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FIGURE 5. Effect of flow rate on aerosol penetration. (A) Rod-shaped
Pseudomonas fluorescens test bacteria, (B) spherical corn oil test particles
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(see Table I). The cells usually appear in chains, which may, how-
ever, break into single, double, and triple spheres during nebuliza-
tion. Therefore, the penetration of Streptococcus salivarius bacteria
for aerodynamic sizes above about 1.7 um is less than for the corn
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FIGURE 7. Penetration for bacteria of different aspect ratios

oil particles, as the cells are likely to be agglomerated above this
size. It is not clear at this time why the penetration for Streptococ-
cus salivarius cells below 0.8 pm is less than that of the corn oil par-
ticles. The curves of Figure 7, however, clearly show that the filter
penetration of bacteria is a strong function of their shape, and that
spherical bacteria behave similar to spherical inert particles.

To further indicate the effect of bacterial shape on filter penc-
tration, Figure 8 shows that the ratio of bacterial penctration to
spherical test particle penetration at the same aerodynamic diame-
ter is a function of the aspect ratio, i.c., shape of the bacteria. The
data are shown for an acrodynamic diameter of 1 pm, as this size
is required by the 1993 CDC guidelines™ for testing respiratory
protection devices. As seen, the bacterial penctration relative to
spherical corn oil particles decreases from about 100% for spherical
bacteria to less than 50% for the bacteria with an average aspect ra-
tio exceeding 4, i.c., bacteria with an aspect ratio larger than 1
penetrate less than spherical bacteria or test particles of the same
aerodynamic diameter. The larger the aspect ratio, the fewer bac-
teria penetrate. The straight line is an approximate fit to the data.
The bacterial penctration of Psewdomonas fluorescens, which is sim-
ilar in size and shape to Mycobacterinm tuberculosis, is between 50
and 60% of that of spherical test particles. While not tested at such
conditions, it is projected that a respiratory protection device with
a filter efficiency of 95% for spherical particles (5% penetration) col-
lects about 97.5% of rod-shaped bacteria with a high aspect ratio
(half of 5%=2.5% penetration). Thus, a respiratory protection de-
vice that is 90% efficient against spherical test particles is likely to
be about 95% efficient against rod-shaped microorganisms with a
high aspect ratio, such as Mycobacterium tubevculosis.

CONCLUSIONS

he Acrosizer, a relatively new aerodynamic size spectrometer, ef-
fectively and dynamically measures bacterial penetration through
surgical masks and respiratory protection devices. It measures bac-
teria larger than about 0.5 pm in aerodynamic diameter with a

%

120 T | I
n
ﬁ r A\ Streptococeus salivarius
&) A [ Bacillus megatherium
= 100 7 Pseudomonas fluorescens -
< % S O Bacillus alcalophilus
P i THREE WASHINGS
El5 8ot ]
LI
< £
=
S0 60 - B
jar
Z
=
aIE
<5 40k N
=1 RESPIRATOR:
=S 3M 1814 ¢
Z .
gi % 20 L Q,=50 L/min |
> dge =1.0 pum
jasd
E 0 1 { 1
a 1 2 3 4 5
A

AVERAGE ASPECT RATIO

FIGURE 8. Dependence of bacterial penetration on bacterial shape
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standard deviation of less than 10%. The number of bacterial wash-
ings during preparation does not significantly affect the aerody-
namic size distribution of the test bacteria. Tests with an optical
size spectrometer that measures down to 0.1 pm have shown that
some bacterial washing is desirable to separate the bacterial mode
from the mode of residue particles resulting from the evaporation
of nebulized droplets not containing bacteria and composed of
growth medium and slime.

Comparison of the penetration data for bacteria with those for
spherical test particles has shown that tests with spherical test parti-
cles will always give the higher penetration values, i.e. the most con-
servative assessment of collection efficiency. In this study the col-
lection efficiency of nonspherical bacteria was always higher than
that of the spherical test particles. For a given aerodynamic diame-
ter the penetration of bacteria through the filter media of surgical
masks and respiratory protection devices decreases with increasing
aspect ratio of the bacterial dimensions. The bacterial penetration of
Pseudomonas fluorescens, which is similar in size and shape to My-
cobacterium tuberculosis, is berween 50 and 60% of that of spherical
test particles of the same acrodynamic diameter. Since the depen-
dence on aspect ratio was observed with the less efficient surgical
mask and with the more efficient dust/mist respirator, and since
considerations of aerosol physics postulate such a dependence, the
finding of aspect ratio dependence is likely to be applicable to a
wide range of filter materials used in respiratory protection devices.
As there is little physical difference between the filter materials used
in health care respirators and those used in industrial environments,
this finding is of relevance to respirators used in both types of envi-
ronment. While not tested for such conditions, it is projected that
a respirator with 95% cfficiency against spherical particles (5% pen-
etration) has 97 to 97.5% efficiency against rod-shaped Mycobac-
tevium tuberculosis (2.0 to 2.5% penetration). A respirator that is
90% efficient against spherical particles will, therefore, be about 95%
efficient against Mycobacterinm tuberculosis.
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