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Aerobiological monitoring was conducted in an experimental room to aid in the development of standardized
sampling protocols for airborne microorganisms in the indoor environment. The objectives of this research
were to evaluate the relative efficiencies of selected sampling methods for the retrieval of airborne fungal spores
and to determine the effect of human activity on air sampling. Dry aerosols containing known concentrations
of Penicillium chrysogenum spores were generated, and air samples were taken by using Andersen six-stage,
Surface Air System, Burkard, and depositional samplers. The Andersen and Burkard samplers retrieved the
highest numbers of spores compared with the measurement standard, an aerodynamic particle sizer located
inside the room. Data from paired samplers demonstrated that the Andersen sampler had the highest levels of
sensitivity and repeatability. With a carpet as the source ofP. chrysogenum spores, the effects ofhuman activity
(walking or vacuuming near the sampling site) on air sampling were also examined. Air samples were taken
under undisturbed conditions and after human activity in the room. Human activity resulted in retrieval of
significantly higher concentrations of airborne spores. Surface sampling of the carpet revealed moderate to
heavy contamination despite relatively low airborne counts. Therefore, in certain situations, air sampling
without concomitant surface sampling may not adequately reflect the level of microbial contamination in indoor
environments.

Human exposure to airborne microorganisms may result
in a variety of adverse health effects, including infectious
diseases (4, 21), allergic and irritant responses (3, 11, 13),
respiratory problems (9, 11, 15, 21, 30), and hypersensitivity
reactions (12, 20, 29). Airborne microorganisms have been
identified and enumerated by using a variety of aerobiolog-
ical sampling methods (17, 19, 24, 28, 29), yet the impact of
airborne microorganisms on indoor air quality and human
health remains poorly understood. This is due in part to
difficulties with aerobiological sampling methodology and
the interpretation of experimental data. Although several
methods for monitoring airborne microorganisms are com-
mercially available (10, 26, 27), there is a lack of information
concerning the comparability of these methods. The Amer-
ican Conference of Governmental Industrial Hygienists has
outlined several sampling methodologies for indoor monitor-
ing but has not reported the comparability of data derived
from the various methods (1). Confusion and criticism of
sampling methods arise during interpretation of field data as
accuracy determinations are rarely made during aerobiolog-
ical sampling surveys (6) and the sampling method used may
not be appropriate for the survey being conducted (8).
Difficulties also arise with the interpretation of data because
of numerous variables present in indoor environments, such
as the activity of building occupants near the air sampling
site. Although foot traffic has been shown to affect airborne
concentrations of microorganisms during sampling (14), the
extent of human activity on sampling has not been fully
investigated.
As a step toward the development of standardized sam-

pling protocols and to provide information concerning the

* Corresponding author.

impact of airborne microorganisms on indoor air quality,
research was conducted in an experimental room designed
as a microcosm of a residential indoor environment. The
objectives of this work were to determine the relative
efficiencies of selected aerobiological sampling methods and
the effect of human activity on retrieval of airborne micro-
organisms. In these experiments, fungal spores of Penicil-
lium chrysogenum (spherical spores with a known size
range) were aerosolized, their concentrations were moni-
tored by using a laser-based aerodynamic particle sizer
(APS), and the results were compared with data from total
count and culture-based sampling methods.

MATERIALS AND METHODS

Experimental room. An experimental room (4 m long by 4
m wide by 2.2 m high) was designed to resemble a residential
indoor environment. The interior of the room was fitted with
a hardwood floor, and the sheetrocked walls and ceiling were
coated with interior latex paint. The room was equipped with
a heating, ventilation, and air conditioning system that was
sized to simulate a residential system and had rectangular
ductwork (13 by 20 cm). The room was designed as a closed
system with two registers (10 by 20 cm) (Fig. 1, Si and S2),
which were located at a height of 1.8 m off the floor arid were
1.8 m apart; these registers supplied HEPA-filtered (99.97%
efficiency) air, and there was one return vent (25 by 30 cm)
(R), Fig. 1, which was located 30 cm off the floor on the
opposite wall. The room was operated at a temperature of 24

0.3°C with an air flow rate of 4.2 m3/min, which resulted in
approximately five room air volume exchanges per hour.
The duct velocity was approximately 168 m/min. The room
and supply ducts were maintained at a positive static pres-
sure (0.5 mm of water) to minimize contamination from
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220 BUTTNER AND STETZENBACH

FIG. 1. Diagram of the experimental room. The arrows indicate
the direction of air flow. HEPA-filtered air is delivered into the room
via two supply registers (Sl and S2) and exits through the return
register (R). Sampling stands (locations 1 through 5) support tem-
perature and humidity probes. See the text for an explanation of the
positions of the APS, Andersen, and Burkard samplers (locations A
through D).

outside the room. An anteroom equipped with a HEPA-
filtered air shower was attached to the room entrance to
reduce mixing of air resulting from entering and exiting
during experiments. The temperature was monitored by 20
type T thermocouples (Thermo Electric Co., Saddle Brook,
N.J.), and the relative humidity was monitored by five
relative humidity probes (Hy-Cal Engineering, El Monte,
Calif.) located within the room (Fig. 1).

Target organism and culture media. Spores of the fungus
P. chrysogenum were obtained from Harriet Burge, Univer-
sity of Michigan Medical Center. This organism is a common
fungal isolate in indoor air samples and is not known to be a
human pathogen or a producer of mycotoxins that affect
humans. Spores were stored dry at 4°C until they were
needed. P. chrysogenum was cultured on malt extract agar
(MEA) (pH 4.5) (Difco Laboratories, Detroit, Mich.) and
was incubated at 23°C for 72 h. The bacteria present in the
experimental room were cultured by using tryptic soy agar
(Difco) (pH 7.0) supplemented with 100 ,ug of cycloheximide
per ml and incubated at 28°C for 5 days.

Aerobiological sampler evaluation. P. chrysogenum spores
were introduced into the room via the air supply duct at
supply register S, (Fig. 1) by using a Pitt 3 dry aerosol
generator (25). For each trial, a dry aerosol of spores was
generated inside a sealed Plexiglas column by acoustic
vibration. Filtered, dry CO2 gas conveyed the spores from
the Pitt 3 generator to the supply duct at a rate of 10
liters/min for 10 min or until the spore concentration in the
room reached 103 spores per m3, as measured by an APS

(TSI, Inc., St. Paul, Minn.) placed inside the room for
real-time determination of fungal spore concentrations (18,
25). The APS is capable of measuring particles in the size
range from 0.5 to 30 ,um and operates at an air flow rate of 5
liters/min. The spore concentration was determined by
counting the particles in the Penicillium spore size range (1.8
to 3.5 ,um). Background levels of particles in this size range
were measured by using the APS before spores were re-
leased.
Four types of aerobiological samplers, which were acti-

vated remotely from outside the room, were evaluated for
the retrieval of airborne fungi. Two Andersen six-stage
viable impactor samplers (Andersen Instruments, Inc., At-
lanta, Ga.) were operated for 5 min at a flow rate of 28
liters/min by using vacuum pumps (Millipore Corp., Bed-
ford, Mass.) located outside the room; a total of 0.140 m3 of
air was sampled. Two Surface Air System (SAS) viable
impactor samplers (manufactured by PBI International, Mi-
lan, Italy, and distributed by Spiral Biotech, Inc., Bethesda,
Md.) were fitted with 487-hole faceplates and large-diameter
(84-mm) RODAC plates (PBI International) and were oper-
ated for 1 min. The SAS batteries were fully charged before
each trial, and the flow rates of the two samplers were
calibrated in our laboratory at 153 and 159 liters/min; the
amounts of air sampled were 0.153 and 0.159 m3, respec-
tively. Fifteen pairs of 100-mm agar-filled petri dishes were
placed in remotely activated depositional samplers (designed
and manufactured by Owens-Coming Fiberglas, Granville,
Ohio) and were exposed for 15 min by using pneumatic
switches which slid trays containing the petri dishes from
underneath plastic covers to expose the agar surfaces. A
single Burkard spore trap (Burkard Manufacturing Co.,
LtD., Rickmansworth, Hertfordshire, England) was fitted
with a 24-h sampling head that held an adhesive-coated glass
slide onto which fungal spores were impacted. The Burkard
sampler was operated for 30 min at a flow rate of 10
liters/min (total air volume, 0.30 mi3).
A total of 12 trials were conducted to evaluate the results

of the aerobiological sampling methods compared with the
APS data. The depositional samplers were placed at posi-
tions that were 0.3, 1, and 1.5 m from the floor on each of five
sampling stands that were located in the room; a total of 30
plates were used for each trial (Fig. 1, locations 1 through 5).
The APS was placed on a sampling cart near the center of the
room at a height of ca. 1 m from the floor (Fig. 1, location A).
The Andersen, SAS, and Burkard samplers were positioned
in line with the APS (Fig. 1, locations B through D); the
Andersen and SAS sampling ports were ca. 1 m from the
floor, and the floor-mounted Burkard sampling port was ca.
0.3 m from the floor. The location of each sampler type
relative to the APS was changed between trials such that all
six possible arrangements were tested twice (Table 1).

After the room was loaded with spores, the air-handling
system was turned off, and 5 min was allotted for the room
air to equilibrate. Air samples were taken with the pairs of
each viable sampler type operated in sequence. On the basis
of predicted settling rates of the spores (as determined by
terminal velocity approximations) and observations with the
APS, the total length of the sampling period was such that
the majority of the aerosolized spores remained airborne
during the entire sampling period. The order of operation of
the Andersen, SAS, and depositional samplers was changed
between trials, and each order was tested twice (Table 1).
The Burkard sampler exhausts air near the floor and re-
entrains particles which interfere with the APS measure-
ments. Therefore, the Burkard sampler was operated last in
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AEROBIOLOGICAL MONITORING IN AN EXPERIMENTAL ROOM 221

TABLE 1. Air sampler locations and order of operation for aerobiological sampler evaluation

Andersen sampler Burkard sampler SAS sampler
Trial no. Oder . Depositional sampler:

Location' sequenceb Locationa sequenceb Location' Oerin order insequenceb

1 B 3 C 4 D 1 2
2 B 1 C 4 D 3 2
3 B 1 D 4 C 2 2
4 B 2 D 4 C 1 3
5 C 2 B 4 D 1 3
6 C 1 B 4 D 2 3
7 D 3 B 4 C 2 1
8 D 2 B 4 C 3 1
9 C 1 D 4 B 3 2
10 C 3 D 4 B 1 2
11 D 2 C 4 B 3 1
12 D 3 C 4 B 2 1

a See Fig. 1.
b The order in which the samplers were operated was varied from trial to trial (see text).
' The depositional sampler locations were fixed (see Fig. 1 and text).

every trial. The APS collected continuous 5-min samples at
an air flow rate of 5 liters/min throughout the experiment.
Air sample analysis. The MEA plates from the Andersen,

SAS, and depositional samplers were incubated as described
above, and fungal counts were determined as the number of
colony-forming units per plate. The number of viable P.
chrysogenum spores per m3 of air was determined for each
Andersen and SAS sampler by using the appropriate air flow
rates and sampling times. The mean number of colony-
forming units per cubic meter for each pair of samplers was
then calculated. The data from paired depositional samplers
were expressed both as mean number of colony-forming
units per plate and as mean number of colony-forming units
per square meter of collection surface area. Each Burkard
slide was stained by using the standard formulation devel-
oped by Harriet Burge (5a), except that crystal violet was
substituted for phenosafranin. The total number of Penicil-
lium spores was determined microscopically. A total of 8 to
10 microscopic sweeps was made for each slide, and the
average count per sweep was used to estimate the number of
total spores per cubic meter of air. The particle counts from
the APS in the P. chrysogenum spore size range were
determined and converted to total number of particles per
cubic meter of air.
Fungal spore viability. The percentage of viable P. chryso-

genum spores released into the room was estimated for each
spore release trial. A sample of spores was removed from the
Pitt 3 generator after aerosol generation and placed in filtered
Isoton II solution (Coulter Electronics, Hialeah, Fla.). After
the sample was sonicated for 10 min with a model 1200
sonicator (Branson Ultrasonics Corp., Danbury, Conn.), the
total number of spores per milliliter was determined by using
a Coulter Counter ZM electronic particle counter (Coulter
Electronics, Inc.) fitted with a 30-,um orifice and calibrated
with 2.02-,um-diameter latex beads. The number of viable
spores per milliliter was determined by serially diluting the
preparation and spread plating the spore suspension onto
triplicate MEA plates. The MEA plates were incubated as
described above, and the mean number of colony-forming
units for triplicate plates was determined. The percentage of
viable spores released in each trial was then estimated.

Air sampling with human activity. Trials were conducted
to determine the effect of human activity on airborne spore
retrieval by using wall-to-wall carpet as the source of fungal

spore contamination. A nylon synthetic pile carpet was
installed in the room, and the surfaces of the carpet, walls,
and ceiling were tested to determine background levels of
nontarget fungi and bacteria by using RODAC contact plates
filled with MEA and tryptic soy agar (pH 7.0) containing 100
,ug of cycloheximide per ml, respectively. P. chrysogenum
spores were introduced into the room via the air supply duct
as described above and settled onto the carpet. The average
airborne spore concentration during spore loading was de-
termined by the APS to be 104 spores per m3.
The aerobiological samplers were placed in the room by a

scientist wearing a respirator and protective clothing. Fol-
lowing a minimum of 3 h of settling time, air samples were
taken in the undisturbed room with each type of sampler
operated individually, in the following sequence: SAS sam-
plers, Andersen samplers, depositional samplers, and
Burkard sampler. Immediately following aerobiological sam-
pling in the undisturbed room, the Andersen samplers in the
room were replaced with unexposed Andersen samplers,
and SAS and depositional samplers were reloaded with
unexposed agar plates. An additional type of viable impactor
sampler, the RCS Plus sampler (Biotest Diagnostics Corp.,
Denville, N.J.) containing MEA strips, was added to the
array of samplers. This sampler was not equipped to operate
under the experimental conditions of the sampler efficiency
study described above or under the undisturbed conditions
in these trials. Because of an automatic shutoff, the RCS
Plus sampler required activation within 4 min and therefore
could not be operated remotely. The RCS Plus sampler was
operated for ca. 3 min and sampled 0.14 m3 of air. After the
samplers were replaced, human activity was initiated. The
room air was disturbed by walking of the scientist in the
room along a preselected pattern for approximately 1 min.
Two RCS Plus samplers were activated manually immedi-
ately before the scientist left the room, and the other
samplers were then operated remotely in the same sequence
as described above for the undisturbed conditions. Five
trials were performed, in which air samples were taken
under both undisturbed and disturbed conditions.

This series of experiments was repeated after the room
was loaded with a higher concentration of spores (105 spores
per m3 [average concentration]). In five trials with the more
heavily contaminated carpet as the spore source, both un-
disturbed room air and air disturbed by walking were sam-
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222 BUTTNER AND STETZENBACH

pled, as described above. Five trials were also performed at
this level of contamination in which vacuuming (upright
household vacuum cleaner equipped with conventional pa-
per vacuum bags) for 2 min replaced walking as the human
activity disturbance. MEA-filled RODAC contact plates
were used to quantify the viable P. chrysogenum spores on
the walls, ceiling, and carpet throughout the human activity
trials.

Statistical analysis. Data obtained as the number of colony-
forming units per plate from aerobiological sampling were
converted to the number of colony-forming units per cubic
meter of air for the Andersen, SAS, and Burkard samplers or
the number of colony-forming units per square meter of
surface area for the depositional samplers. Data from the
Andersen six-stage and SAS samplers were recorded both as
uncorrected counts and as positive-hole-corrected (2) and
coincidence-corrected counts (16), respectively. The data
were logl0 transformed, and all subsequent analyses were
performed by using the transformed data. Analysis of vari-
ance (ANOVA) calculations were performed by using the
counts from forced-air-flow samplers to determine the ef-
fects of the following factors: (i) the location of the sampler
relative to the APS, (ii) the order of operation of a sampler
type in the sampling sequence, (iii) the differences between
paired samplers of the same type operated simultaneously
(excluding the Burkard sampler), and (iv) the differences
between sampler types, where the measurement units coin-
cided (Andersen sampler versus SAS sampler and Burkard
sampler versus APS). Data from depositional sampling were
analyzed by ANOVA to determine the effects of sampler
height and location and the differences between sample
pairs.
Sampling methods were compared by performing a corre-

lation analysis and by determining levels of repeatability and
sensitivity. Estimates of correlation values were obtained by
pairing the sample mean for the two observations for one
sampler type with the corresponding mean for another
sampling type for each trial. The data were ranked, and
Spearman's rank correlation coefficients were calculated.
The advantages of using rank correlations rather than prod-
uct moment correlations are that the rank correlations do not
rely on the assumption of bivariate normal data and measure
the extent of a monotonic relationship rather than the extent
of a linear relationship (25a). The level of repeatability (the
similarity of measurements made by two samplers of the
same type operated simultaneously) for each sampling
method except the Burkard method was obtained in the
following two ways: (i) by calculating the mean of the
differences (absolute value) between two samplers of the
same type operated simultaneously and (ii) by estimating the
pooled within-duplicate-pair variance, which was obtained
as the error mean square in an ANOVA of the data for each
type of sampler. The sensitivity estimates are the F ratios of
the between-location mean square to the error mean square
for each type of sampler, which provide a way to compare
how well different sets of measurements from the same
sampling method distinguish between different sampling
conditions (5).
For air sampling trials with human activity, the paired-

sample t test was used to compare the data for the undis-
turbed conditions with the data for the disturbed conditions
for each sampler type. A one-way ANOVA was used to
compare the Andersen, SAS, and RCS Plus sampler data
obtained after disturbance by human activity. Depositional
sampler data from the three different sampling heights were
also compared by using the one-way ANOVA.

°4.0-a

* 3.5-

0

0 3.0-
0
-a

E Total Count
0 Viable Counts
[= Corrected

rkard Andersen
Sampler Type

SAS

FIG. 2. Comparison of aerobiological sampling methods. For
each sampler type (x axis) the bar height represents the mean (n =
12) level of retrieval of P. chrysogenum spores ± 1 standard error
(data are expressed as the log of number of spores per cubic meter
of air). APS and Burkard sampler data are total spore counts.
Andersen and SAS sampler data are viable spore counts expressed
as both uncorrected and corrected values.

RESULTS

Aerobiological sampler evaluation. Electronic particle
counts of spores obtained by using the Coulter Counter and
preliminary release trials monitored by the APS indicated
that 295% of the P. chrysogenum spores were 1.8 to 3.5 ,um
in diameter (data not shown). Therefore, only particles in
this size range were recorded with the APS as P. chrysoge-
num spores during the spore release trials. The average
spore concentration per release in the 12 trials was 6.4 x 103
spores per m3 of air, and the range was 4.5 x 103 + 295
spores per m3 (mean + 1 standard deviation) to 7.8 x 103 +
390 spores per m3. The background concentration of parti-
cles in the spore size class prior to spore release ranged from
below the lower detection limit (71 particles per m ) to 143
particles per m3. During release of spores, the air flow rate
through the room was 4.2 m3/min, the room temperature was
23.6 to 24.4°C, the relative humidity was 50 to 56%, and the
room pressure was 0.5 mm of water. After air sampling was
completed (the air-handling system was off), the temperature
in the room was 24.9 to 26.3°C and the relative humidity
ranged from 48 to 53%.
The results of the experiments to determine P. chrysoge-

num spore retrieval by the forced air flow sampling methods
and the APS data for comparison are shown in Fig. 2. The
Andersen sampler retrieved a significantly higher number of
viable P. chrysogenum spores than the SAS sampler, both
before and after coincidence correction (P < 0.0001). The
APS estimates of total spore concentration in the room were
significantly higher than the total concentration retrieved by
the Burkard sampler (P < 0.0001). The level of spore
retrieval in the 12 trials in which the depositional samplers
were used was 6.8 + 0.5 CFU per plate (mean + 1 standard
error), or 1,117 + 85 CFU/m2 of collection surface area. The
level of spore viability was 74.8 + 10.5% in these trials.

Levels of repeatability and sensitivity were estimated for
the Andersen, SAS, and depositional sampling methods
(Table 2). For repeatability, the lower the values for either
the mean difference between pairs or the variance, the
greater the level of repeatability between samplers of that
type. F values indicate the level of sensitivity of a sampling
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AEROBIOLOGICAL MONITORING IN AN EXPERIMENTAL ROOM 223

TABLE 2. Repeatability and sensitivity measurements for the
Andersen, SAS, and depositional samplers

Repeatability
Sensitivity:Sampler Mean difference Variance F-value

between pairs

Andersen
Uncorrected data 0.0200 0.0003 37.41
Corrected dataa 0.0281 0.0006 39.08

SAS
Uncorrected data 0.1061 0.0071 2.51
Corrected datab 0.1442 0.0134 2.18

Depositional 0.2010 0.0379 1.83

a Andersen positive-hole correction.
b SAS coincidence correction.

method to differences between trials. The higher the F value,
the greater the level of sensitivity of the method (25a). The
Andersen sampler exhibited both the highest level of repeat-
ability and the greatest level of sensitivity in these experi-
ments, followed by the SAS sampler. The depositional
samplers exhibited the lowest levels of repeatability and
sensitivity. Correction of Andersen and SAS sampler data
emphasized the differences between sampler pairs which
resulted in a slight decrease in the level of repeatability for
both samplers. Corrected values resulted in an increase in
the level of sensitivity of the Andersen sampler, but a
decrease in the level of SAS sampler sensitivity.
The results of the correlation analysis between sampler

types are shown in Table 3. After positive-hole correction,
the Andersen sampler was the only sampler type that
showed a significant correlation with the APS.
There were no significant differences among the results

obtained from different sampling locations for the Andersen
(P = 0.822 uncorrected; P = 0.840 corrected), SAS (P =
0.617 uncorrected; P = 0.602 corrected), Burkard (P =
0.942), and depositional samplers (P = 0.267). For deposi-
tional sampling, there were also no differences among data
obtained from the 0.3-, 1-, and 1.5-m sampling heights (P =
0.405) (data not shown). However, there were significant
differences in the results obtained depending on the order in

TABLE 3. Correlation between aerobiological
sampler data and APS

Spearman's rank
correlationSampler coefficient with

APS data

Andersen
Uncorrected data...........................................
Corrected dataa.............................................

SAS
Uncorrected data...........................................
Corrected datac.............................................

0.584
0.656b

0.436
0.436

Burkard ........................................ 0.425

Depositional........................................ 0.510

TABLE 4. Surface sample results prior to human activity trials
for each of the three experimental conditions

Room con-
tamination Activity Location No. of CFU/plate CFU/m2

release concn samples (mean) (mean)
(spores/m3)

104 Walking Carpet 24 30.7 12,019
Walls 24 0.2 65

105 Walking Carpet 15 >300 >117,576
Walls 13 1.8 724

105 Vacuuming Carpet 18 196 76,729
Walls 18 4.7 1,851

which the sampler types were operated. When the Andersen
sampler was operated third in the sampling sequence, the
counts were significantly lower (P = 0.020 uncorrected; P =
0.018 corrected) than the counts for this sampler when it was
operated first or second. The order of operation in the
sampling sequence did not result in a significant difference in
the SAS sampler data (P = 0.061 uncorrected; P = 0.067
corrected). There were no significant differences in the
results obtained from paired samplers of the same type when
the Andersen samplers (P = 0.710 uncorrected; P = 0.662
corrected) and the depositional samplers (P = 0.147) were
used. However, one of the SAS samplers retrieved consis-
tently higher numbers of spores than the other SAS sampler;
this difference was significant following coincidence correc-
tion of the data (P = 0.057 uncorrected; P = 0.048 correct-
ed).
The average background bacterial concentration in the

room was 41.6 CFU/m3 for the 12 release trials. Low
numbers of spores were detected in the greenhouse sur-
rounding the experimental room; the average Penicillium
count was 6.7 CFU/m3, and the average total fungus count
was 305.7 CFU/m3.

Air sampling with human activity. Aerobiological sampling
was conducted in the experimental room before and after
disturbance by human activity, using carpet as the source of
P. chrysogenum spore contamination. The APS measured a
mean concentration of 104 spores per m3 in the experimental
room during the initial spore release. After the spores
settled, the average surface count from the carpet was 30.7
CFU per plate, or ca. 1 x 104 CFU/m2, prior to air sampling
(Table 4). Trials were then conducted in which air samples
were taken under both undisturbed conditions and after a
person walked in the room (Fig. 3A). Low numbers of
airborne spores were recorded at this level of carpet con-
tamination, and walking did not result in a significant in-
crease in spore concentration, as measured by the Andersen
sampler (P = 0.14). However, the Burkard (P = 0.015) and
SAS (P = 0.023) samplers detected significant increases in
the numbers of airborne spores after walking. The deposi-
tional sampler data exhibited no significant increase in spore
counts after walking (P = 0.20) (Table 5).

Trials were then conducted with an increased loading ofP.
chrysogenum spores (105 spores per m3), which resulted in
carpet surface counts of .300 CFU per plate, or ca. 1 x 105
CFU/m2 (Table 4). With this increased spore load in the
carpet, disturbance by walking resulted in the retrieval of
significantly higher (P < 0.05) concentrations of airborne
spores than were obtained with the undisturbed conditions
for all sampler types (Fig. 3B and Table 5). For trials
conducted with vacuuming as the disturbance, surface sam-
ples from the carpet taken prior to air sampling averaged 196

a Andersen positive-hole correction.
b Correlation is significantly different from zero at the 5% level of signifi-

cance.
C SAS coincidence correction.
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Sampler Type
FIG. 3. Effect of human activity on airborne spore concentration

compared with undisturbed room air. (A) Walking on a moderately
contaminated carpet (spore release concentration, 104 spores per
mi3). (B) Walking on a heavily contaminated carpet (spore release
concentration, 105 spores per m3). (C) Vacuuming a heavily contam-
inated carpet. The bar heights are the means + 1 standard error for
five trials. Burk, Burkard sampler; And, Andersen sampler; RCS,
RCS Plus sampler.

CFU per plate, or ca. 8 x 104 CFU/m2 (Table 4). Vacuuming
the carpet resulted in a significant increase in the airborne
spore concentration compared with the undisturbed condi-
tions (P < 0.05) (Fig. 3C and Table 5) and had a greater effect
on airborne spore concentration than walking at this level of
surface contamination.

TABLE 5. Depositional sampler data from human
activity experiments

Room con- Undisturbed Disturbed
tamination

release concn ActivFyMean Mean CFU/m2 CMFeUn/ Mean CFU/m2
(spores/m3) plate (+1 SE) plate (+1 SE)

104 Walking 0.07 10.96 ± 3.88 0.48 78.9 ± 44.7
105 Walking 0.13 21.92 ± 8.31 0.67 110.7 ± 33.1
i10 Vacuuming 0.04 6.58 ± 3.20 2.91 478.0 ± 141.0

The data obtained by using the RCS Plus sampler follow-
ing disturbance in the room were comparable to the
Andersen and SAS sampler data in these trials, as no
significant difference was observed among the data from
these sampling methods for any of the three experimental
conditions (Fig. 3). Depositional samplers demonstrated the
same trend as the forced-air-flow samplers in these trials. In
addition, no significant differences were observed among the
depositional samplers placed at heights of 0.3, 1.0, and 1.3 m
for all trials under both undisturbed and disturbed conditions
(data not shown). No colonies of P. chrysogenum were
obtained from surface samples taken from the ceiling, and
wall counts were low compared with carpet counts under all
of the conditions tested.

DISCUSSION

The Burkard and Andersen samplers were the most accu-
rate samplers tested in these trials for retrieval of spores in
the size range from 1.8 to 3.5 ,um at an airborne concentra-
tion of 103 spores per m3. However, because an estimated
25% of the spores were not viable and the Andersen and SAS
samplers used in this project measure only viable spores, the
fungal concentrations in the room as measured by the
Andersen and SAS samplers were underestimated. When
data from paired samplers of the same type were compared,
the Andersen sampler had the highest levels of sensitivity
and repeatability, followed by the SAS sampler. Deposi-
tional samplers had the lowest levels of repeatability and
sensitivity. Under the controlled conditions in the experi-
mental room, the level of repeatability was low overall for
aerobiological samplers. The mean differences between data
from paired samplers of the same type for the concentrations
measured in these experiments (Table 2) show that the
paired Andersen sampler values differed by approximately
7% on average after positive-hole correction. The paired
values from the SAS and depositional samplers differed by
averages of 25 and 37%, respectively. Lembke et al. (17)
evaluated the precision of the Andersen six-stage sampler
for retrieval of airborne bacteria in solid-waste handling
facilities. Although the data in that study showed that there
was a linear relationship between paired-sampler data for
concentrations of 103 to 105 bacterial CFU per m3, there was
a high degree of variability between paired samples. In
addition, preliminary information from a recent study in our
laboratory (unpublished data) indicated low levels of repeat-
ability and sensitivity when fungal concentrations in homes
were measured. Variables such as size class of microorgan-
isms sampled and operation of the air-handling system also
affected these parameters. The lower airborne fungal counts
recorded when the Andersen samplers were operated last in
the sequence may have been due to a combination of the
decay of the bioaerosol over time and the sensitivity of the
Andersen samplers for detecting changing conditions. The
greater retrieval of fungi with one of the SAS samplers is
unexplained. Therefore, a single air sample at a single
location at a discrete point in time may have limited value
when the concentration of viable airborne microorganisms is
assessed with currently available samplers because of the
lack of repeatability and sensitivity.
The Burkard sampler could not be evaluated for repeat-

ability and sensitivity because only a single sampler was
operated. However, the Burkard spore trap sampler does
provide a way to sample air for long periods of time to
determine temporal effects on airborne fungal spore concen-
trations. The Burkard spore trap sampler also was the only
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aerobiological sampler tested which permitted determination
of total numbers of airborne P. chrysogenum spores, elimi-
nating the reliance on spore viability for detection. Determi-
nation of total spore numbers is desirable because allergic
and hypersensitivity reactions may be caused by the pres-

ence of fungal antigens and may not be linked to the viability
of the fungus (1). However, the spore concentrations deter-
mined by using the Burkard sampler were lower than the
APS estimate by an average of 45%. This lack of accuracy

may have been due in part to a low efficiency of collection of
particles in the P. chrysogenum spore size range. Other
potential problems with Burkard samples are errors associ-
ated with enumerating spores microscopically and in distin-
guishing them from debris, problems which can become
magnified in field situations with mixed populations of
spores. The APS was used as a standard measurement
method in this study to determine the spore concentrations
during the spore releases and to give a real-time estimate of
the true concentration of airborne spores in the room.

However, HEPA-filtered input air was required to minimize
background particle levels, and it is impractical to use an

APS in most field situations for aerobiological sampling
because of the presence of numerous airborne particles from
a variety of sources in nonfiltered environments. Further-
more, because increased variance is observed with low
particle counts, the use of an APS as a measurement
standard for microorganisms when the airborne concentra-
tion of microorganisms is less than 103 particles per m3 is
impractical at this time.
The Andersen positive-hole correction and the SAS coin-

cidence correction are estimates that are based on the
probability of multiple impacts through the same sampling
hole which result in enumeration of a single colony. The
corrected data were more similar to the APS measurements
in these trials, which resulted in a significant correlation
between the Andersen sampler data and the APS data (Table
3). However, correction of the data magnified the differences
between paired samplers, which reduced the level of repeat-
ability slightly and had a mixed effect on the level of
sensitivity for the Andersen and SAS samplers (Table 2). For
fungal spores in the size range and concentrations measured
in this experiment, use of the corrections was advantageous
in terms of concentration estimates, and there was a slightly
negative effect on the level of repeatability. However, the
magnitude of these corrections increases exponentially with
increasing colony counts. Therefore, measurements of air-
borne fungal spores at higher concentrations in the experi-
mental room will be necessary to determine the concen-

tration range at which the correction may be usefully
employed.

In these experiments, a large 487-hole SAS faceplate and
84-mm-diameter RODAC plates were used in place of the
standard 219-hole faceplate and standard RODAC plate.
This raised the upper quantitation limit, allowing a longer
sampling time of 1 min. To our knowledge, the SAS sampler
has not been evaluated previously for the retrieval of air-
borne fungi by using the large faceplate.

Depositional sampling relies on the settling of airborne
microorganisms onto agar-filled petri dishes or sticky film.
This is a low-cost alternative to forced-air-flow sampling
methods, but microorganisms deposited on the sampling
surface may not be representative of all viable cells and
fungal spores in the air (7, 22, 23). Sayer et al. (22, 23)
compared the six-stage sampler with depositional settling for
the retrieval of spores and reported that gravity settling
plates do not compare favorably for quantitative studies of

airborne fungi or bacteria in the hospital environment. These
experiments in the room were conducted in a nearly opti-
mum environment for depositional sampling. The bioaerosol
was approximately uniform in size and high in concentra-
tion, the air-handling system was turned off, and the sam-
plers were activated remotely without human activity. Yet,
the levels of repeatability and sensitivity for the depositional
sampler were the lowest values for all of the paired aerobi-
ological samplers tested. In addition, the numbers of colo-
nies per plate obtained from depositional sampling were low
considering the relatively high bioaerosol concentrations
generated in these experiments. For example, a mean of 6.8
CFU per plate was retrieved on depositional samplers in the
sampler evaluation trials when the mean airborne spore
concentration as measured by the APS was 6.4 x 103 spores
per m3. Similarly, in human activity trials after vacuuming,
the mean count on depositional samplers was only 2.9 CFU
per plate when forced-air-flow sampler data estimated ca.
103 spores per m3. Therefore, the uncertainties involved with
depositional sampling preclude reliable quantitative assess-
ment of airborne microorganisms in noncontrolled environ-
ments.
Human activity in and around the sampling site is common

during indoor air investigations, and questions have been
raised concerning the significance of these disturbances
when concentrations of airborne microorganisms are mea-
sured. Previously, foot traffic was shown to increase the
airborne concentrations of bacteria (14). Our results with
human activity on carpet contaminated with fungal spores
support the results of this previous work. Airborne counts of
the magnitude reported in the experimental room are gener-
ally considered within an acceptable range (1, 18), yet both
of the indoor environments tested contained moderate to
heavy levels of contamination with fungi, as determined by
surface samples. Only the trials with vacuuming, which
created a considerable disturbance, produced airborne con-
centrations considered to be high. Therefore, when the
source of indoor microorganisms is a carpet, the collection
of air samples without concomitant surface sampling may
not adequately reflect microbial contamination in indoor
environments.

In this research project conducted with an experimental
room, several sampling methods for indoor air monitoring of
fungi were compared. For P. chrysogenum spores at an
airborne concentration of 103 spores per m3, the Andersen
six-stage and Burkard samplers were the most accurate
samplers when the data were compared with the APS
measurements. Of the paired samplers tested, the Andersen
samplers demonstrated the highest levels of repeatability
and sensitivity. Coincidence correction of Andersen and
SAS sampler data improved concentration estimates, but
resulted in a slight reduction in the level of repeatability.
Human activity resulted in significant increases in airborne
concentrations of spores and also demonstrated a potential
limitation of air sampling for adequately assessing microbial
contamination in indoor environments. In order to establish
an indoor sampling protocol for the retrieval of microorgan-
isms, further research needs to be conducted to evaluate
aerobiological sampler efficiency with additional aerosol
concentrations and particle size ranges. In addition, surface
sampling methodologies should be tested to determine their
effectiveness for detecting microbial contamination in the
indoor environment.
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