
Use of surrogate markers of biological agents in air and settled dust

samples to evaluate a water-damaged hospital

Introduction

Microbiological agents such as fungi/fungal markers
and bacteria/bacterial markers have been associated
with respiratory disease and building-related symp-
toms (Burge, 1996; Chao et al., 2003; Douwes et al.,
2000; Gyntelberg et al., 1994; Neas et al., 1996;
Rylander, 1998). However, the nature of microbial
exposures and the mechanisms of disease are not
well-defined for the indoor environment. Although
analytical techniques based on culturability are
widely accepted and employed, there are no stan-
dardized methods to evaluate microbial contamin-
ation in an indoor environment (ACGIH, 1999; Rao
et al., 1996). While species identification by culture is
crucial to investigating building-related infections
(e.g. aspergillosis), the relationship between species-
specific culturable microbial concentrations and res-
piratory disease is unclear in epidemiological studies.
Several studies have used visual assessment of molds

and dampness as a surrogate indicator of the
microbial contamination in the indoor environment
(Brunekreef et al., 1989; Dales et al., 1997; Haverinen
et al., 2002; Verhoeff et al., 1994; Zock et al., 2002).
Detection and quantification of microbiological
markers and/or agents of disease, such as ergosterol,
endotoxins, b(1fi3) glucans and extracellular poly-
saccharides (EPS), may be useful methods to assess
microbial contamination and to more accurately
evaluate microbial exposures in the indoor environ-
ment (Douwes et al., 2000; Larsson and Larsson,
2001; Miller and Young, 1997; Rylander, 1999;
Verhoeff and Burge, 1997).
In April 2000, the National Institute for Occupa-

tional Safety and Health (NIOSH) received a health
hazard evaluation request from the management of a
large healthcare organization to investigate respiratory
health and indoor air quality at a healthcare facility in
Montana. The building had documented reports of
water damage and employees with physician-diagnosed
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work-related asthma. A comprehensive environmental
investigation was conducted in August 2000 to evaluate
the microbial contamination of the water-damaged
hospital building as well as a comparison hospital
building owned by the healthcare organization. Using
a variety of analytical methods, we measured fungi,
bacteria, allergens and particles in air, chair and floor
dusts. We also assessed visual and olfactory indicators
of moisture damage using a standardized checksheet.
This study examines the relationships among the
environmental measures to compare classical analytical
methods (i.e. culture methods) with newer microbiolo-
gical marker assays and investigates the differences in
environmental measures between the two hospital
buildings (problem building vs. non-problem building).

Methods

Study buildings

The majority of employees of the healthcare organiza-
tion work primarily in two buildings we termed
�hospital A� (approximately 1300 employees) and
�hospital B� (approximately 400 employees). Hospital
A is an eight-story facility that houses most inpatient
services. It had a history of water damage (2–3 years
prior) with water leaking around the windows and
through the roof. The comparison building, hospital B,
which was not known to have water incursion prob-
lems, is approximately 1.6 km from hospital A. Hos-
pital B is a five-story facility that houses primarily
outpatient services.
Nineteen percent (6/32) of the nurses and department

secretaries on the eighth floor of hospital A had
developed work-related physician-diagnosed asthma
since 1998. Because of ongoing construction on the
eighth floor during our site visit, all eighth floor
employees had been relocated to the seventh floor.
Concurrent with the environmental investigation,
NIOSH administered a cross-sectional questionnaire
survey to determine the prevalence of upper and lower
respiratory building-related symptoms in the two
hospitals. Briefly, hospital A participants had signifi-
cantly more reported respiratory symptoms that
improved when away from work than hospital B
participants. The detailed results of the survey and
population characteristics are presented elsewhere
(Cox-Ganser and Rao, 2002).

Sampling strategy

We sampled air, chair and/or floor dusts in 27 depart-
ments in hospitals A and B, as well as two outdoor sites
(Table 1). In each hospital, we sampled in approxi-
mately half of the departments. Nurses� stations and
administrative departments were sampled, taking into
consideration the number of people potentially exposed,

duration of potential exposure, level of activity in the
area and accessibility of the sampling site. We did not
sample on the eighth floor of hospital A, which was
closed for renovation during our investigation.

Air sampling We collected long-term integrated air
samples using open-faced sampling techniques on 2-lm
pore size, 37-mm polytetrafluoroethylene filters housed
in three-piece cassettes (Millipore, Billerica, MA, USA)
at a rate of 3 l/min. Sampling time was during the
hours of 7 AM to 7 PM over 4 days. The total sampling
time for each sample averaged 3049 min (approxi-
mately 51 h total). NIOSH analyzed the filters for
endotoxin using a Limulus amoebocyte lysate (LAL)
assay (Kinetic-QCL, Biowhittaker Inc., Walkerville,
MD, USA) (Chun et al., 2002).
Short-term culturable air samples for fungi and

bacteria were collected using N-6 multiple-hole impac-
tors for 4 min at 28.3 l/min (SKC, Eighty Four, PA,
USA). We used malt extract agar (MEA) and Reason-
er’s 2A (R2A) media for fungi and bacteria, respect-
ively, for colony counts and speciation. We obtained
concurrent spore trap samples for 4 min at 15 l/min
using Air-O-Cell� sampling cassettes (Zefon Interna-
tional Inc., Ocala, FL, USA). The spore trace was
mounted in lacto-phenol and microscopically counted
under 20· and 40·. Spores were identified to genera
level. We sampled in the morning and afternoon on
2 days and once during floor vacuum sampling, for a
total of five sampling events for each site. The MEA
and R2A impaction plates for airborne culturable
fungi and bacteria were incubated at 25�C for 4 days.
Positive-hole correction factor was applied to the
number of colonies recovered on an impaction plate
(Macher, 1989).
In addition, we used P-TRAKsTM (Model 8525, TSI,

St Paul, MN, USA) to measure particle counts,
averaged over 10 s, at each of the sampling sites. The
P-TRAKTM is a condensation particle counter that
measures the number of particles per unit volume in
the size range of 0.02–1 lm at 0.1 l/min. We sampled in
the morning and afternoon on 2 days and once during
floor vacuum sampling, for a total of five sampling
events for each site.

Dust sampling We collected floor and chair dust onto a
pre-weighed 142-mm diameter glass fiber filter (Gel-
man Type A/E) with a crevice tool, a specialized filter
holder and a commercial backpack vacuum (100 CFM,
1.5 HP) (L’il Hummer; Miracle Marketing Corp., Salt
Lake City, UT, USA). The filter holder was manufac-
tured from polyvinyl chloride and had a 1000-lm pre-
filter. The crevice tools and filter holders were cleaned
with isopropyl alcohol before each sampling. We
vacuumed the seats of four chairs per sampling site
for 1.5 min each. The dust collected from the four
chairs was pooled for analyses. For settled floor dust
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sampling, a 0.836 m2 floor area was vacuumed for
5 min.
The filter was post-weighed and the collected dust

was partitioned for analysis of culturable fungi (on
MEA, cellulose and DG-18 media incubated at 25�C)
and bacteria (on R2A media incubated at 25�C),
endotoxin by LAL (Chun et al., 2002), EPS specific for
Penicillium and Aspergillus fungal species (EPS-Pen/
Asp) and b(1fi3) glucans by enzyme immuoassay
(Chew et al., 2001; Douwes et al., 1996, 1999), ergos-
terol by gas chromatography/mass spectrophotometry
(Larsson and Saraf, 1997), mouse urinary protein
(Chew et al., 2003a) and cockroach (Bla g 2) (Poll-
art et al., 1991), dustmite (Der p 1, Der f 1) (Luczynska
et al., 1989), and cat allergens (Fel d 1) (Chapman
et al., 1988) by enzyme-linked immunosorbent assay
(Indoor Biotechnologies, Charlottesville, VA, USA).
For some sampling sites, there was insufficient dust
collected to conduct all of the analyses. The priority for
analysis was: culturable fungi, culturable bacteria,
allergens and mouse urinary protein, ergosterol, endo-
toxin, EPS-Pen/Asp, and b1–3 glucans. Concentrations
of the environmental measures were expressed per
gram of collected dust.

Temperature, relative humidity and water activity meas-
urements Temperature and relative humidity in air
were measured with VWR Hygrometer/Thermometer
Pens (VWR, Westchester, PA, USA). We took

morning and afternoon measurements for 2 days and
averaged the temperature and relative humidity meas-
urements for each site.
Wet and dry bulb temperatures were measured at the

surface of the floor with an infrared thermometer
(D-series, Exergen Corp., Watertown, MA, USA).
Floor water activity (the relative availability of water in
a substance) was calculated from the wet and dry bulb
temperatures (ASTM, 1996).

Subjective assessment scoring Both hospital buildings
were assessed for signs of water incursions and
moisture damage. Floor plans were used prior to the
investigation to select areas, based on 55 departments,
within these two buildings. Working in pairs, we
examined each area and used a standardized assess-
ment checksheet to rate each area for dampness and
potential microbial contamination based on five
parameters: current moisture, stains, rust, visible mold
growth, and odor. Areas within each department were
individually scored from 0–3 (none to profuse) for
moisture, stains, and rust; and from 0–2 (none to
profuse) for mold, and 0–2 (none to strong) for mold
odor.

Data analysis

Statistical analyses were conducted using JMP (version
5.01) and SAS (version 8.02) software packages (SAS

Table 1 Sampling type, sample number and measurement

Sample or observation type Hospital A Hospital B Outdoor Measurement

Long-term air filter cassette (�3000 min at 3 l/min for 12 h/day for 4 days) n ¼ 17 n ¼ 9 n ¼ 1 Total dust (lg/m3)
Endotoxin

Short-term air N-6 impactor (4 min at 28.3 l/min) n ¼ 18
5·/site

n ¼ 9
5·/site

n ¼ 2
4·/site

Culturable fungi
Culturable bacteria

Short-term Air-O-Cell� spore trap (4 min at 15 l/min) n ¼ 18
5·/site

n ¼ 9
5·/site

n ¼ 2
4·/site

Fungal spores

Short-term air P-TRAKTM counts (10 s at 0.1 l/min) n ¼ 18
5·/site

n ¼ 9
5·/site

n ¼ 2
4·/site

Particle counts

Air temperature and air relative humidity n ¼ 18
4·/site

n ¼ 9
4·/site

n ¼ 2
4·/site

�C and % RH

Vacuumed floor dust
Vacuumed chair dust

n ¼ 15
n ¼ 17

n ¼ 8
n ¼ 8

–
–

Total dust (g/m2 or g/chair)
Culturable fungi
Culturable bacteria
Ergosterol
EPS-Pen/Asp
b(1fi3) glucans
Endotoxin
Dustmite allergen
Cockroach allergen
Cat allergen
Mouse urinary protein

Surface wet/dry bulb temperature n ¼ 15 n ¼ 8 – Floor surface water activity
Signs of water damage and mold odor n ¼ 30 n ¼ 19 – Subjective score index

Three sampling sites in hospital A and one site in hospital B were vinyl-tiled floors. In hospital A, one site was not sampled for air or floor dust because the carpet had been replaced the
prior week. In hospital A, two sites were not sampled for either chair or floor dust because it was too disruptive for the patients (i.e. Surgery and the Neonatal Intensive Care Unit). In
hospital B, one chair sample and one floor sample were lost because of technical error. One chair dust analysis for EPS-Pen/Asp in hospital B was lost because of technical error.
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Institute, Cary, NC, USA). We expressed exposure
concentrations in terms of geometric mean (GM) or
natural log transformations as the data were approxi-
mately log-normally distributed. Samples below the
limit of detection (LOD) of the analytical method were
assigned a value of LOD/�2 (Hornung and Reed, 1990).
Restricted maximum likelihood variance components

were assessed for the log-transformed replicate air
samples for particles, culturable fungi, culturable bac-
teria and fungal spores to examine the intra-site and
inter-site variability. The additional random effect of
the variable site (building) was assessed, while the
residual errors were used to estimate the inter-site
component of variation. Air samples taken during
vacuuming were excluded from the variance component
analysis. If significantly different, the factors of hospital
building, morning/afternoon sampling and interaction
of building and morning/afternoon sampling were
included as a fixed effect in the mixed-effects model.
A subjective assessment index for each department

was created by summing the subjective assessment
scores for visible mold, mold odor, water or damp
area, water stains, and rust. The scores from several
rooms or areas in a department were summed to
determine the score for the entire department.
The GM were calculated for the five air sampling

events for culturable fungi, fungal spores, culturable
bacteria and particles for each sampling site. Pearson
correlation coefficients were calculated for comparing
environmental measurements within and between each
sampling type (air, chair or floor). One-way analysis of
variance (ANOVA) was performed to compare envi-
ronmental measurements in hospitals A and B.
Because many of the samples were below the LOD

for culturable Penicillium and Aspergillus/Eurotium
fungal species, total culturable Penicillium/Aspergil-
lus/Eurotium concentrations in chair and floor dusts
were also dichotomized as present/absent and at the
75th percentile (5000 CFU/g for both chair and floor
dusts). A chi-square test was then used to evaluate the
association between EPS-Pen/Asp and culturable Pen-
icillium, Aspergillus and Eurotium species.

Results

In general, indoor concentrations of culturable fungi,
fungal spores, culturable bacteria and particles in air
were lower than outdoors (Table 2). For the indoor air
measurements, 29% of the samples (38/131) for
culturable fungi and 17% of the spore traps (22/131)
were below the LOD. Air samples (i.e. culturable fungi,
culturable bacteria, fungal spore count and particle
count) taken during activity (i.e. floor vacuuming) were
not significantly different than the quiescent samples.
Particle counts were significantly higher in the morning
(GM ¼ 2591 particles/cm3) than in the afternoon
(GM ¼ 1640 particles/cm3) (P < 0.05).

The intra-site temporal variability contributed more
to overall variability than inter-site variability for
airborne fungi and bacteria, while for airborne parti-
cles, the inter-site variability was the larger component.
For particles in air, the significant fixed effects in the
model were hospital building, morning/afternoon
sampling period and the interaction of hospital build-
ing and morning/afternoon sampling period. For
particles in air, about 40% of the variability was due
to differences within the sampling sites (intra-site) and
about 60% was due to differences between the samp-
ling sites (inter-site). For culturable bacteria, culturable
fungi and fungal spore counts in air, the significant
fixed effect in the model was hospital building. The
intra-site variability accounted for 80% (culturable
bacteria), 73% (culturable fungi), and 70% (fungal
spores) of the variability.
In the chair and floor dust samples, dustmite allergen

(Der p 1,Der f 1: LOD ¼ 0.08 lg/g), cockroach allergen
(Bla g 2: LOD ¼ 0.08 U/g ¼ 3.2 ng/g) and mouse
urinary protein (LOD ¼ 0.25 lg/g) were below the
LOD of the analytical method. Twenty-four percent of
the chair and floor dust samples (15/62 samples) were
below the LOD for EPS-Pen/Asp (LOD ¼ 2344 U/g).
All other environmental measures were detectable in the
samples.

Comparisons within air, chair and floor dust samples

Total culturable fungi, total culturable bacteria, total
fungal spores, endotoxin, and particle counts in air
were correlated with each other (correlation coefficients
ranged from 0.43 to 0.78, P < 0.05) (Table 3). b(1fi3)
glucan concentrations were correlated with total cul-
turable fungi and ergosterol levels in chair dusts (r ¼
0.48 and 0.61, respectively, P < 0.05). b(1fi3) glucan
concentrations were inversely correlated with total
culturable fungi levels in floor dusts (r ¼ )0.74,
P < 0.05). EPS-Pen/Asp was not correlated with total
culturable Penicillium/Aspergillus/Eurotium in chair or
floor dust (assessed using either the continuous data or
the dichotomized data) or with any other fungal
measurement.
The subjective assessment index ranged from 0 to

20 with a median of 4. Subjective assessment indices
were significantly correlated with endotoxin levels
in air and b(1fi3) glucan concentrations in
floor dusts (r ¼ 0.46 and 0.58 respectively with
P < 0.05). Subjective assessment indices were not
significantly correlated with any chair measurement
(Table 3).
The median water activity (aw) measured at the floor

surface was 0.45 (range 0.35–0.75). Water activity at
the floor surface was weakly correlated with b(1fi3)
glucan concentrations in floor dust (r ¼ 0.44,
P < 0.1). Air temperature was inversely correlated
with relative humidity in air (r ¼ )0.50, P < 0.05).
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Comparisons between air, chair and floor dust samples

Total culturable bacteria in chair dust was weakly
correlated with total culturable bacteria in air
(correlation coefficient ¼ 0.36, P < 0.1). Endotoxin
in air was not correlated with endotoxin concentra-
tions in chair or floor dusts. Dust loading in air (lg
of dust/m3) was not correlated with dust loadings in
chair (g/chair) or floor (g/m2). Total airborne cultur-
able fungi and spore counts, taken either during
vacuuming or pooled across five sampling events,

were not significantly correlated with EPS-Pen/Asp,
b(1fi3) glucan, or culturable fungi concentrations in
chair or floor dusts.

Comparison of hospital buildings

Particle counts, total fungal spores (counted micro-
scopically), and temperature were significantly higher
in hospital A than hospital B (Table 2). None of
hospital B’s sampling locations (0/8) and 24% of
hospital A’s sampling locations (4/17) had particle

Table 3 Correlations between environmental measures in air, chair dust and floor dust

Air Chair dust Floor dust

Air Culturable fungi, fungal spores,
culturable bacteria, endotoxin, particle counts**

Temperature and relative humidity** (inversely)
Endotoxin and subjective assessment index**

Chair dust Total culturable bacteria* b(1fi3) glucans and culturable fungi**
b(1fi3) glucans and ergosterol**

Floor dust None None b(1fi3) glucans and culturable fungi** (inversely)
b(1fi3) glucans and water activity*
b(1fi3) glucans and subjective assessment index*

*P < 0.10; **P < 0.05.

Table 2 Geometric mean and one-way ANOVA results comparing environmental measures in air (a), chair (b) and floor (c) dusts between hospitals

Environmental measure

Hospital A Hospital B

Outdoor GM (GSD) Overall rangen GM (GSD) n GM (GSD)

(a) Air measurements
Fungal spore counts (spores/m3) 18 83 (2.6) 9 40** (1.7) 510 (2.6) 17–1099a

Culturable fungi (CFU/m3) 18 15 (2.1) 9 20 (1.5) 78 (1.7) 6–75a

Culturable bacteria (CFU/m3) 18 133 (1.7) 9 147 (1.3) 330 (2.2) 53–277a

Endotoxin (EU/m3) 17 1.5 (1.6) 8 1.1 (1.3) 2.1 (one sample) 0.7–4.7
Particle counts (particles/cm3) 18 2.4 · 103 (1.9) 9 1.5 · 103** (1.3) 4.0 · 103 (1.2) 7.5 · 102–7.2 · 103a

Dust loading (lg/m3) 18 35.3 (2.2) 9 15.0 (1.8) 193.8 (1 sample) 6.5–193.8
Temperature (�C) 18 24.7 (1.0) 9 23.7** (1.0) 30.8 (1.2) 22.6–26.4
Relative humidity (% RH) 18 27.9 (1.1) 9 34.3** (1.1) 24.6 (1.4) 25.0–42.2

(b) Chair measurementsb

Dust loading (g/chair) 17 1.4 (1.5) 8 1.4 (1.4) 0.8–2.7
Culturable fungi (CFU/g) 17 6.6 · 104 (1.4) 8 7.3 · 104 (1.5) 3.0 · 104–1.6 · 105

b(1fi3) glucans (lg/g) 17 1.1 · 103 (1.5) 8 1.4 · 103 (1.4) 612–2.1 · 103

EPS-Pen/Asp (U/g) 17 6.8 · 103 (1.8) 7 8.7 · 103 (1.2) 1.7 · 103–1.7 · 104

Ergosterol (pg/g) 17 1.0 · 105 (1.5) 8 1.1 · 105 (1.3) 5.1 · 104–1.7 · 105

Culturable bacteria (CFU/g) 17 2.4 · 104 (7.0) 8 3.9 · 104 (6.0) 1.7 · 103–1.1 · 106

Endotoxin (EU/mg) 17 4.6 (2.1) 8 8.0* (1.3) 0.4–10.7
Cat allergen (Fel d 1) (lg/g) 17 12.8 (2.7) 8 25.5* (1.8) 2.0–79.7

(c) Floor measurementsb

Dust loading (g/m2) 15 0.9 (2.6) 8 1.0 (1.7) 0.2–8.9
Culturable fungi (CFU/g) 15 3.9 · 104 (2.3) 8 4.3 · 104 (2.8) 5.0 · 103–1.6 · 105

b(1fi3) glucans (lg/g) 10 1.6 · 103 (1.5) 6 0.6 · 103** (2.0) 220–3.3 · 103

EPS-Pen/Asp (U/g) 10 6.6 · 103 (2.3) 6 5.0 · 103 (2.6) 1.7 · 103–3.4 · 104

Ergosterol (pg/g) 14 14.2 · 104 (2.0) 7 7.7 · 104 (2.8) 1.5 · 104–3.0 · 105

Culturable bacteria (CFU/g) 14 4.2 · 105 (9.5) 8 1.2 · 105 (8.6) 4.9 · 103–8.3 · 106

Endotoxin (EU/mg) 13 20.1 (8.1) 6 5.8 (1.6) 2.8–3945
Cat allergen (Fel d 1) (lg/g) 14 1.0 (3.1) 8 0.6 (5.3) 0.02–5.6

CFU, colony-forming unit; EU, endotoxin unit; GSD, geometric standard deviation.
aRange of the GM values of the five air sampling events.
bOther allergens (i.e. mouse urinary protein, cockroach allergen and dustmite allergens) were below the limit of detection for all samples.
*P < 0.10; **P < 0.05.
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counts greater than the outdoors (4002 particles/cm3).
Penicillium and Aspergillus (Pen/Asp) spore counts
were higher on the sixth and seventh floors (average ¼
152 and 2484 Pen/Asp spores/m3 respectively) of
hospital A than in other areas of either building. Pen/
Asp spores were detected in 82% of the samples (9/11)
taken on the sixth and seventh floors while Pen/Asp
spores were detected in only 18% of the samples taken
in the other areas of either building (maximum
concentration ¼ 283 Pen/Asp spores/m3). In some
samples on the seventh floor, Penicillium and Asperg-
illus accounted for more than 80% of the fungal genera
detected. When data from the sixth and seventh floors
were excluded from the analyses, the fungal spores (not
significantly) and particles in air were still higher in
hospital A than in hospital B (data not shown).
The patterns of airborne culturable fungi concentra-

tion and species distribution between hospitals A and B
were similar to the microscopically counted fungal
spore results. The dominant culturable outdoor fungal
species were Cladosporium herbarum, Epicoccum, and
Basidiomycetes. Indoor fungal types were similar to the
outdoors except for the sixth and seventh floors in
hospital A. Penicillium chrysogenum was detected in
55% (6/11) of the samples taken on the sixth and
seventh floors of hospital A compared with 4% (5/120)
of the samples taken in other areas of both hospitals.
The average concentration of P. chrysogenum was
79 CFU/m3 on the sixth and seventh floors and
accounted for 55% of the total culturable fungi detec-
ted. Fourteen percent of outdoor samples (1/7) were
positive for P. chrysogenum. The average concentration
of P. chrysogenum was 6 CFU/m3 and accounted for
1.2% of the total culturable fungi detected outdoors.
None of hospital B’s sampling locations (0/8) and

24% of hospital A’s sampling locations (4/17) had
airborne endotoxin levels greater than the outdoors.
The most commonly recovered bacteria were gram-
positive bacteria, such as Coryneform bacteria, Bacil-
lus, Micrococcus and Rhodococcus. The distribution of
detected species of bacteria was similar indoors and
outdoors.
In chair dusts, hospital B had higher concentrations

of all measured microbiological agents than hospital A
(Table 2). Endotoxin and cat allergen concentrations
in chair dust were significantly higher in hospital B. In
floor dusts, hospital A tended to have higher concen-
trations than hospital B (Table 2). b(1fi3) glucan
concentrations were significantly higher in hospital A
floor dust samples. Bacillus spp., Coryneform bacteria,
Micrococcus luteus, and Rhodococcus were the pre-
dominant bacteria species recovered from chair and
floor dusts in both hospitals. Alternaria alternata,
Aureobasidium pullulans, C. herbarum, Epicoccum
nigrum, P. chrysogenum and yeasts (other than Rhodo-
torula) were the predominant fungal species recovered
from chair and floor dusts in both hospitals.

For the subjective score assessment, hospital A
(GM ¼ 5.5) was higher than hospital B (GM ¼ 3.4),
although the difference was not significant (P ¼ 0.11).
Water activity (aw) at the floor surface was higher in
hospital A (aw GM ¼ 0.48) than in hospital B (aw
GM ¼ 0.41) (P < 0.1).

Discussion

For short-term air sampling, analytes with less intra-
site variability may be more suitable to detect differ-
ences between buildings. Several studies have found
high inter- and intra-site variability of airborne fungi
(Heinrich et al., 2003; Hunter et al., 1988; Verhoeff
et al., 1990). We found higher variability within the
sampling sites than between the sampling sites for fungi
and bacteria in air. Particle concentrations in air within
our sampling sites appeared to be less variable.
Concentrations of smaller particles are less variable
than larger particles (>5 lm) over time (Leese et al.,
1997). In our initial walk-through investigation, we
found that more than 90% of the particles at all sites
(measured size range from 0.3 to 20 lm) were <1 lm
in size. Sub-micron particles have a long aerosol half-
life, the time required for the concentration of airborne
particles to become halved. Using Stokes� law and a
first-order decay process equation, we estimated that
the aerosol half-life of 0.5 lm diameter particles is four
times longer than 1 lm diameter particles and 100
times longer than 5 lm diameter particles. Sub-micron
particle concentrations are more stable in the air, which
could explain why we found less within-site variability
than between-site variability for our airborne sub-
micron particle count measurements. We detected
significant differences between hospitals A and B for
particle count and fungal spores but not culturable
fungi and bacteria concentrations in air. Particle counts
and fungal spores had less intra-site variability than
culturable fungi and bacteria concentrations in air,
which may account for our ability to detect inter-site
differences.
For approximately 50% of our air samples for

culturable fungi, we detected very low absolute colony
counts. The GM across all indoor sampling sites
(Table 2) represents collection of about two colony
counts on the impaction plate. The large measurement
error resulting from the low absolute counts probably
contributed to the high variability in the airborne
culturable fungi and our inability to detect differences
in airborne culturable fungi between hospitals. We did
not see such low counts, however, in the concurrent
samples for culturable bacteria or microscopic fungal
spore counts. The high intra-site variability that we
also found in airborne culturable bacteria levels
indicates that short-term culturable methods may not
be the optimal method to evaluate airborne microbial
contamination. For example, we found significant
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differences between hospitals for the non-culturable
methods (i.e. fungal spore counts and particle counts)
but not for the culturable methods (i.e. culturable fungi
and bacteria).
Sub-micron particle counts were strongly correlated

with fungal spores, total culturable fungi and total
culturable bacteria. The sub-micron particle measure-
ments are unlikely to be direct measurements of fungi
and bacteria. Our bioaerosol sampling techniques
capture bioaerosols that are mostly >1 lm in size
(ACGIH, 1995). Sub-micron particles are likely a
surrogate marker of physical disturbance in the indoor
environment, such as human activity, ventilation,
housekeeping and on-going renovations (Luoma and
Batterman, 2001). Our findings are consistent with the
idea that real-time data-logged particle counts would
be useful in detecting potential peaks in total aerosols
rather than as a surrogate measure of airborne
microbiological agents (Parat et al., 1999).
We found that b(1fi3) glucan concentrations were

positively correlated with ergosterol and total cultur-
able fungi levels in chair dusts. These nonculture-based
measures of total fungi may be good markers for
fungal load in an indoor environment. EPS-Pen/Asp
concentrations were not correlated with other measures
of fungi in chair dusts. b(1fi3) glucans, ergosterol and
total culturable fungi are measures of total fungi or
fungal biomass while EPS-Pen/Asp are specific for
Penicillium, Aspergillus and Eurotium. Culturable Pen-
icillium, Aspergillus and Eurotium were not prevalent in
the chair dusts samples (when present, prevalence was
<15%). In 28% of our chair dust samples, we did not
detect any of these fungal genera by culture methods
(data not shown). Other studies have found significant
correlations between EPS-Pen/Asp and culturable
fungi in settled dust. The studies reported higher
prevalences of these fungal genera (>50%) in their
dust samples than we detected in our dust samples,
which may contribute to our differing results (Chew
et al., 2001; Douwes et al., 1999).
No air measurements were significantly correlated

with any chair or floor dust environmental measure-
ment. We may have not been able to detect correlations
in comparing two disparate sampling methods (i.e.
short-term air measurements vs. �long-term� settled dust
measurements). Air samples for culturable fungi and
fungal spores taken during vacuuming, which would
have beenmost indicative of aerosolized floor dust, were
not associated with any fungal measurement in chair or
floor dust. This is consistent with surface dust sampling
being a possible historical marker for cumulative
exposures rather than current exposures (Gyntelberg
et al., 1994; Verhoeff and Burge, 1997; Wickman et al.,
1992). Sources of chair and floor dust contaminants are
not solely dependent upon settling from the air and vice
versa (i.e. air contaminants are not solely dependent
upon chair and floor contaminants). For example, cat

allergen was detectable in all of the chair and floor dust
samples, indicating that contaminants can be carried in
by the building occupants in substantial amounts.
Several studies have found that concentrations of
contaminants in settled dust were not well associated
with concentrations of airborne biological agents (Butt-
ner and Stetzenbach, 1993; Hines et al., 2003). In
residential environments, dust-borne and airborne bio-
logical agents may represent different ecological niches
(Chew et al., 2003b; Rosas et al., 1997).
Outdoor infiltration of microbiological agents seem

to be a source of indoor fungi and bacteria, except for
the top floors of hospital A. Renovations under
containment on the eighth floor of hospital A were
on-going during the sampling period. The sixth and
seventh floors of hospital A had higher levels of
culturable fungi and fungal spores than the other areas
of either hospital building. In our preliminary site visit,
we had determined that there was Penicillium/Asperg-
illus contamination inside the walls of the seventh and
eighth floors, based upon in-wall spore sampling (Cox-
Ganser and Rao, 2002). The activities during construc-
tion probably contributed to the higher concentrations
of fungi on the sixth and seventh floors. Fungal spores
can penetrate into the occupied space during construc-
tion activities even with high-efficiency particulate air
filtration (Cornet et al., 1999).
This study was a relatively small study of two

buildings and the results may not be generalizable to
other buildings especially in other geographical loca-
tions. Our data indicate that air and floor dust
sampling may be better measures of current sources
of microbial exposures than chair dust sampling, which
may reflect other exposures. Hospital A, which had a
higher prevalence of respiratory symptoms that
improved when occupants were away from the build-
ing, had higher concentrations of air and floor dust
contaminants than hospital B. In chair dusts, however,
hospital A tended to have lower concentrations of
contaminants than hospital B. As chairs are rarely
cleaned, sampling of chair dust is perhaps less indic-
ative of current building contamination than air or
floor dust sampling as the primary sources of contam-
inants in chair dust are likely deposition from people
sitting in the chairs rather than microbiological growth.
Current microbial growth in the water-damaged build-
ing envelope and carpets would likely contribute more
to concentrations found in air and floor dusts than
chair dust. Moisture in the carpets (as measured by
water activity) was higher in hospital A than hospital
B. Our subjective visual/olfactory assessment index of
mold contamination correlated with endotoxin levels in
air and b(1fi3) glucan concentrations in floor dust but
did not correlate with any chair environmental meas-
urement. In our study, using microbial measurements
in chair dust to classify health risk by building would
have led to exposure misclassification.
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In summary, we found that measures of microbio-
logical agents were correlated in air and chair dusts,
but not in floor dusts. In addition, we found that non-
culture based indicators of microbiological agents (i.e.
fungal spores in air and b(1fi3) glucan concentrations
in floor dust) were significantly positively associated
with the problem building (i.e. reported water damage
and higher prevalence of reported current respiratory
illness). These results indicate that air and floor dust
measurements may be better indicators of the current
health risk than chair dust measurements. Sub-micron
particle levels were also positively associated with the
problem building and should be further studied in
relation to health effects. Detection and quantification
of nonculture-based microbiological markers and/or
agents of disease may be useful methods to assess
microbial contamination and to more accurately
evaluate microbial exposures in the indoor environ-
ment for exposure-response studies.
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