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ABSTRACT

The purpose of this study was to assess the effectiveness of
a new generation of high-volume, ceiling-mounted high-
efficiency particulate air (HEPA)-ultraviolet (UV) air filters
(HUVATFs) for their ability to remove or inactivate bacte-
rial aerosol. In an environmentally controlled full-scale
laboratory chamber (87 m?®), and an indoor therapy pool
building, the mitigation ability of air filters was assessed
by comparing concentrations of total bacteria, culturable
bacteria, and airborne endotoxin with and without the air
filters operating under otherwise similar conditions. Con-
trolled chamber tests with pure cultures of aerosolized
Mycobacterium parafortuitum cells showed that the HUVAF
unit tested provided an equivalent air-exchange rate of 11
hr~!. Using this equivalent air-exchange rate as a design
basis, three HUVAFs were installed in an indoor therapy
pool building for bioaerosol mitigation, and their effec-
tiveness was studied over a 2-year period. The HUVAFs
reduced concentrations of culturable bacteria by 69 and
80% during monitoring periods executed in respective
years. The HUVAFs reduced concentrations of total bac-
teria by 12 and 76% during the same monitoring period,

IMPLICATIONS

Transmission of infectious diseases through inhalation of
airborne bacteria, viruses, or fungi is a public health prob-
lem that may pose substantial risks to the general public.
Ceiling-mounted HEPA filters, modified with internal UV
lamps, are a potential engineering control method that can
prevent the spread of bioaerosol through indoor environ-
ments. The data from this study show that these types of
hybrid HEPA-UV air filters can reduce bioaerosol contam-
ination in a relatively high-exposure setting of an indoor
therapy pool building.
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respectively. Airborne endotoxin concentrations were not
affected by the HUVAF operation.

INTRODUCTION
Bioaerosols can pose a threat to public health through
infectious and toxigenic diseases. Indoor environments
contain airborne biological particulate matter (PM) (i.e.,
bioaerosols) that can include viable pathogenic bacteria,
fungi, and viruses, or fragments thereof. Modern living
standards and building systems have increased the num-
bers of settings that have relatively high concentrations of
bioaerosols (high-exposure environments), which have
been implicated to increase cases of respiratory and pul-
monary diseases.!-3 These high-exposure environments
include correctional facilities,* healthcare facilities,s¢
shelters for the homeless, wastewater treatment plants,”
and public transit systems.® More recently, buildings
housing hospital therapy pools, “hot tubs,” and other
warm-water leisure and therapy pools have been impli-
cated to support and aerosolize microorganisms that in-
clude opportunistic pathogens from the genera Legionella
and Mycobacterium,®-1! causing diseases such as “lifeguard
lung.”12

The possibility for disease transfer associated with
infectious bioaerosols has prompted efforts to engineer
economical systems to remove, disinfect, or otherwise
inactivate bioaerosols in indoor environments. Ultravio-
let (UV) radiation and high-efficiency particulate air
(HEPA) filtration of indoor air have received heightened
attention in recent years as effective and affordable engi-
neering controls.3-16 Above certain dose levels, UV radi-
ation at the 254-nm wavelength has been shown to inac-
tivate airborne bacteria. Experimental and anecdotal
evidence suggest that UV irradiation may be an effective
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and economical tool against the spread of some infectious
airborne diseases, when strategically placed in high-risk
indoor environments.+17-20 The effectiveness of in-room
air filtration has been reported as an economically attrac-
tive alternative to increasing ventilation rates for the re-
moval of suspended PM, including airborne bacteria from
indoor air.’® The production and use of portable and
ceiling-mounted air filters is growing in the United
States,20 and recent prototypes and commercial models
have combined HEPA filters with in-line UV lamps. There
are many configurations of HEPA-UV air filters (HUVAFs),
and their designed flow rates vary widely. The HEPA filter
within a HUVAF physically removes particles through
well-known filtration mechanisms. In addition to the in-
fluences of environmental factors, UV lamps within a
HUVAF may result in the inactivation of airborne bacteria
through either or both of the following scenarios: (1) by
sufficiently exposing airborne bacteria not retained on
HEPA surfaces (i.e., during “blow-by”) to UV light, or (2)
by sufficiently exposing airborne bacteria immobilized on
filter surfaces to UV light.

Little is known regarding the bacterial inactivation
efficiency of HUVAFs or whether modern UV irradiation
systems provide a significant degree of improved protec-
tion compared with HEPA filtration by itself—particularly
at high flow rates. Controlled chamber testing of a
HUVAF, followed by a full-scale assessment of three of
these units in an indoor therapy pool building that has
had a history of bioaerosol-related infections, is reported.
Performance was judged by the conventional culturing
and direct microscopy of impinger-collected room air
samples. This investigation was intended as a demonstra-
tion study in which controlled chamber observations
were extended to estimate full-scale performance.

MATERIALS AND METHODS

Air Filter
An air filter, representative of a new generation of high-
volume ceiling-mounted HUVAFs, was tested in this study
(F111U modified with UV100E 1035 Coil Irradiation Unit,
UV Air Treatment System, Honeywell, Inc.). This air filter
was chosen because it has a relatively large airflow rate for
its size and emits low sound pressures during normal
operations. The manufacturer’s specifications of the air
filter are as follows: weight = 67 kg (installed); dimen-
sions = 1.22 m (L) X 0.61 m (W) X 0.58 m (H); sound
pressure generation = 59 dB at 3 m; nominal airflow
rate = 1700 m?/hr; particle removal efficiency = 99.97%
at 0.3 wm (HEPA filter); HEPA media life = 12-24 months;
and total UV irradiance = 36 W from low-pressure mer-
cury (Hg) lamps (2 each) with an estimated life time of
8000 hr. Figure 1 shows the air filter as installed for this
study. Air is drawn into the filter from below (while
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Figure 1. The ceiling-mounted HEPA filter with internal UV lamps
tested in this study.

mounted on the ceiling) and is exhausted at the sides. UV
lamps are located on both sides of the HEPA filtrate
stream. The fan is on the backside of the unit and first
draws air through the HEPA filter media and then past the
UV lamps.

Controlled Chamber Studies

Test Facility. Experiments took place in an 87-m® cham-
ber at the Joint Center for Energy Management at the
University of Colorado at Boulder.2! This chamber is ca-
pable of maintaining a wide range of temperatures (15-35
°C) and relative humidity (RH) levels (<30-90%), and it is
equipped with a computer-controlled ventilation system
that can deliver up to 8 air changes per hour and maintain
negative pressure relative to the surrounding building.
Two box fans (48-cm diameter, Model 3723, Lasko, Inc.)
ensured that the chamber was well mixed. The chamber
has a space height of 2.5 m, is completely insulated, and
has one door and no windows. The door was closed and
sealed at the bottom and edges to minimize infiltration.
The test chamber was operated at temperatures between
21 and 25 °C, and humidity was left at ambient condi-
tions. Supply and exhaust airflow rates through the ven-
tilation systems were monitored continuously with mi-
cromanometers. In separate tracer gas studies, it was
determined that aerosol mixing in the chamber approxi-
mated completely mixed conditions and that the infiltra-
tion rate was 0.1-0.3 air changes per hour.22

Bacterial Cultures and Growth Conditions. Mycobacterium
parafortuitum (American Type Culture Collection #19689)
was aerosolized during the controlled chamber studies. M.
parafortuitum is a rod-shaped cell, 2-3 pm in length; yields
pale yellow colonies on agar medium; has DNA guanine
and cytosine (G+C) content of 62-70 mole%; and is acid-
fast. M. parafortuitum was grown at 37 °C on Soybean-
Casein Digest Agar (SCDA; Difco Laboratories).
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Just before aerosolization, M. parafortuitum cells were
removed from agar plate surfaces by aseptic scraping with
a sterile glass rod and were suspended in 15 mM phos-
phate buffer solution (PBS; 10 mM sodium phosphate
buffer; 5 mM NaCl; pH 7.2). Immediately before aerosol-
ization, cell solutions were diluted to a concentration of
~1 % 107 cells/mL as determined by direct microscopy.

Bioaerosol Generation. Bacteria were aerosolized using a
six-jet Collision nebulizer (CN 25, BGI, Inc.) with a
250-mL reservoir. The nebulizer was located outside of the
test chamber, in an adjacent room. The aerosol was de-
livered from the atomizer discharge port into the test
chamber at 12.5 L/min through 2.5 m of flexible tubing
with a 1.6-cm inner diameter. The nebulizer was operated
at 138 kPa, generated by a compressed air cylinder with an
air supply system that included a dehumidifier, a HEPA
filter, and a regulator (Model 3074, TSI, Inc.). Bioaerosol
was generated from liquid suspensions achieving cham-
ber air concentrations of 10° cells/m?; direct microscopic
examination of this suspension confirmed a dispersed
state of these cells before and following their aerosoliza-
tion. The volumetric flow rate of the suspension leaving
the nebulizer ranged between 0.12 and 0.33 mL/min, and
this bioaerosol was released ~1.5 m above the chamber
floor.

Air Filter Removal/Inactivation Rate. A completely mixed
room model was used to estimate the removal/inactiva-
tion rate of the air filter expressed as an equivalent air-
exchange rate (eAER), as previously described.1316 The
eAER is defined as the volumetric rate of air (m®/hr) pro-
cessed by the air filter divided by the volume of the room
(m?®) where the control has been applied. The eAER has

units of air changes per hour or hr .

Experimental Protocol. The removal/inactivation rate of
the HUVAF was evaluated based on measuring the air-
borne bacteria concentration as it decayed over time.
The HUVAF was tested while it was placed on the floor
of the test chamber, not on the ceiling as recommended
by manufacturer. Before each experiment, the test
chamber was purged with five equivalent room volumes
of fresh air. Bioaerosol was generated for ~30 min to
raise the concentration in the chamber to a level suit-
able for detection. Once the bioaerosol concentration
reached the desired level, generation was ceased and
the HUVAF was turned on (or kept off as a control) for
a time series of sampling using liquid impingers. No
mechanical ventilation was provided during this pe-
riod. This experimental protocol was repeated at least
3 times.
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Indoor Therapy Pool Building Studies
Indoor Therapy Pool Building. The volume of the air en-
closed in the building containing the pool is ~1100 m?.
This site has an independent heat, ventilation and air
conditioning (HVAC) system. Supply air is 100% outdoor
air and the system provides an air-exchange rate of ~2
hr !,

The nominal surface area of the pool is 100 m?, the
nominal volume of the pool water is 208 m?, and the pool
is kept at 33 °C and a pH of 7.3. The mean cell residence
time of the pool water is ~6 hr, before it is recycled
through six parallel, pressurized sand filters (BakerHydro
Filtrations, Inc.) in line with 12 parallel UV units. The UV
units deliver a design dose of 40 pW/sec/cm? at the
254-nm wavelength (Advanced UV Systems). Hydrogen
peroxide is added to maintain a target residual dose of
100 mg/L. Neither an evaporation rate nor a particle-
partitioning rate from the pool surface has been previ-
ously measured, and data for reliable estimation of either
of these parameters are not available.

Ventilation Rate and Air Change Effectiveness. Tracer gas
tests were used to estimate the ventilation rate and air
change effectiveness (ACE) inside the therapy pool build-
ing, with and without the HUVAFs operating. Air change
effectiveness is an indicator of the indoor airflow patterns
and characterizes mixing conditions within a room.23
Carbon dioxide (CO,) was used as the tracer gas, because
it is an easily monitored, non-reactive gas that does not
pose a health threat at the monitoring levels used. Tracer
gas was injected at a constant pressure of 690 kPa into the
pool area building from two 18-kg CO, cylinders. The
duration of CO, release was regulated using an electric
solenoid valve that was powered by an interval timer
(Gralab 451, Dimco-Gray Co.). Once CO, had accumu-
lated to between 2000 and 4000 ppm, the cylinder dis-
charge was ceased and CO, levels were recorded every 1
min by CO, monitors (L76, Langan Products, Inc.), until
concentrations had reached background levels (~45 min).
This protocol was repeated 5 times to estimate the vari-
ability in the ventilation rate and ACE. CO, concentra-
tions were measured at two different locations: in the
ventilation exhaust duct and at the breathing zone (at a
height of 1.3 m) near the lifeguard station adjacent to the
pool, to one side of the building.

Experimental Protocol. The efficacy of the HUVAFs was
tested during two sampling campaigns. The first cam-
paign was conducted during April 2002, 3 months after
their installation (Y1), and the second was conducted
during June 2003, following a year and a half of nearly
continuous operation (Y2). Air samples for microbiologi-
cal analyses were collected simultaneously outside and
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inside the therapy pool building during the monitoring
periods. The outside air samples were collected close to
the air intake for the HVAC system of the pool building.
Water samples from the pool also were collected daily and
analyzed for total bacteria concentrations during both
years.

During the first-year sampling campaign, baseline air
samples were collected on three consecutive days (April
10-12, 2002); during this time, the HUVAFs were disen-
gaged (denoted as B-Y1). Over the following 2 weeks, air
samples were again taken in identical locations with the
HUVAFs fully operational (April 17-18, 24-25, 2002; de-
noted as H-Y1).

During the second-year sampling campaign, air sam-
ples were collected on 3 consecutive days (June 18-20,
2003); during this time, the HUVAFs were fully opera-
tional (H-Y2). During 3 days of the following week, air
samples were taken again in identical locations with the
HUVAFs disengaged (June 25-27, 2002: B-Y2).

Effectiveness (E), defined as the fractional reduction
in airborne bacteria resulting from HUVAF operation, was
estimated by comparing data collected when the air filters
were operating to the data collected when disengaged (eq

1):

E= Coff - Con (1)
a Coff

where C_ and C,,, represent the concentrations of total
or culturable bacterial aerosol without air filters and with
the air filters engaged, respectively. For example, if E =
80%), this is interpreted as the air filter operation reducing
airborne bacteria concentrations within the room by 80%
compared with when the air filter was not operating.

Bioaerosol Sampling

For the chamber studies, airborne bacteria were collected
by AGI-30 liquid impingers (Ace Glass, Inc.) at a flow rate
of 12.5 L/min. These samplers were positioned in the
breathing zone, 1.6 m above floor level at one location in
the chamber. Samples were collected for 1 min sequen-
tially at equally spaced time intervals during the con-
centration decay period. Two samplers were operated
simultaneously.

For the pool building study, the indoor and outdoor
air was sampled with three swirling aerosol collectors
(SACs; BioSampler, SKC, Inc.) and a sterile 37-mm closed-
face filter cassette (Pall Corp.) that contained a 0.8-pm
pore size Isopore membrane filter (Millipore). The air
above the pool was sampled by mounting the inlets of the
samplers ~1.3 m above the ground surface (0.3 m above
the lifeguard’s desk). The flow rate of all samplers was
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maintained at a constant level of 12.5 L/min for a sam-
pling period of 2 hr. Calibration of the flow through all
sampling equipment was performed with a bubble flow
calibration system (Gilian Gilibrator, Sensidyne, Inc.).

Before each sampling event, SACs or AGI-30 liquid
impingers were completely disassembled, washed with
ethanol, rinsed with distilled, deionized water, and auto-
claved under 2 atm, at 120 °C for 15 min in aluminum
foil. Immediately before sampling, SACs and AGI-30 lig-
uid impingers were taken out of the aluminum foil and 20
or 30 mL of sterile 10 mM PBS with 0.01% Tween 80
(Sigma) was added into the SAC or AGI-30 reservoirs,
respectively.

Culturing Assay

For the pool building study, concentrations of culturable
heterotrophic bacteria were determined by plating
impinger-recovered air samples and were expressed as
colony forming units (CFUs). A modification of the stan-
dard plate count method was used to enumerate cultur-
able bacteria. Nondiluted SAC liquid was plated using a
spiral-dispensing method (Spiral Biotech, Inc.) according
to the manufacturer’s recommendations. At least three
replicates of each sample were plated onto nutrient-rich
SCDA medium (with 0.1 g/L cycloheximide) and incu-
bated at 37 °C for the appropriate length of time (2-3
weeks), and colonies were counted.

Direct Microscopy

Concentrations of total bacteria were determined using
previously described methods.24 Cells were incubated in
4',6-diamidino-2-pheynylindole (DAPI; Sigma), a nonspe-
cific, DNA-intercalating agent, for 2 min at room temper-
ature, and then filtered through 25-mm diameter, 0.22
pwm (average pore size), black polycarbonate filters (Poret-
ics, Inc.). Filters were mounted using low-fluorescence
immersion oil containing a free-radical scavenger to re-
tard fading (CitiFluor Ltd.) and were examined under
1100X magnification using a Nikon Eclipse E400 epiflu-
orescence microscope fitted with an Hg lamp and polar-
izing filters (HBO-100 W Hg lamp; D360/40 excitation
filter; 420 emission filter; 400DCLP beamsplitter; Chro-
maTechnology Corp.). Between 5 and 10 random fields
were counted per slide, and only intact, brightly stained
cells, with an obvious bacterial morphology, were
counted. All counts were reported as the average of all
fields counted. In accordance with accepted statistical
criteria previously reported, counts from aliquots having
coefficients of variation greater than 30% were discarded,
and new sample aliquots were stained and counted until
the distribution of bacteria immobilized was judged as
uniform.24
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Endotoxin Assay

Filter cassettes were stored in a desiccator immediately
after sampling to prevent endotoxin decomposition. Dur-
ing the first year of the study, filters were extracted with
10 mL pyrogen-free water (Cambrex) by rotation for 1 hr
in a hybridization oven (Fisher Scientific) at room tem-
perature and were subsequently centrifuged (Model GS-6,
Beckman) for 10 min at 2200 rpm. The supernatant was
analyzed for endotoxin content using procedures for the
Limulus Amebocyte Lysate (LAL) protocol described by
the manufacturer (Kinetic-QCL, Cambrex). The enzyme
signal was optimized by performing the tests with differ-
ent dilutions of the same sample to minimize enzyme
inhibition. A continuous recording microplate reader
(E1x808, Bio-Tek Instruments, Inc.) was used to measure
the rates of the LAL enzymatic reaction. Results are re-
ported in endotoxin units (EU) per m?® of air (EU/m?).
During the second year of the study, the extraction pro-
tocol was slightly different. Filters were extracted with 10
mL pyrogen-free water (Cambrex) by sonication for 1 hr
in a sonication bath (Fisher Scientific) at room tempera-
ture and were subsequently filtered through 25-mm sy-
ringe filter with 5 pm average pore diameter (Pall Corp.).
Filter eluents then were analyzed for endotoxin content
as described previously.

RESULTS
Controlled Chamber Study

Controlled chamber tests showed that when the air filter
was operated at its maximum flow rate, airborne M.
parafortuitum cells were removed, as judged by direct mi-
croscopy, at an averaged eAER of 10.7 (0.4) hr~! at an RH
of 23%. The standard error (SE) of the regression coeffi-
cient (with errors propagated) is provided in parentheses
as an estimate of the uncertainty in the eAER.

Indoor Therapy Pool Building Studies

CO, tracer gas tests showed that the air above the therapy
pool was well mixed regardless of air filter operations.
Without the HUVAFs in operation, the ACE averaged
0.95. With the HUVAFs in operation, the ACE averaged
0.93. The ACEs without and with HUVAFs in operation
were not statistically different (¢ test: assuming unequal
variances, o« = 0.05). An ACE of 1 indicates well-mixed
conditions.2® The tracer gas tests also showed that the
averaged eAER within the pool building was 2.35 (SE =
0.44) hr™' and 2.49 (SE = 0.36) hr~ ! without and with
HUVAFs in operation, respectively.

The number of HUVAFs mounted on the ceiling
above the therapy pool was determined using an engi-
neering criterion to at least double the effective air-
exchange rate in the pool building. Based on the perfor-
mance of the HUVAF during chamber tests, it was
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estimated that three units operating at full capacity would

increase the air-exchange rate by an additional 3 hr™*.

Biological Characterization. Figure 2 summarizes selected
microbiological data from indoor air in the therapy pool
building during the sampling campaigns of this research
study. Concentrations are presented as an average of mea-
surements made on multiple days, and the associated
standard deviations are presented as error bars in the
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Figure 2. Averaged concentration of airborne bacteria in indoor
therapy pool building air for: (a) culturable bacteria (CFU/m®); (b)
total bacteria (#/m®); and (c) endotoxin (EU/m3). Numbers on figure
indicate averaged concentration levels. Y1 and Y2 indicate results
for years 1 and 2 of the study, respectively. Baseline indicates
sampling campaign when the ceiling-mounted HEPA filters with
internal UV lamps were not in operation, and HUVAF indicates
sampling campaign when the air filters were in operation.
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figure. The standard deviations reported were determined
by propagation of the standard deviations of each indi-
vidual measurement.

During the first monitoring period (Y1), culturable
heterotrophic bacteria concentrations recovered from in-
door air were between 1 and 2 orders of magnitude higher
than culturable bacteria concentrations from the air im-
mediately outdoors (Figure 2a). Total bacteria concentra-
tions observed in indoor air were within a factor of 2 of
those concurrently recovered from outdoor air. Indoor air
endotoxin concentrations were greater than an order of
magnitude higher than those observed in outdoor air
samples. Direct microscopic analyses of the pool water
showed that an average of 1 X 10'' (SD = 1.44 X 10'°)
cells/m?® and 3.57 X 10'! (SD = 5.28 x 10°) cells/m? were
present in the therapy pool water during the B-Y1 and
H-Y1 sampling campaigns, respectively. During this pe-
riod, the RH within the therapy pool building was be-
tween 25 and 40%, and the air temperature above the
pool averaged 28 °C.

Observations from sampling campaigns executed
during the second year of HUVAF operation (Y2) showed
that culturable bacteria concentrations recovered from
indoor air were between 1 and 2 orders of magnitude
higher than those concurrently recovered immediately
outdoors. However, during the second sampling cam-
paign, total bacteria concentrations indoors were not sub-
stantially higher than those observed in outdoor air. Un-
like the first-year sampling campaign, indoor air
endotoxin concentrations were the same as those mea-
sured outdoors during the B-Y2 sampling campaign. Dur-
ing the H-Y2 sampling, the indoor endotoxin levels were
again an order of magnitude higher. Direct microscopic
analyses of pool water showed that an average of 9.13 X
10'° (SD = 1.05 x 10'°) cells/m?® and 7.82 x 10'° (SD =
1.01 X 10'°) cells/m® were present in the therapy pool
water for B-Y2 and H-Y2, respectively. During this period,
the RH within the therapy pool building was between 60
and 67%, and the temperature of the air above the pool
averaged 26 °C.

A two-factor analysis of variance (ANOVA) with rep-
lication (« = 0.05)25 was performed on data from each
year’s sampling campaign (Y1 and Y2) to test whether
bioaerosol concentrations with and without HUVAF op-
eration were significantly different. Culturable bacteria
concentrations with and without the HUVAFs engaged
were significantly different (p = 0.001), as were total bac-
teria concentrations (p = 0.0001). For the total bacteria
concentration data, there was also evidence of interaction
between the year of testing and air filter operation. Air-
borne endotoxin concentrations were not significantly
different with and without HUVAFs in operation (p =
0.15).
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Figure 3. Effectiveness of ceiling-mounted HEPA filters with
internal UV lamps for reducing/inactivating airborne bacteria in in-
door therapy pool building air; Y1 and Y2 indicate results for years 1
and 2 of the study, respectively.

Effectiveness of Air Filters. Figure 3 shows the effectiveness
of the HUVAFs for each sampling campaign of the study,
for both culturable and total bacteria concentrations. The
heights of the bars represent the effective reduction as a
result of the air filters operation. Standard deviations from
multiple measurements were propagated to obtain esti-
mates of the uncertainty in effectiveness estimates.

DISCUSSION AND CONCLUSIONS

The performance of a ceiling-mounted HEPA filter with
internal UV lamps was characterized in controlled cham-
ber tests and investigated in an indoor therapy pool build-
ing. This building was considered a high-exposure envi-
ronment because several employees working in the
building had been diagnosed with uncommon bacterially
associated pulmonary illnesses. This demonstration study
showed that bacterial aerosol concentrations could be
cost-effectively reduced by installation of an appropri-
ately designed control system consisting of HUVAFs.

On the days sampled, the air in the indoor therapy pool
building was enriched with bacterial aerosol when com-
pared with that sampled immediately outdoors (Figure 2).
The correlation between indoor and outdoor total bacteria
concentrations as determined by direct microscopy was R*
= 0.31, indicating that a possible source of indoor bioaero-
sol was outdoor air. Although correlation between indoor
and pool water total bacteria concentrations was poor on
the days sampled (R* = 0.019), genetic amplification and
phylogenetic analyses of bacterial clone libraries confirmed
that a source of indoor bioaerosol at this site was the water
in the pool housed within the building.2¢ During the winter
sampling event, 82% of bacterial DNA extracted and ampli-
fied from the liquid impingers’ collection reservoirs corre-
sponded to Mycobacterium spp., which were also abundant
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in the pool water (35% on a DNA amplification basis). My-
cobacterium DNA could not be detected in any outdoor air
samples. While semi-quantitative, these results suggest that
significant amounts of bacteria partition from the therapy
pool water into an aerosol with a size distribution that can
be collected by liquid impingers. This partitioning mecha-
nism has been previously documented in wastewater, whirl-
pools, and laboratory reactors.27-2 Researchers also have
documented that the size of airborne droplets generated
from whirlpools is less than 7 pm and in the respirable
range.2829

There is a paucity of survey information on total bacte-
rial aerosol concentrations in either indoor or outdoor en-
vironments; levels from direct microscopic counts in recent
reports are presented here for comparison. Total bacteria
concentrations measured in the therapy pool building in
this study without the HUVAFs operation ranged between
3.1 X 10° and 3.9 X 10° cells/m?. These data are consistent
with data from homes enriched with bioaerosol from flood-
water damage (8.1 X 10°-1.9 X 107 cells/m?)3° but are
significantly higher than those levels reported in Scandina-
vian homes (1.2 X 103-9.3 X 10° cell/m?®).31.32 Total bacteria
concentrations measured outside the therapy pool building
were between 9.1 X 10° and 3.4 X 10° cells/m?, agreeing in
magnitude with other summer season observations in
southern Colorado3° and Willamete Valley, OR.33

Recent investigations reporting the concentrations
of airborne bacteria that could be recovered on broad-
spectrum culture media also provide some comparative
basis. Culturable bacteria levels in the indoor therapy
pool building, without the HUVAFs operation, were on
average 1.1 X 10* CFU/m?. These data are within the
range observed in another high-exposure environment,
flood-water damaged homes (3.9 X 10%-3.9 x 10° CFU/
m?).30 Culturable bacteria concentrations in the indoor
therapy pool air were higher than those reported in other
indoor environments not enriched with bioaerosol. Cul-
turable airborne bacteria levels in 20 residences in the
Chicago, IL, urban area were between 100 and 1966
CFU/m?® with some evidence of correlation to season.34
Averaged culturable bacteria levels measured in eastern
Finland homes32 were only 17 CFU/m?. Culturable bacte-
rial aerosol concentrations measured inside six commer-
cial buildings in the midwestern United States3S were in
the range between 510 and 10* CFU/m?, while culturable
bacteria levels reported for the indoor air of an office
building in the Netherlands3¢ were in the range between
115 and 159 CFU/m?.

The relationship between total and culturable bacte-
ria concentrations cannot be established unless direct mi-
croscopy is used. Culturing does not always estimate
microorganism numbers accurately. In laboratory and
field studies, microscopic analyses have consistently
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demonstrated that culturing introduces quantitative and
ecological bias; culturability (as fraction of total) in aero-
sol systems usually has been reported near 0.1%.24:33,37

Endotoxin recovered from the therapy pool building
indoor air reported here ranged between 7 and 49 EU/m?,
agreeing with levels previously reported. The levels re-
ported here are also higher than endotoxin concentra-
tions in the air of other indoor (cold water) swimming
pools, houses, and offices, but significantly lower than
those reported from surveys of other occupational and
agricultural settings. Airborne endotoxin levels from a
building housing an indoor swimming pool with out-
breaks of granulomatous lung disease!? were in the range
between 12 and 110 EU/m?3, while airborne endotoxin
levels above two pools used as control environments
ranged between 0.27 and 3.7 EU/m>. In a Boston, MA,
area residential study,3® the mean airborne endotoxin
concentration observed ranged between 0.56 and 1.28
EU/m?>. Commercial office building surveys have reported
between 0.5 and 3 EU/m? in midwestern U.S. buildings3S
and between 0.17 and 0.75 EU/m? in another recent sur-
vey.3? Endotoxin surveys of agricultural and industrial
settings typically have reported substantially higher con-
centrations. In a study comparing collection methods
using liquid impingers and filter cassettes in sawmills,4°
airborne endotoxin concentrations ranged between 207
and 17,063 EU/m?3, and those from the air in cow stables#!
ranged between 36 and 761 EU/m>. The indoor air at a
machining plant*2 was found to contain endotoxin from
the range between below detection (<4 EU/m?) to 790
EU/m?. The airborne endotoxin levels observed immedi-
ately outside the therapy pool building ranged between
0.2 and 21 EU/m?® and were higher than some outdoor
levels previously reported. Outdoor airborne endotoxin
levels from an urban area of St. Louis, MO,3° were in the
range between 0.73 and 2.1 EU/m?, and those from an
urban region of Colorado!2 between 1.6 and 5.8 EU/m>.
Because endotoxin recovery can be significantly influ-
enced by collection and is sensitive to analytical methods
(yet to be standardized), care should be exercised when
comparing the absolute levels reported in the literature in
the context of exposure.

The effectiveness of the HUVAFs for reducing/inacti-
vating bacteria concentrations ranged between 12 and
80% (Figure 3). During the first monitoring period,
HUVAF effectiveness was 12% based on total bacteria
concentrations but was 69% based on culturable bacteria
concentrations. During the second monitoring period,
the effectiveness was higher, 76 and 80% based on total
and culturable bacteria concentrations, respectively.

The reasons underlying the differences in performance
are unclear; however, building management practices and
differences in bioaerosol source concentrations (possibly
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outdoor air or the pool water) may have influenced the
removal effectiveness of the observed HUVAFs. The first-
year monitoring campaign was executed only a few months
after installation of three HUVAFs, which were not contin-
uously operated until 6 months after installation (a building
managers’ practice because of bather comfort). The total
bacterial concentrations from the pool water were signifi-
cantly lower during the first sampling campaign than dur-
ing the second-year sampling campaign, which may have
had a significant influence on airborne bacteria concentra-
tions and equipment performance. Because the flux of bac-
terial cells from the pool water to aerosols is unknown, the
potential influence of pool water concentrations on effec-
tiveness could not be quantified. Additionally, the total bac-
teria concentration outdoors was higher during the second-
year sampling campaign.

The air filters did not appear to have an impact on
airborne endotoxin concentrations in the therapy pool
building. This result is similar to findings previously re-
ported that enhanced air filtration achieved by installing
HEPA filters (estimated =95% efficient at 0.3 pum) in an
office building did not significantly affect airborne endo-
toxin levels.3?

To optimize the operation of air filters in realistic envi-
ronments, the energy requirements and costs of replacing
filter media and UV lamps need to be estimated. The major
operating cost of the HUVAF tested in this study is related to
electrical power consumption. The energy requirement for
operation of one HUVAF unit is ~21 kWhr. With the cur-
rent electricity cost of 5 cents per KWhr, the estimated
energy cost is approximately $380/yr (assuming nonstop
operation of one air filter). The estimated cost for replacing
the HEPA filter media and UV lamps on one HUVAF unit (as
required by the manufacturer) is $420/yr. Thus, for the in-
door therapy pool building that was investigated in this
study, the operation and maintenance of three air filters cost
approximately $2400/yr.

The HUVAF, based on the chamber studies, had an
estimated eAFR of 11 hr !, which results in a clean-air
delivery rate (CADR) of 11 hr™! X 87 m*® = 957 m?/hr. The
CADR is nominally equal to the product of the air filter
single-pass efficiency and the airflow rate through the de-
vice.43 Applying this CADR to the indoor therapy pool
building, and given that three HUVAFs were installed, the
eAER resulting from the operation of the three air filters is
estimated to be 2871 m3/hr/1100 m*® = 2.6 hr '. Using a
completely mixed indoor environment model,3 assuming
all of the parameters remain relatively constant and that the
indoor air is well-mixed (verified during tracer tests herein),
the effectiveness of air filters can be related to the equiv-
alent air-exchange rate. Given that the ventilation rate of
the indoor therapy pool building was 2 hr—!, and assum-
ing a deposition rate of biological PM44 of 0.3 hr™ !, the
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effectiveness of one air filter is estimated to be 27%. With
three air filters in operation, the effectiveness is increased
to 53%. This theoretical effectiveness is in agreement with
that observed during this study.

The clean-air delivery rates and eAERs for many air
filters available on the commercial market have been mea-
sured, although effectiveness has not been document-
ed.#5-42 A recent study, however, reported effectiveness of
a variety of air filters measured in a 36-m? test chamber.13
One portable HEPA filter that provided an eAER of 4 hr !
resulted in an effectiveness near 30%; and one ceiling-
mounted HEPA filter that provided an eAER of 6 hr '
resulted in an effectiveness of ~60%. These results are in
agreement with the effectiveness that was provided by the
HUVAFs tested in this study.

By installing three ceiling-mounted HEPA-UV air filters
on the ceiling of an indoor therapy pool building, an addi-
tional eAER of 2.6 hr™! was added to the existing 2 hr™*
provided by the building’s ventilation. A nominal effective-
ness of 60% was observed, suggesting that this air filtration
equipment was capable of reducing 60% of the bacterial
aerosol load under the conditions monitored. The results of
this study suggest that a reasonable reduction in bioaerosol
concentrations can be achieved by installing this new gen-
eration of hybrid air filters. Engineering control methods
must be balanced with constraints such as occupant com-
fort, economic factors, and building management strategies
to ensure that the health risks associated with bioaerosol
exposure are as low as practical.
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