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Wiadyslaw J. Kowalski, PE, PhD, is vice president of Immune Building Systems Inc., a provider of advanced
design and analysis for the protection of buildings against airborne-disease transmission, mold contamination,
nosocomial infections, and the threar of biological-weapon agents. He conducts research for the Indoor
Environment Center at The Pennsylvania State University and is chairman of the Air Treatment Group of
the International Ultravioler Association. He can be contacted ar drkowalski@immunebuildingsystems.com.




4
/7-\CH

2 2

E s E s
2 8

L. 0.1 L. 0.1
=5 se

SE 001 SE 001
§2 0001 §2 0001
s e

£8  0.0001 & 0.0001
ST 0.00001 SE 0.00001
O =S [ =}

£ oooooot} NN N € 0.000001]
g o 1 2 3 4 5 6 7 8§ 8 0
< Hours <

2 3 4 3 6 7 8
Hours

FIGURE 2. The effect of filtered-0A ACH on an initial level of airborne microbial contamination over an 8-hr period (left) and the effect of
HEPA 99.97-percent filtration on recirculated air (right).

micidal irradiation (UVGI). First, how-
ever, a brief synopsis of applicable guide-
lines, codes, and standards will provide
background on current methods of noso-
comial infection control.

GUIDELINES, CODES, AND STANDARDS

A variety of guidelines, codes, and
standards offer details for designing
health-care-facility ventilation sys-
tems.””*> Some guidelines address spe-
cific problems, such as tuberculosis (TB),
nosocomial infections, and surgical-site
infections (SSIs).*”*” Supply-air filters
typically are specified based on the Amer-
ican Society of Heating, Refrigerating
and Air-Conditioning Engineers recom-
mendations shown in Table 1. (MERV
stands for “minimum-efficiency report-
ing value.”)

Air recirculation is permitted in most
hospital areas, including operating rooms
(ORs) and intensive-care units (ICUs).”
General areas (GAs) often have recircula-
tion rates typical of commercial office
buildings, with about 15- to 25-percent
outside air (OA). There are no specific
requirements for filtration of recirculated
air in GAs. Air-contaminant control
often is accomplished with high rates
of room air exchange using filtered 100-
percent outside air. Typically, ORs have
an air-change rate (ACH) of 12 to 25,
with 12 ACH typically representing
100-percent OA and 25 ACH typically
representing 5 ACH of OA and 20 ACH
of recirculated air. Patient and intensive-
care rooms typically have an ACH of 4

to 6, with 2 ACH of OA.* The American
Institute of Architects” recommends 15
ACH for ORs, which appears to be the
norm in the United States.

Figure 2 illustrates both the effective-
ness of various rates of filtered outside
air with complete air mixing and the
effectiveness of recirculating the same
airflow through a high-efficiency-
particulate-air (HEPA) filter. Note that
the results are virtually identical, a fact
that brings into question the universal
reliance on 100-percent-OA systems,
especially if; as discussed later, combined
UVGI/filtration systems can approach
HEPA-filter performance with lower
energy costs.

Many mistakenly assume that systems
designed and installed per code will pro-

Many mistakenly assume
that systems designed
and installed per code
will produce sterile air.

duce sterile air. For analytical purposes,
sterility often is assumed to mean six logs
of reduction, which is the lower Y-axis
limit in Figure 2. Technically, six logs
of reduction implies sterility if and only
if there are no survivors. Sterility of
OR air may be difficult to achieve and

impossible to prove.

HEPA filters typically are used in iso-
lation rooms and other areas when air
is recirculated.” They also often are used
to filter exhaust air from isolation rooms,
laboratories, and other facilities. Codes
and guidelines have specific requirements
for the pressurization of ORs and isola-
tion rooms that can be consulted
for additional information. Finally, and
perhaps most importantly, hospitals have
detailed procedures for disinfection.™"’

All of the above approaches to infec-
tion control have proven to be reliable
and effective in practice. However, based
on ongoing research, certain improve-
ments may be possible, particularly
regarding nosocomial infections that are
wholly or partly airborne.

AIRBORNE NOSOCOMIAL EPIDEMIOLOGY
Various sources estimate that between
2 million and 4 million nosocomial
infections occur annually, resulting in
20,000 to 80,000 fatalities. The cost of
nosocomial infections in the United
States is estimated to be about $4 billion
to $5 billion annually. Table 2 lists
potentially airborne nosocomial agents
and the number of annual cases, based on
various sources. This list is by no means
complete, as practically every pathogen
and mold spore may become
a nosocomial agent, and new pathogens
often arise. Endogenous microbes are
those that exist commensally in humans,
but may be transmitted to susceptible
individuals, usually the immunocom-



UVGI Dgy, Joules per
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Microbe

Influenza A virus | RNA virus | c | 2miion | 476 193
Measles virus RNA virus | c [ s0000 | 38.2 =
Streptococcus pneumoniae || Gram(+) bacteria || C l 500,000 Il 76.6 41.9
Streptococcus pyogenes Gram(+) bacteria II E ' 213,962 II 86.0 22.0
Respiratory syncytial virus || RNA virus II C l 75,000 II 3741 —
Varicella-Zoster virus Il DNA virus II C l 46,016 II 37.4 3918
Parainfluenza virus | RNA virus ¢ 1 28,900 | 37.0 —
Mycobacterium tuberculosis Il Bacteria II C ' 20,000 II 71.8 10.8
Bordetella pertussis || Gram(-) bacteria II C | 6,564 II 38.5 =
Rubella virus | RNA virus | ¢ | 3,000 | 62.3 =
Staphylococcus aureus I| Gram(+) bacteria II E ' 2,750 II 84.9 6.6
Pseudomonas aeruginosa Il Gram(-) bacteria II NC ' 2,626 II 60.0 9.7
Klebsiella pneumoniae | Gram(-)bacteria | E | 1,488 ] 742 420
Legionella pneumophila || Gram(-) bacteria || NC | 1,163 || 62.3 12.6
Haemophilus influenzae || Gram(-) bacteria | c | 1,162 || 410 35.1
Histoplasma capsulatum || Fungal spore II NC | 1,000 II 98.9 93.2
Aspergillus | Fungal spore T | 666 ] 99.0 1,000
Serratia marcescens || Gram(-) bacteria || E ' 479 Il 715 10.0
Acinetobacter | Gram() bacteria__ | e | 147 ] 94.4 10,965
Corynebacterium diphtheriae || Gram(-) bacteria II C | 10 II 76.0 32.8
SARS virus | RNA virus | C | 10(china) | 447 —
Haemophilus parainfluenzae || Gram(-) bacteria || E ' Common || 98.2 =
Burkholderia cenocepacia Il Gram(-) bacteria II NC ' Common II 76.6 58.0
Cryptococcus neoformans || Fungal spore II NC l Common II 99.0 138
Chlamydia pneumoniae || Gram(-) bacteria II C l Rare II 64.7 =
Coccidioides immitis Il Fungal spore II NC ' Rare II 99.0 —
Nocardia asteroides || Bacterial spore II NC l Rare II 92.6 187
Nocardia brasiliensis || Bacterial spore II NC | Rare II 96.6 —
Alcaligenes || Gram(-) bacteria II E ' Rare II 80.5 —
Blastomyces dermatitidis Il Fungal spore II NC ' Rare II 99.0 93.2
Burkholderia pseudomallei [ Gram(-)bacteria | NG [ Rare ] 60.0 —
Cardiobacterium Il Gram(-) bacteria II E | Rare II 70.0 —
Moraxella || Gram(-) bacteria || E ' Rare || 94.4 11,513
Mucor plumbeus Il Fungal spore II NC ' Rare II 99.0 171
Pneumocystis carinii || Fungal spore II NC | Rare II 98.7 =
Rhizopus stolonifer || Fungal Spore II NC l Rare II 99.0 267
Burkholderia mallei || Gram(-) bacteria II NC ' Rare II 74.4 —

Abbreviations: C = communicable, NC = noncommunicable, E = endogenous.

TABLE 2. P ially airb agents of




promised. Filtration efficiency and
UVGI dosages for 90-percent inactiva-
tion (Do) are summarized from “Aerobi-
ological Engineering Handbook: A
Guide to Airborne Disease Control
Technologies.”"'

Airborne nosocomial infections are
transmitted directly or indirectly through
air and may cause respiratory (primarily
pneumonia) and surgical-site infections.

The degree to which the transmission
of nosocomial infections is airborne
is unknown. One source estimates that
10 percent of nosocomial infections
are airborne, while another states that
16 percent of ICU infections result from
airborne-pathogen transmission.'*"?
These figures may be grossly underesti-
mated, considering the etiology of noso-
comial pneumonia and SSIs has not
been studied or documented sufficiently.
Some urinary-tract infections—and
even some blood infections—may result
from airborne microbes settling on
equipment. In ICUs, almost a third of
nosocomial infections are respiratory
in nature, but not all are airborne; many
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FIGURE 4. Major airborne nosocomial pathogens. The spheres represent the relative size
of the microbes. See Table 2 for microbes not shown.
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are transmitted by contact.”'* SSIs are
non-respiratory, but may be partly
airborne in origin—for example, when
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FIGURE 3. Primary causes of nosocomial infections.®

common microbes such as Staphylococcus
and Smreptococcus settle on open wounds,
burns, or medical equipment.'’

Ata rate of about 0.1 to 0.3 per 1,000
discharges, SSIs are the most common
type of nosocomial infection.® The rates
of nosocomial infections in a university-
hospital surgical ICU, surgical ward
(SW), and medical ward (MW) were
studied.'® The overall nosocomial infec-
tion rate was 14 percent, with infection
rates of 42.5 percent for the surgical ICU,
19.6 percent for the SW, and
4.1 percent for the MW. Newer studies
are available, but the results are similar.

Nearly 30 percent of sporadic cases
of nosocomial pneumonia are caused by
Legionella."” Legionellais a common con-
taminant of water systems in hospitals;
the formation of aerosols from contami-
nated water may be a major mode of
spread. Legionella contamination is
controlled most effectively with water-
side disinfection and good plumbing
practices.'”"®

Hospital workers, as well as patients,
are at risk of nosocomial infections, with
worker fatalities reported. Health-care
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FIGURE 5. Isolates, excluding viruses, found in cases of nosocomial pneumonia.

professionals routinely are exposed to
contagious respiratory infections such as
TB and influenza. In most cases in which
medical workers have contracted respira-
tory infections from inhalation, the root
cause has been inadequate local ventila-
tion, malfunctioning systems and equip-
ment, or administrative-control prob-
lems."”” TB infections among health-
care workers are associated strongly with
inadequate ventilation in general patient
rooms and with the type and duration
of work, but no associations have been
identified with ventilation of isolation
rooms.”’ One of the greatest worker risks
is infection with Bordetella pertussis,
which causes both symptomatic and
asymptomatic infections.”’ Proper engi-

Respiratory

Viruses pathogens
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3

Direct contact |

Bacteria ’

Airborne

neering design and maintenance and
strict adherence to procedures can greatly
reduce infection risk among health-care
professionals. Routine vaccinations of
health-care workers does not eliminate
risk.

Newborns in neonatal intensive-care
units (NICUs) are subject to acrobiologi-
cal hazards similar in fashion to those
of the immunocompromised; however,
the complicated etiologies cannot be
reviewed in adequate detail here. (For
additional information, see “Acrobiologi-
cal Engineering Handbook: A Guide
to Airborne Disease Control Technolo-
gies.”'") The solutions for NICUs, how-
ever, essentially are the same as those for
ICUs discussed later.

NOSOCOMIAL AEROBIOLOGY

Any respiratory pathogen can produce
a nosocomial infection. Most of the op-
portunistic pathogens that cause SSIs are
at least partly airborne. Some environ-
mental mold spores, such as Aspergillus,
can cause opportunistic infections in the
immunocompromised. Figure 3 shows
the variety of pathogens responsible for
nosocomial infections. Nearly all are
potentially airborne, although most
infections probably are the result of direct
contact and contact with equipment.

Figure 4 shows major airborne noso-

pathogens
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FIGURE 6. The major aerobiological pathways of airborne nosocomial pathogens can be

complex and multifactorial.
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comial bacteria and viruses ranked
graphically by incidence and the relative
proportion of their log-mean diameters.
Ranking these pathogens in terms of
fatalities—or costs—would be more
difficult and might produce rather
different hierarchies.

Figure 5 lists microbes isolated from
the respiratory tracts of patients with
nosocomial pneumonia in four separate
studies.”” Viruses were not included in
the studies; however, viral pneumonia
primarily is attributable to influenza,
respiratory syncytial virus, and parain-
fluenza. Between 13 and 54 percent of
the pneumonia cases were polymicrobial

194

GA GA GA GA GA GA

in nature. Roughly 75 percent of the
microbes were potentially airborne,
although most of the infections probably
resulted from contaminated ventilators,
intubation, or direct contact.

Levels of airborne microbes are not
routinely checked in hospitals; however, a
variety of studies have indicated that the
air in hospital areas rarely, if ever, is sterile.
In a study of airborne microbial contam-
ination in the OR and ICUs of a surgery
clinic, bacterial concentrations
of 150 to 250 cfu per cubic meter were
measured.” The most frequently isolated
microorganisms included Staphylococcus
epidermis, S. haemolyticus, Enterococcus

spp., Enterobacter, Pseudomonas spp.,
Micrococcus, Corynebacteria, and Strepro-
coccus faecalis. In a study of mold spores
in the air of a hospital ward, 22 different
types of spores, with total concentrations
of 175 to 1,396 spores per cubic meter,
were found.”* The most frequently
isolated were Cladosporium, Ustilago, and
various basidiospores. For Aspergillus-
Penicillium spores, the concentration was
higher indoors than outdoors, although
for most spores, lower levels were found
indoors, with a mean indoor/outdoor
ratio of 1-to-4.

Patients may bring airborne infections
into waiting areas. In one unusual case,
three children who arrived at a pediatri-
cian’s office an hour after an infectious
child left developed measles.

The microbes most frequently cul-
tured in OR air include Swphylococcus
epidermisand S. aureus. Streptococcus pyo-
genes has been found in about 15 percent
of preoperative throat swabs from
patients.”” The number of people in
an operating suite influences counts of
airborne bacteria.”* Conversation can
increase the bacterial load of air and con-
taminate the facemasks of surgeons and
nurses (9 to 10 percent of those measured
postoperatively).”” A person may shed
3,000 to 50,000 microorganisms per
minute, depending on activity and the
effectiveness of protective clothing. Also,
people shed skin squames, which may
contain bacteria, continuously.

AEROBIOLOGICAL PATHWAYS OF
NOSOCOMIAL INFECTIONS

Major aerobiological pathways
through which patients and health-care
workers become infected with airborne
nosocomial pathogens are shown in
Figure 6. Only first- and second-order
pathways are shown, although it is
possible for a microbe to become
reaerosolized several times or pass from
person to person before causing an
infection. Not every pathway is shown,
and not every pathway shown is proba-
ble; however, Figure 6 illustrates the
potential complexity of the aerobiologi-



cal etiology of nosocomial infections.

Facemasks may not fully protect sur-
geons from acrosolized blood pathogens.
Respirable (less than 5 pm) aerosols
containing blood can be generated in
an OR during surgery through the use of
common surgical power tools.

Methicillin-resistant Staphylococcus
aureus (MRSA) is a major nosocomial
pathogen in many hospitals and is being
isolated with increased frequency. Ac-
cording to one study, it is the most fre-
quently isolated airborne microbe.'” The
major sources of S. aureus in hospitals are
septic lesions and carriage sites of patients
and personnel. Anterior nares are the
most common carriage site, followed by
the perineal area. Although the principal
mode of transmission is transiently con-
taminated hands of hospital personnel,
airborne MRSA plays a role in respira-
tory-tract MRSA infections. MRSA has
been found in air samples collected in
single-patient rooms and has been
isolated from sinks, floors, and bed
sheets, as well as from patients’ hands.
MRSA recirculation in air is enhanced by
activity in rooms, including the changing
of bed sheets.

The virus that causes severe acute
respiratory syndrome (SARS) is one of
the most hazardous nosocomial agents to
hospital personnel, although an outbreak
has yet to occur in the United States.
Evidence suggests aerosol transmission
through ventilation systems, although
the major transmission routes are close-
proximity airborne-droplet infection and
close-contact infection. In previous out-
breaks, index patients caused secondary
infections in medical staff and inpatients.
Hospital outbreaks of SARS typically
occur within one week of the admission
of a SARS patient and before isolation
measures are implemented.** Nosoco-
mial transmission has been halted effec-
tively through enforcement of standard
procedures for controlling the transmis-
sion of high-risk airborne infections.

Nosocomial infections from fungal
spores, such as Aspergillus, can occur
when construction barriers are inade-

The industry needs more research correlating airborne
hacterial concentrations in ORs with SSI rates.
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FIGURE 9. Correlation of infection rate and airborne concentration of Aspergillus

spores.™

quate. Dust above suspended ceiling
panels can be a major source of mold
spores. Local air filtration is essential
during renovation projects. The use of
mobile HEPA-filter units is common
and can reduce local airborne-spore levels

significantly.

Figures 7 and 8 list levels of bioaerosols
sampled in various health-care facilities.
These levels generally are lower than
they would be in typical office buildings,
but higher than would be predicted for
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TABLE 3. Hospital field trials of UVGI systems.

buildings with high-efficiency filters. For
hospital air, the World Health Organiza-
tion recommends relatively relaxed limits
of 100 cfu per cubic meter for bacteria
and 50 cfu per cubic meter for fungi;
however, many facilities would fail to
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meet even these.”” Considering that
environmental fungal spores should be
completely removed per filtration guide-
lines, the presence of any fungal spores
in an OR should warrant investigation.
According to the criteria of Federal
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FIGURE 11. Nosocomial infection rates before and after the installation of a UVGI system

in buildings in Table 3.

Standard 209E, Airborne Particulate
Cleanliness Classes in Cleanrooms and
Clean Zones, conventionally ventilated
ORs rank less than Class 3.5." A limit
of 10 cfu per cubic meter, based on
the International Organization for
Standardization Class 7 cleanroom limit
(EU Grade B) used in the pharmaceuti-
cal industry and as a target for ultraclean
ventilation systems, probably would be
a more appropriate criterion for hospital
ORs and ICUs. The industry needs
more research correlating airborne
bacterial concentrations in ORs with
SSI rates (Figure 9).

A study on Aspergillosis in hospitals'®
reviews literature on infection rates and
summarizes the levels shown in Figure 9,
suggesting that a threshold may exist
at about 0.1 cfu per cubic meter, below
which infection rates may be negligible.
Similar correlations between airborne
bacteria and infection rates have been
theorized and mentioned anecdotally in
literature; however, limited quantitative
data are available. One study™ suggests
the respiratory-tract infection rate
approaches 0.7 percent as airborne
concentrations of bacteria decrease
toward 0.028 cfu per cubic meter.

Bioaerosols released by people are
thought to tend to float around them be-
fore precipitating downward.”! Figure 10
illustrates potential sources. Flatulence
may explain how bacteria can get from
the colon of OR personnel into the open
wound of a surgery patient. Facemasks
are known to be poor filters, with one
source suggesting doubling up face-
masks, although this still is not as effec-
tive as an N95 facemask.™

The etiology of nosocomial SSIs is
difficult to trace and often may include
distinctive pathways and unusual mi-
crobes. The subject is far too complex to
be addressed adequately in this article.
For additional information, see the refer-
ences listed at the end of this article.

CONTROL OPTIONS
Although current methods of control-



ling nosocomial infections, including
isolation rooms and disinfection proce-
dures, have proven successful, there
certainly is room for improvement,
especially in the United States. New
nosocomial hazards demand renewed
interest in both causes and solutions.
Topics of discussion should include
the establishment of specific airborne-
contamination limits, the increased
use of air sampling to identify nosoco-
mial sources, the use of UVGI on a
larger scale, the exploration of green
technologies and more energy-efficient
methods of controlling airborne mi-
croorganisms, and the use of new antimi-
crobial materials.

Laminar-airflow systems with 16 to 17
ACH supplied through HEPA filters are
capable of holding OR airborne concen-
trations below 10 cfu per cubic meter.”
The use of HEPA filters, however, may
represent overkill when applied for the
control of airborne microbes. In one OR
test, a HEPA filter provided no better
reduction in airborne bacterial load than
a 95-percent dust-spot filter.”* Further-
more, the combination of UVGI and
high-efficiency filters in the MERV-13-
to-15 range may be able to provide per-
formance virtually equivalent to HEPA
filtration, thus offering health-care facili-
ties the possibility of reducing energy
costs without increasing health risks.

A major potential source of fungal

PHOTO A. Upper-air UVGI system installed in an ICU.

contamination in hospitals is filter bypass
and maintenance problems. Because they
are used to filter large quantities of out-
side air, MERV 7 to MERV 13 filters are
likely to accumulate spores. Filters should
be checked for bypass, and maintenance
procedures requiring shutdown of fans
should be followed diligently; otherwise,
spores may enter ventilation systems and
accumulate in carpeting and furnishings.
Periodic surface sampling
of cooling coils and drain pans can help
identify potential problems. Sampling
carpets for contamination is another pru-
dent practice, with heavily contaminated
carpets removed, rather than cleaned.
UVGI systems have been in use in
ORs since at least 1937. Table 3 shows
the results of some of these applications.
Reductions in post-operative infection
rates of 24 to 44 percent have been
demonstrated.”> Overhead UVGI sys-
tems have been used to control SSIs,
while upper-air UVGI systems have been
used to control respiratory infections.
The Home for Hebrew Infants in New
York was able to bring a halt to a Varicella
epidemic using UVGI. One study
showed that UVGI can reduce airborne
microbial concentrations to below 10 cfu
per cubic meter in an OR.”® Despite
these early successes, UVGI continues to
be largely ignored as an option by the
health-care field and regulatory agencies.
Figure 11 illustrates the results of several

Photo courtesy of Lumalier

studies from Table 3. Upper-air UVGI
systems, such as the one shown in Photo
A, are easy to install, but require experi-
enced consultation. In-duct, forced-air
UVGI systems may be the safest, most
effective, and most efficient to install in
large facilities, but because one has yet to
be installed in a hospital, no data regard-
ing reduction of nosocomial infection
rates are available.

Intrusion of airborne fungi and envi-
ronmental bacteria can cause contamina-
tion of carpets and furniture. Contami-
nation may come from visitors and cause
accumulation of microbes in areas
such as ICUs. In one hospital studied
by the author, heavy bacterial contami-
nation was found in a lunchroom
carpet, from which doctors and nurses
apparently were carrying bacteria on
the soles of their shoes into and around
the ICU. The bacteria may have become
re-aerosolized in the procedure rooms
during activity. It was recommended that
the carpet be removed from the lunch-
room and surrounding areas.

A novel application of UVGI is the
use of systems to decontaminate surfaces,
including floors, carpets, and equipment,
after hours. Such systems can be installed
to irradiate an entire ICU or OR while
it is unoccupied. Motion detectors auto-
matically shut down the systems when-
ever someone enters the room.

Also emerging is the use of pulsed-
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light systems for surface disinfection.*
Pulsed light with the Ultraviolet C com-
ponent removed has the unique ability
to destroy bacterial cells on the surface of
skin with minimal hazard to human cells.
High-intensity pulsed light can cause
sudden cell rupture from instantaneous
heating, but skin cells, locked into a tight
matrix, remain undamaged. Available for
hand decontamination, this technology
may be adaptable for overhead surgical-
site disinfection.

Evidence suggests that air ionization
can help reduce the bacterial load of air
and control airborne nosocomial infec-
tions. Antimicrobials are a promising
development for the health-care industry,
with protective clothing, dressings, sur-
faces, and medical equipment increas-
ingly being made available.

Ventilation-system performance may
change over time, and reversals of airflow
direction may occur between zones,
resulting in contaminant intrusion in
ICUs and ORs. Many hospitals have
wards and interconnected facilities with
separate ventilation systems designed to
keep critical areas under slight positive
pressure with respect to hallways and
public-access areas. In one health-care
facility, the author found air pressuriza-
tion had been reversed because of creep-
ing airflow imbalances and that contami-
nants were flowing from GAs into the
ICU zone. It would be prudent for
building engineers to check pressuriza-
tion/airflow direction periodically, which
can be done with smoke testing and by
other means.

The change that perhaps would have
the greatest impact on nosocomial infec-
tions in this country is the establishment
of national standards concerning aerobi-
ological quality in hospitals. Routine
air sampling, such as that recommended
by the National Institute of Health Sci-
ences in Japan, would provide a clearer
picture of the relationship between air-
borne microbes and infection rates. More
research on the aerobiological pathways
and etiology of nosocomial infections
is needed so that appropriate solutions

can be explored and implemented better.
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