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Preface

Biological Risk Engineering — Infection Control and Decontamination provides a compendium of
biological risk management information. Biological risk is of concern to us all. The biological risks
we face vary and include biological contamination within our environment and, more personally,
biological risk to ourselves through disease or the potential for disease.

This book deals with a subset of biological risk agents defined as bacteria, molds, yeasts, viruses,
and prions. The term biologicals refers to these agents. Of these, the viruses and prions are not
currently defined as independent life forms, and the extent to which these agents exhibit the
characteristics of organic life are still being debated.

The intent of this compendium of information is to foster risk management decisions. In times
of strength, we can manage many risks for ourselves and for those around us. As homeland security
and other risk-management agendas are addressed politically, increasing emphasis will be placed
on codifying biohazard management protocols. The biological risk regulatory process is expected
to progress in a manner similar to the chemical risk regulations developed under Superfund. In
fact, Superfund was always intended to include uncontrolled infectious substances. The authors of
biological risk management regulations face a daunting challenge in that biohazardous agents,
unlike chemicals, can reproduce.

As with most complex subjects, not all the authors included here or in the future will agree on
everything. These differences were put aside to provide interdisciplinary discussions that hopefully
will lead to sensible risk-management decisions. This text’s authors are bacteriologists, biologists,
industrial hygienists, environmental scientists, microbiologists, engineers, nurses, sanitarians, tox-
icologists, and safety professionals. All authors used their personal time and offered their profes-
sional opinions to shape the research and writing that resulted in this book. Whether they are in
the public or private sector, one goal remained preeminent — to provide information to enhance
the effectiveness of biological risk management and control.

Elizabeth Buckrucker, a reviewer, is a Project Manager for the Kansas City District Army Corps
of Engineers, working in the Environmental Program branch. Elizabeth began her career in the
U.S. Army and currently works as a civilian on environmental projects, including the U.S. Food
and Drug Administration (FDA) Laboratory Decommissioning Program. In that capacity, Elizabeth
met Dennis and Martha. Along with Donald Demers, current Chief of the FDA Safety Staff, and
Renee Dufault, who is a Lieutenant Commander in the Public Health Service, they formulated the
basic concepts for this book during their hours away from duty.

Biological Risk Engineering — Infection Control and Decontamination begins in Chapter 1
with a basic microbiological dictionary with emphasis on fungi and bacteria. Viruses and prions
are also discussed. Illustrations of basic morphology and the appearance of mold cultures are
provided. Chapters 2 and 3 provide sampling and laboratory procedural descriptions. For biological
contaminant sampling (molds, bacteria, viruses), coordination between the sampling teams and the
ultimate receiving laboratory is essential.

We then shift gears in Chapters 4 and 5 to interpretation issues associated with toxicological
studies and ultimately risk assessment. Risk assessment quantitation had been more thoroughly
developed for chemical risk, and the authors hope this volume will provide further impetus for
synergistic studies related to risk assessment and management of biohazardous agents.

Because one of the exposure routes is inhalation, Chapter 6 deals with ventilation design. Should
disruption occur in ventilation equipment or other building structures, maintenance will be required.
Good design principles will ensure that maintenance can be safely and easily accomplished. Thus,
it is emphasized in both Chapters 6 and 7 that correct design and ongoing maintenance using
interdisciplinary expertise are essential.

Special requirements apply to laboratories, healthcare facilities, and other areas where immuno-
compromised patients may be exposed. Chapters 8 and 9, on infection control and medical settings,



discuss these special requirements and current methods to reduce biological risk. The lead author
for these chapters is Renee Dufault, who is a Lieutenant Commander in the Public Health Service.
In response to concerns voiced by local hospitals about excessive fines for improperly regulated
medical waste disposal in the District of Columbia (DC), Renee began working with the DC Hospital
Association (DCHA) to improve disposal practices, as biohazardous waste was ending up at the
DC waste transfer station. In coordination with a friend at the National Institutes of Health (NIH),
Renee distributed regulated medical waste stream surveys at 22% of the district’s hospitals. None
of the hospitals surveyed provided the comprehensive training required by existing laws and
regulations (OSHA, EPA, DOT) for waste handlers, including those who performed basic house-
keeping services. Renee discovered that these housekeepers, who clean and disinfect all the patient
care areas including isolation rooms, have a higher incidence of occupationally acquired tubercu-
losis than do nurses. Renee then researched nosocomial infections and was shocked by both the
findings and lack of current and accurate data. With support from the EPA, the FDA, and especially
the DCHA, Renee developed and presented the Environmental Services Professional Training
Course, which will soon be available on the Internet. Renee’s friend and colleague, Rita Smith,
who is Georgetown Washington University Hospital’s Infection Control Director, helped write a
section on hospital infection prevention and control for Chapter 9. Ed Rau, another friend and
colleague from the NIH, contributed the information on prions found in Chapter 8.

Decontamination and assessment are addressed in Chapter 10, which provides basic information
and a sample of specifications, including statements or scopes of work that can be used as guidelines
in developing specifications or purchase orders. Site-specific considerations will always take pre-
cedence over any general guidance, and professionals must be consulted to provide site-specific
interpretation and required design documents. Chapter 11, which discusses Legionella and cooling
towers, is essentially a case study demonstrating how design, maintenance, and decontamination
can be integrated into a seamless process.

Chapter 12 presents biocides given the various general chemical or physical alterations that
constitute a biocidal (life-killing) effect. While biocide use is rarely the sole answer to mitigating
biological risk, biocide usage remains an alternative. Chapter 13, on laws and regulations, discusses
current regulations, patent utility requirements, and insurance processes. In particular, biocides and
their approval are discussed. Chapter 14, on tuberculosis, is essentially a case study that compares
OSHA and CDC guidelines. Both the CDC guidelines and current OSHA rule making will ulti-
mately result in an OSHA regulation to control occupational exposure to tuberculosis. Finally,
Chapter 15 presents security both from the standpoint of homeland security given current U.S.
requirements, and from an individual laboratory perspective.

To put this book in perspective time-wise, Martha’s father, Eugene Johnson, wrote his master’s
degree research paper in the 1950s on sanitation in the South Dakota schools. During that decade,
the United States awakened to the prospect of controlling polio, even though the newly discovered
virus was yet to be understood. Now, some 50 years later, we can identify some bacteria based on
their viral phage loading and are just beginning to understand prions and the impact of bacteria
and viruses on cancer initiation.

As time goes by we increasingly realize the vulnerability of our world, such as how quickly a
viral or bacterial pandemic can envelop the Earth. Yet, despite this understanding, we continually
forget the simplest of lessons. In the days since the 1950s, running water and indoor bathrooms
have become commonplace in the continental United States. Yet, in Alaska in the heart of oil
country, children still awaken each morning and carry honey pots to the local landfill. The raw
sewage is no longer burned (to protect the air?) and the raw sewage is not treated (too expensive
to build aboveground plumbing systems and waste treatment facilities?). The sewage flows to the
nearby waters, marshes, and streams and the honey pot plastic bags float in the air like junkyard
birds. An epidemic waiting to happen?

The answers to this and other questions are complicated, with politics, science, and the many
facets of human existence commingled. The recent anthrax scare, the HIV pandemic, and the



potential use of biological weapons are all high-profile issues that have their basis in a simple
understanding: The world is alive, and the life forms compete. To guard humanity, we must protect
and understand our world, and these efforts must be continual, rather than being initiated once a
biohazardous agent is out of control. In the words of a wise man, the time to fix your roof is when
the sun is shining.

Martha J. Boss

Dennis W. Day
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Biological contaminants are defined in terms of taxonomic names, staining characteristics, and
pathological effect. This chapter presents the biologicals that are of concern to human effects and
indoor air quality considerations.
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1.1 BIOLOGICAL CONTAMINANTS

The term biological actually means “life-like,” so these contaminants have the potential to grow
and reproduce, as does all life. Biological contaminants discussed in this book include bacteria,
fungi (yeast and molds), prions, and viruses. Bacteria, fungi, and protozoa all have a fluid-filled
cell structure. Viruses have a protein coat over their genetic material and no fluid-filled layer. Prions
are particulates that lack nucleic acids. This difference in structure can become less obvious when
bacteria form cysts around themselves, thus creating a very dry, dormant bacterial life form. Bacteria
encyst in order to survive periods of drought and other stresses. Fungi also have a dry form
associated with their reproductive cycle. This form is called a spore. Spores are not seeds, but, like
seeds, spores can lead to the formation of new mold colonies; thus, counting spores is the same as
counting colony-forming units. (Note: Counting spores is similar to counting bacterial cells.)

1.2 BACTERIA

Bacteria are known to cause diseases either as pathogens or as opportunistic pathogens. The
pathogenicity (ability to cause a disease) is determined by the bacterial and host defense responses.
The bacterial genera or species are rarely identified in samples because of the cost of the analysis.
Excessive bacterial counts may indicate that bacteria are successfully competing in lieu of other
biologicals, including fungi. Competition with bacteria may cause fungal counts in these areas to
be suspect.

Bacteria are essentially unicellular structures and are prokaryotic. They are not classified based
on their ability to interbreed; instead, morphological characteristics are used to classify bacteria.
Pure cultures of the same species may differ slightly. The term strain is used to define a group of
cells in culture derived from a single cell.

Prokaryotic cells are similar chemically to eucaryotic cells (i.e., plant and animal cells). The
following are the defining structural differences for prokaryotic cells compared to eucaryotic cells:

* DNA is not enclosed in a membrane (i.e., no cell nucleus).

* DNA is not associated with histone proteins (e.g., chromosomal proteins).
¢ Organelles are not enclosed in a membrane.

e Cell walls contain the complex polysaccharide peptiglycan.

Increasingly, analysis of nucleotide sequences in DNA and RNA, DNA hybridization, and
cellular chemical component analysis are being used to classify bacteria. To date, not all bacteria
have been classified, and current classification systems have not been verified using the improved
scientific tools now available, such as:

» Staining (application of dyes prior to microscopic examination; includes differential staining)
* Biochemical tests

* Serology

* Phage typing

* Amino acid sequencing

* Protein analysis

* Nucleic acid base composition

* Nucleic acid hybridization

* Flow cytometry

* Genetic recombination

1.2.1 Morphology

The size range of naturally occurring bacteria is generally from 0.20 to 2 um (microns) in
diameter from 2 to 8 um in length. Some bacteria are able to change shape and size in response
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to environmental conditions. Genetically, most bacteria are monomorphic, but some are pleomor-
phic even with unchanged environmental conditions. Basic shapes are assigned singular/plural
names, as shown in the section headings that follow.

1.2.1.1 Coccus/Cocci

Coccus/cocci are the names for round, oval, elongated, or flattened spheres. After division,
diplococci remain in pairs, streptococci remain in chain patterns, and sarcinae divide into three
planes and remain attached in a cube pattern.

1.2.1.2 Bacillus/Bacilli

Bacillus/bacilli are staffs that divide only along their short axis. After division, diplobacilli
appear in pairs, streptobacilli appear in chains, and coccobacilli are oval. (Note: When bacillus is
capitalized and italicized, it refers to a genus, not a shape.)

1.2.1.3 Spiral

Spiral shapes include vibrious, which are curved like commas; spirilla, which are corkscrew
shaped with rigid, outside flagella; and spirochetes, which are helical, flexible, axial filaments that
move and are contained under an external flexible sheath.

1.2.1.4 Other

Other shapes include stella (star shaped), halophilic archaeobacteria (square), and haloarcula
(triangular).

1.2.2 Endospore Formation

As a survival mechanism, some Gram-positive bacteria can form endospores, the cells of which
dehydrate and form thick exterior walls with additional structural layers. These layers are formed
interior to the outer cell membrane, and the endospore diameter may vary from the original
vegetative cells. Endospores can survive extreme temperature ranges, lack of water, radiation, and
the passage of time. They have germinated when rewarmed after a 7500-year resting period. One
Gram-negative bacteria that forms endospores is Coxiella burnetii, which causes Q fever. The
sporulation/sporogenesis process is as follows:

1. A triggering message is sent.
A newly replicated chromosome and a small section of cytoplasm are encapsulated by an ingrowth
of plasma membrane (i.e., spore septum).

3. The spore septum matures to a double-walled membrane. When enclosure is complete, the entire

structure is termed a forespore.

Thick peptiglycan layers are laid down between the two spore septum membrane layers.

A thick protein spore coat forms around the outside membrane of the spore septum.

When the spore is mature, the enclosing vegetative cell lyses and dies.

The endospore is freed.

N e

Most of the water has been eliminated during sporogenesis, and metabolic activity has ceased
within the spore. The spore essentially contains:
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* DNA and RNA

* Ribosomes

* Enzymes

¢ Small molecules (few in number)

* Dipicolinic acid and calcium ions, which are essential for metabolic resumption

The process of returning the endospore to the vegetative state is termed germination, which is
triggered by changes in the endospore coat that allow water to enter. Germination is a reanimation
of the original cell, not a reproductive event.

1.2.3 Spirochetes

Spriochetes, which include some pathogenic genera, are coiled, with some resembling a spring
(Figure 1.1).They are actively mobile due to their axial filaments, which are enclosed between the
outer sheath and the cell body. They can be aerobic, facultatively anaerobic, or anaerobic. Spiro-
chetes do not have flagella or endospores. Treponema pallidum causes syphilis, the genus Borrelia
causes relapsing fever and Lyme disease, and the genus Leptospira (in animal urine) causes
leptospirosis. Spirochetes are found in contaminated water, sewage, soil, and decaying organics.

1.2.4 Aerobic/Microaerophilic, Motile, Helical/Vibroid Gram-Negative Bacteria

This type of bacteria has a spiral, rigid, helical shape. The flagella are at one or both poles or
are in tufts. Most of these bacteria are harmful and are found in an aquatic environment. Some are
pathogenic. Campylobacter fetus causes abortion in domestic animals, foodborne C. jejuni causes
intestinal disease, and Helicobacter causes ulcers in humans.

1.2.5 Gram-Negative Aerobic Rods and Cocci

Gram-negative aerobic rods and cocci are rod shaped with polar flagella. Some excrete extra-
cellular, water-soluble pigments. Some are pathogenic.

1.2.5.1 Pseudomonas

Pseudomonas is problematic in hospital settings. It can grow on minute traces of carbon,
including those found in soap residues or cap-liner adhesives. They are capable of growth in
antiseptics such as quaternary ammonium compounds and are resistant to antibiotics. Pseudomonas
aeruginosa causes urinary tract and skin infections, septicemia (blood poisoning), and meningitis
(inflammation of the membranes that envelop the brain and spinal cord (Figure 1.2).

H"‘i!
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Figure 1.1  Spirochetes. (Courtesy of CDC Public  Figure 1.2 Pseudomonas aeruginosa. (Courtesy of
Health Image Library.) CDC Public Health Image Library.)
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Figure 1.3 Legionella pneumophila. (Courtesy of CDC Public Health Image Library.)

1.2.5.2 Legionella

Six species comprise Legionella, which may inhabit water supply lines and water in cooling
towers (Figure 1.3). Because Legionella does not grow in usual laboratory isolates, charcoal yeast
agar is used instead. Legionella also does not stain with the usual histological staining techniques

1.2.5.3 Neisseria

Neisseria does not form endospores, is aerobic or facultatively anaerobic, and is parasitic on
human mucous membrane. Neisseria gonorrhea causes gonorrhea, and N. meningitis causes menin-
gococcal meningitis).

1.2.5.4 Moraxella

Moraxella, an aerobic coccobacillus, is egg-shaped (a structural intermediate between cocci
and rods). Moracella lacunata causes conjunctivitis.

1.2.5.5 Brucella

Brucella causes brucellosis, characterized by fever, malaise, and headache and is also referred
to as Gibraltar fever, Malta fever, Mediterranean fever, Rock fever, or undulant fever. Brucella is
a small, nonmotile, obligate parasite that survives phagocytosis.

1.2.5.6 Bordetella

Bordetella is a nonmotile rod found only in humans. Bordetella pertussis causes whooping
cough.

1.2.5.7 Francisella

Francisella is small and pleomorphic. It grows in complex media mixed with blood or tissue
extracts. Francisella tularensis causes tularemia. Intermittent fever and swelling of the lymph nodes
are characteristics of tularemia; also called rabbit fever.

1.2.6 Facultatively Anaerobic Gram-Negative Rods

These bacteria are often pathogenic and are medically important.
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1.2.6.1 Enterobacteriaceae (Enterics)

Enterobacteriaceae inhabit intestinal tract of humans and other animals. They can be either
motile or nonmotile; the motile forms have peritrichous flagella. Many have fimbriae (fringed
border). Enterobacteriaceae have specialized sex pila that aid in transmittal of genetic information
and may, thus, potentiate genetic susceptibility to antibiotics. They produce bacteriosins (proteins
that lyse other bacteria cells).

1.2.6.2 Escherichia

The anaerobic Escherichia genus includes E. coli (Figure 1.4), which inhabits the intestinal
tract of humans and other animals and can cause urinary tract infections and diarrhea.

1.2.6.3 Salmonella

Salmonella inhabits intestinal tract (poultry and cattle), contaminates food, and can cause
salmonellosis. Salmonella typhi causes typhoid fever.

1.2.6.4 Shigella

Shigella causes bacillary dysentary, shigellosis, and traveler’s diarrhea.
1.2.6.5 Klebsiella

Klebsiella pneumoniae causes septicemia in pediatric wards and pneumonia.
1.2.6.6 Serratia

Serratia marcescens produces a red pigment that can be used to trace the dispersal of biological
warfare materials. Serratia causes nosocomial (hospital-acquired), urinary tract, and respiratory
infections and has been found in catheters, saline irrigation solutions, and other solutions.

1.2.6.7 Proteus

Proteus is actively motile and causes urinary tract infections, infections of wounds, and diarrhea.

Figure 1.4  Escherichia coli. (Courtesy of CDC Public Health Image Library.)
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1.2.6.8 Yersinia

Yersinia pestis causes bubonic plague.
1.2.6.9 Enterobacter

Enterobacter cloacae and E. aerogenes cause urinary tract and nosocomial infections.
1.2.6.10 Vibrio

Vibrio cholerae causes cholera, and V. parahaemolyticus causes gastroenteritis. Vibrio inhabits
coastal waters and ultimately some shellfish. Transmittal to humans occurs when undercooked
shellfish is eaten.
1.2.6.11 Pasteurellacea

Pasteurellacea cause septicemia and pneumonia. Pasteurella multocida can be transmitted to humans.
1.2.6.12 Haemophilus

Haemophilus commonly inhabits the mucous membranes of the upper respiratory tract, mouth,
vagina, and intestinal tract. Haemophilus influenzae causes earaches, meningitis, epiglottiditis,
septic arthritis in children, bronchitis, and pneumonia.

1.2.6.13 Gardinerella

Gardinerella vaginitis causes vaginal infections. (Note: The taxonomic classification is still in
some dispute.)

1.2.7 Anaerobic, Gram-Negative, Straight, Curved, and Helical Rods
1.2.7.1 Bacterioides

Bacterioides do not form endospores and are nonmotile. They live in the oral cavity, upper
respiratory tract, and genital tract and cause infections in puncture wounds, in surgical sites, and
within the peritoneum (peritonitis).
1.2.7.2 Fusobacterium

Fusobacterium is long and slender and causes gum abscesses.

1.2.8 Dissimilatory Sulfate- or Sulfur-Reducing Bacteria

These bacteria are obligately anaerobic and use oxidized forms of sulfur (e.g., sulfates, elemental
sulfur) to produce hydrogen sulfide (H,S).

1.2.9 Anaerobic Gram-Negative Cocci

These cocci typically occur in pairs and are nonmotile. They do not form endospores. Veillonella
is a component of dental plaque.
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1.2.10 Rickettsias and Chlamydias
These are obligate intracellular parasites that are smaller than some viruses.
1.2.10.1 Rickettsia

Rickettsia are rod-shaped bacteria that are nonmotile and divide by binary fusion (Figure 1.5).
They are transmitted to humans by insects and ticks. Coxiella burnetii causes Q fever and is
transmitted by contaminated milk. A sporulated form may explain the resistance to pasteurization
and antimicrobial chemicals. Rickettsia prowazekii causes endemic murine typhus and is transmitted
by lice. R. typhi causes typhoid fever and is transmitted by fleas. R. rickettsii causes Rocky Mountain
spotted fever and is transmitted by ticks.

1.2.10.2 Chlamydia

Chlamydia is coccoid and nonmotile and is transmitted by interpersonal contact or airborne
respiratory routes. Chlamydia trachomatis causes trachoma, nongonococcal urethritis, and lympho-
granuloma venereum. C. prneumoniae causes pneumonia.

1.2.11 Mycoplasmas

Mycoplasmas do not form cell walls. They are aerobes or facultative anaerobes and can produce
filaments that resemble fungi. Cells are very small. Mycoplasma pneumoniae causes walking pneu-
monia. Ureaplasma urealyticum (occasionally) causes urinary tract infections; it splits the urea in urine.

1.2.12 Gram-Positive Cocci
1.2.12.1 Staphylococcus

Staphylococcus occurs in grapelike clusters and is an aerobe or facultative anaerobe. Staphy-
lococci take many forms and grow under high osmotic pressure and low moisture.

1.2.12.1.1 Staphylococcus aureus

Staphylococcus aureus (Figure 1.6) produces many toxins. It can infect surgical wounds, can
develop resistance to antibiotics, and is the agent of toxic shock syndrome. S. aureus produces
enterotoxins that cause vomiting and nausea (food poisoning).

8-t e e
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Figure 1.5 Rickettsia. (Courtesy of CDC Public Figure 1.6 Staphylococcus aureus. (Courtesy of
Health Image Library.) CDC Public Health Image Library.)
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Figure 1.7  Streptococcus pneumoniae. (Courtesy of  Figure 1.8 Bacillus anthracis. (Courtesy of CDC
CDC Public Health Image Library.) Public Health Image Library.)

1.2.12.2 Streptococcus

Streptococcus is spherical (Figure 1.7). It causes scarlet fever, pharyngitis, and pneumococcal
pneumonia. Typically it appears in chains of 4 to 6 cocci, but 50 or more are possible. Streptococcus
does not use oxygen but is aerotolerant. Some forms of Streptococcus are obligately anaerobic.
They produce chemicals that destroy phagocytic cells and enzymes that digest connective tissue
and spread infection. The enzymes lyse fibrin, thereby destroying the fibrous protein that is deposited
in blood clots and normally would limit pathogen movement.

1.2.12.3 Endospore-Forming Gram-Positive Rods and Cocci

These endospores are resistant to heat and many chemicals.
1.2.12.3.1 Bacillus anthracis

Bacillus anthracis is nonmotile and a facultative anaerobe that can live in either aerobic or
anaerobic conditions (Figure 1.8).

1.2.12.3.2 Clostridium

Clostridium is an obligate anaerobe. Clostridium tetani causes tetanus, C. botulinum causes
botulism, and C. perfringens causes gas gangrene and food poisoning.

1.2.12.4 Regular Nonsporing Gram-Positive Rods

1.2.12.4.1 Listeria monocytogenes

Listeria monocytogenes survives within phagocytic cells and is capable of growth at refrigeration
temperatures. L. monocytogenes can cause serious damage to a fetus resulting in stillbirth.

1.2.12.5 Irregular Nonsporulating Gram-Positive Rods
This type of bacteria is club shaped, pleomorphic, and sometimes age dependant. It is aerobic,

anaerobic, or microaerophilic. Corynebacterium diphtheria causes diphtheria, Propionibacterium
acnes is implicated in acne, and Actinomyces isrealii causes actinomycosis.

1.2.13 Mycobacteria

Rod-shaped mycobacteria are aerobic, do not produce endospores, and are nonmotile (Figure
1.9). Occasionally they exhibit filamentous growth. Mycobacterium tuberculosis causes tuberculo-
sis, and M. leprae causes leprosy.
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Figure 1.9  Mycobacterium. (Courtesy of CDC Public Health Image Library.)
1.2.14 Nocardioforms
1.2.14.1 Nocardia

Nocardia morphologically resembles Actinomyces. It is aerobic and forms rudimentary filaments
to reproduce. Nocardia asteroides causes chronic pulmonary nocardiosis and mycetoma.

1.2.15 Gliding, Sheathed, and Budding and/or Appendaged Bacteria

These bacteria have prosthecae (protrusions such as stalks and buds) and include gliding, non-
fruiting, gliding fruiting, budding, and sheathed types; chemoautotrophic bacteria; archaeobacteria;
phototrophic; purple and green Cyanobacteria; Actinomycetes.

1.3 FUNGI

The term fungi refers to the taxonomic kingdom of Fungi. Fungi are nonmotile and eucaryotic,
have cell walls, lack chlorophyll, and develop from spores. The spores can reproduce asexually or
sexually. All fungi are chemoheterotrophs requiring organic food for energy. Fungi are either aerobic
or facultatively aerobic and eucaryotic. As eucaryotic life forms, fungi have defined nuclear mem-
branes and DNA within these nuclear boundaries. Fungi are carbon heterotrophs and absorb
nutrients, including carbon-based preformed organics. Absorption occurs across the fungi cell walls,
which are composed of chitin, chitosan, glucan, and mannan combinations. Given appropriate
growing conditions, fungi are dimorphic (having two forms of growth) and can be found as either
mold or yeast. This dimorphism may be temperature dependent. Mold germinates with branching
hyphae and reproduces using spores. Yeast germinate as unicellular organisms and reproduce by
budding.

1.3.1 Typical Mold Life Story

Molds develop from spores. When a spore settles on a hospitable surface, the spore swells and
produces a germ tube (germination) that grows into a tiny, thread-like hypha (plural, hyphae). The
hyphae form a tangled mass called a mycelium (Figure 1.10).The mycelium in turn produces aerial
hyphae called stolons and root-like structures known as rhizoids. The rhizoids anchor the stolons
in the substrate (living space and food source). As the mold matures, many upright fruiting bodies
form above the rhizoids.

For asexual reproduction, the end of each fruiting body has a spore case, called a sporangium.
A sporangium looks like a miniature pinhead and contains thousands of spores. When the spore
case matures and breaks open, air currents carry the spores away (Figure 1.11). The asexual spores
are genetic copies of the parent. For sexual reproduction a variety of methods are used to unite
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Mycelium

Figure 1.10 Fungal spore develops into hyphae and mycelia. (Courtesy of Deniese A. Chambers.)

Spores

3 /— Sporangium

Sporangiophore

Stolon —/ 7@@
Rhizoids

Figure 1.11 Structures of a Rhizopus. (Courtesy of Deniese A. Chambers.)

genetic material from two parent hyphae into a resultant spore. The sexual spores are genetically
different from each parent. These spores may settle on damp food and grow, starting the reproductive
cycle over again. Some molds, such as Penicillium, produce chains of spores at the tips of certain
hyphae, called conidiophores (Figure 1.12).

1.3.2 Thallus and Hyphae

Vegetative structures are defined as those involved in catabolism and growth, rather than
reproduction. The structures include thallus, which is a body consisting of long filaments of cells
joined together; the filaments are hyphae (sing. hypha). Hyphae are actively growing and assimi-
lative; new growth occurs as a linear elongation of the tip. Septate hyphae contain crosswalls known
as septa (sing. septum). The septa divide the hyphae into uninucleate units. These units are structured
like cells with openings to the next cell through the cell membrane. Due to these openings in the
septa, these fungi are actually coenocytic (connected). Coenocytic hyphae contain no septa and are
like long continuous cells with many nuclei. Hyphae grow by elongating at the tip; however, if the
hyphae are damaged, any part of the hyphae may elongate to form new hyphae structures. Conse-
quently, the presence of hyphae fragments may initiate the growth of molds even when spores are
not present.

1.3.3 Mycelium
A mycelium is the mass of intertwined hyphae that forms when conditions for growth are

suitable. Vegetative mycelium obtain nutrients. Reproductive aerial mycelium project above the
surface of a growth medium and often bear reproductive spores.
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Figure 1.12 Structures of Penicillium. (Courtesy of Deniese A. Chambers.)

1.4 FUNGI REPRODUCTIVE STRUCTURES

Spores produce new mold through detachment and ultimate germination away from the parent
structure. Spores are formed from the aerial mycelium. The anamorph structures denote asexual
reproduction. The teleomorph structures denote sexual reproduction.

1.4.1 Asexual Spores

Asexual spores form from the aerial mycelium of one organism. Arthrospores are formed by
fragmentation of septate hyphae; the resultant spore is actually a slightly thickened cell. Blastopores
form as buds coming off the parent hyphae cell. Chlamydospores are formed by enlargement and
rounding of a hyphal segment. The conidiospore is a unicellular or multicellular spore that is not
enclosed in a sac and is produced in a chain at the end of a conidiophore. The term conidia means
“dust;” these spores can move like dust through the air. Sporangiospores are formed within a
sporangium (sac) at the end of aerial hyphae. The sporangium can contain hundreds of spores.
Sporangia are the globular envelopes that encase the spores. The hyphae tips bearing the sporangia
are sporangiophores.

1.4.2 Sexual Spores

Sexual spores form from the fusion of nuclei from two opposite mating parental strains from
the same species. Zygospores result when nuclei from two morphologically similar cells fuse
together; the spores have a thick wall. Ascospores result when nuclei from two morphologically
similar or dissimilar cells fuse together. The initial spore divides to form a number of spores, which
are produced in a spore sac or an ascus (sac-like structure). The structure holding the ascus is
termed an ascocarp. Basidiospores are formed externally on a basidium (base pedestal).

1.5 FUNGI PHYLA

Fungi are divided into phyla based on morphology. The taxonomic classification may be
modified with additional information (e.g., discovery of teleomorphs).
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1.5.1 Deuteromycota/Fungi Imperfecta

The term imperfecta simply means that the taxonomic classification is imperfect in that no
sexual spores have been identified. Reclassification occurs when sexual spores are identified.

1.5.2 Zygomycota/Conjugate Fungi

Zygomycota are saphrophytic and have coenocytic hyphae that are not divided by septa. Zygo
is Greek for “yolk” or “joining.” These fungi reproduce sexually by the physical blending of
gametangia to form a zygosporangium. The initial contact of mycelia is followed by an exchange
of chemical signals across hyphae to determine compatibility. If compatibility is established, the
hyphae swell and fuse into gametangia. A septa forms to isolate the commingled multinucleate
components, and fusion of the paired nuclei occurs in the newly formed zygosporangium. The
zygosporangium outer walls thicken. After dispersion of the zygospore from the zygosporangium,
a final meiotic division produces a mitosporangium. Asexual reproduction occurs with the formation
of sporangiospores. The sporangiospores are produced in sporangiophores.

1.5.3 Dikaryomycota

Phylum Dikaryomycota contains molds that have hyphae. The dikaryomycotan hyphae have
septa (crosswalls) at regular intervals. Depending on the type of mold, the hyphae become either
ascomycetes or basidiomycetes. Most dikaryomycotan fungi have cell walls with chitin and septate
hyphae. The hyphae have holes in their septa to permit the movement of cytoplasm. The hyphae
can fuse with other similar hyphae in a process called anastomosis; during the fusion, nuclei are
exchanged. Dikaryomycotan fungi have the ability in some cases to form a dikaryon. In the
dikaryon, the nuclear material brought together during anastomosis does not immediately fuse to
form a diploid zygote. The paired-off nuclei begin dividing, and the products of these divisions
(sexually compatible haploid nuclei) are compartmentalized as dikaryotic nuclei.

1.5.3.1 Ascomycota/Sac Fungi

Sac fungi have sexual spores that are produced in an ascus (pl. asci), or sac-like structure. The
paired nuclei of the sexual spores fuse, then undergo meiosis and mitosis to form eight haploid
ascospores. Their asexual spores (called conidiospores from the word conidia, which means “dust”)
are produced in long chains from a conidiophore. The characteristic arrangement of the conidiospores
is used to identify the different molds. Ascomycota include molds with septate hyphae and yeasts.

1.5.3.2 Basidiomycota/Club Fungi

Basidiomycota have sexual basidiospores that are produced on the basidia (sing. basidium) that
often have sterigmate projections. The paired nuclei of the sexual spores fuse and then undergo
meiosis to form four haploid basidiospores The sterigmata bear the haploid basidiospores, and their
morphology varies, as does the number of spores per sterigmata. Asexual spores may also be
produced by some genera.

1.6 YEASTS

Yeasts are monofilamentous, unicellular fungi and are spherical or oval. Yeast colonies grow
as each individual yeast cell reproduces. The two types of reproduction are:
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Figure 1.13 The life cycles of yeast, asexual and sexual. (Courtesy of Deniese A. Chambers.)
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1. Budding. As the bud elongates, the nucleus of the parent cell divides. One nucleus migrates into
the bud. Cell material provides a bridge between the two cells. If the buds do not detach, a
pseudohydra is formed (Figure 1.13).

2. Fission. The parent cell elongates, the nucleus divides, and two daughter cells are produced.

When oxygen is present, yeasts respire aerobically. Without oxygen, yeasts are facultative
anaerobes and can ferment carbohydrates for energy. Various yeasts are commonly identified in air
samples. These yeasts are not known to be allergenic, but they may cause problems if a person has
had previous exposure and has developed hypersensitivities. Yeasts present in sufficient concentra-
tions may be allergenic for susceptible individuals. Yeasts grow when moisture and food are
available at just the right temperature.

1.7 FUNGI OF CONCERN IN INDOOR ENVIRONMENTS

Molds can live for years in a dormant state. Molds are common, and their spores can be found
everywhere. Fungi commonly found in ventilation systems and indoor environments include
Absidia, Acremonium, Alternaria, Aspergillus, Aureobasidium, Botrytis, Cephalosporium, Chryso-
sporium, Cladosporium, Epicoccum, Fusarium, Helminthosporium, Leptosphaerulina, Mucor,
Nigrospora, Penicillium, Phoma, Pithomyces, Rhinocladiella, Rhizopus, Scopulariopsis, Stachybot-
rys, Streptomyces, Stysanus, Ulocladium, Yeast, and Zygosporium. The 11 types of fungi typically
found in homes are Aspergillus, Cladosporium, Chrysosporium, Compacta, Epicoccum, Fonsecea,
Penicillium, Stachybotrys, Trichoderma, Trichophyton, and Yeast.

Fungi are ubiquitous in the environment, particularly in soil, and many are also part of the normal
gastrointestinal and skin flora in humans and animals. In some areas of the United States, certain types
of fungi are endemic and occur naturally in the soil. These soil fungi include Histoplasma capsulatum,
found in some midwestern states, and Coccidioides immitis, which is found in the southwestern United
States and parts of Central and South America. If the soil habitat of these fungi is disturbed by activities
such as construction or natural disasters, the fungal spores become airborne; when they are inhaled,
they can cause infection. Some can grow at subfreezing temperatures, but most become dormant. Snow
cover lowers the outdoor mold count drastically but does not kill molds. After the spring thaw, molds
thrive on the vegetation that has been killed by the winter cold. In the warmest areas of the United
States, molds thrive all year and can cause year-round (perennial) allergic problems. In addition, molds
growing indoors can cause perennial allergic rhinitis even in the coldest climates.
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Figure 1.14 Photomicrograph of Absidia. (Courtesy of University of Minnesota Environmental Health and Safety,
Minneapolis.)

1.7.1 Absidia (Zygomycete)

Absidia is a filamentous fungi that asexually produces sporangiospores and often causes food
spoilage (Figure 1.14). The genus Absidia currently contains 21 species. The most commonly
isolated species is Absidia corymbifera, the only recognized pathogen; also known as Absidia
ramose and Moocher corymbifera. Health effects include the zygomycosis caused by A. corymb-
ifera. Zygomycosis is an opportunistic mycosis that manifests with pulmonary, rhinocerebral,
cutaneous, gastrointestinal, renal, or meningeal involvement. Disseminated zygomycosis may orig-
inate from these infections. Zygomycosis is observed in immunocompetent hosts.

1.7.2 Acremonium (Ascomycete)

Acremonium (Figures 1.15 and 1.16) is filamentous and is classified either as a deuteromycetes,
as its sexual state is not well defined, or within the Ascomycota phylum due to its structural
properties. It produces conidiophores and slender phialides. The conidia are hyaline (transparent)
and one celled and are collected in a slime drop. Species of Acremonium are occasionally confused
with isolates of Fusarium, Verticillium, and Cylindrocarpon. Synonyms include Cephalosporium
spp. and Gliomastix. Health effects include onychomycosis (nail infections), keratitis, mycetomas
(infections of cornea and nails), endophthalmitis, endocarditis, meningitis, peritonitis, and osteo-
myelitis. Occupants of residences may experience nausea, vomiting, or diarrhea. Acremonium
produces trichothecene, a toxin that causes toxic health effects if ingested.

1.7.3 Alternaria (Ascomycete)

The word Alternaria is derived from the Greek alteres, meaning “dumbbell,” or the Latin
alternare, meaning “alternate.” A number of very similar, related species are grouped together as
Alternaria (Figures 1.17 and 1.18). Some species of Alternaria are the imperfect, asexual, anamorph
spores of the Ascomycete pleospora. (See Color Figures 1 and 2.) The spores are multicelled and
develop in chains, head to toe. They have multiple septa, both transverse and longitudinally. They
vary in width and length according to species, generally from 8 to 75 um in length. The length of
some species such as A. longissima can be up to 500 um (0.5 mm).

The conidiophores are dark, and the colonies are black, with variations from green black to
greyish. They are ellipsoidal, with a beak that approaches one third of their total length. They are
large (18-83 x 7-18 um) and multicellular, with transverse and longitudinal septa.

Health effects include allergic reactions, due in part to its prevalence in the general environs;
sinus infections or sinusitis (Alfernaria colonizes the paranasal sinuses, leading to chronic hyper-
trophic sinusitis and may result in systemic and invasive disease); hypersensitivity pneumonitis;
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Figure 1.16 Acremonium structures. (Courtesy of
Figure 1.15 Photomicrograph of Acremonium. (Cour- Deniese A. Chambers.)

tesy of University of Minnesota Environ-
mental Health and Safety.)
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Figure 1.17 Structures of Alternaria. (Courtesy of
Deniese A. Chambers.) Figure 1.18 Photomicrograph of Alternaria. (Cour-
tesy of University of Minnesota Environ-
mental Health and Safety.)

extrinsic asthma; pulmonary edema; bronchiospasms; pulmonary emphysema; phaeohyphomyco-
sis; onychomycosis; mycotic keratitis; ulcerated cutaneous infections; keratitis; visceral infections;
osteomyelitis; middle ear infections (otitis media); farmer’s lung (extrinsic allergenic alveolitis) in
agricultural field workers; and baker’s asthma due to its presence in flour.

Mycotoxins produced include alternariol, an antifungal; alternariol monomethylether (AME);
mutagenics altertoxin I and II; alteneune; altenusin; and tenazonic acid.

1.7.4 Aspergillus (Ascomycete)

The word Aspergillus is derived from the Latin aspergillium, meaning “holy water stoop.” The
genus Aspergillus includes over 185 species. Around 20 species have so far been reported as
causative agents of opportunistic infections in humans. Aspergillus is a filamentous ascomycota,
or sac, fungus. The perfect names for Aspergillus are Sartorya, Eurotium, and Emericella. (Note:
While teleomorphic states have been described only for some of the Aspergillus species, others are
accepted to be mitosporic, without any known sexual spore production.)

Members of the Aspergillus genus are known as biodeteriogens (organisms that cause deterioration
of materials). A. niger causes damage, discoloration, and softening of the surfaces of woods — even in
the presence of wood preservatives. A. niger causes damage to cellulose materials, hides, cotton fibers,
plastics, and polymers (i.e., cellulose nitrate, polyvinyl acetate, polyester-type polyurethane). In cases
of extensive growth, colonies will grow into wood, plaster, and/or drywall, causing a soft bulging area.
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Figure 1.20 Photomicrograph of A. fumigatus. (Cour-
Figure 1.19 Structures of Aspergillus fumigatus. tesy of the University of Minnesota, Min-
(Courtesy of Deniese A. Chambers.) neapolis.)

This area lacks structural integrity and is subject to early deterioration. Growth areas may attract other
airborne debris, particulates, and spores, some of which germinate in the newly hospitable substrate.

Aspergillus fumigatus is the most commonly isolated species, followed by A. flavus and A.
niger. Among the other species less commonly isolated as opportunistic pathogens are A. clavatus,
the A. glaucus group, A. nidulans, A. oryzae, A. terreus, A. ustus, and A. versicolor.

The conidia of A. flavus (see Color Figures 3 and 4) are lime green and fuzzy looking. Sclerota,
if produced, are white and then brown. The conidia are found as unicellular, globose, dry chains
with a size range of 3.5 to 6 um. The upright conidiophores are simple, terminating in globose/clav-
ate swellings. The conidia bear phialides at the apex.

The conidia of A. fumigatus (Figure 1.19; see also, Color Figure 5) are dark green. The aerial
hyphae are colorless. They are globose to subglobose and rough walled to echinulate (set with
small spines or prickles). Size range is from 2.5 to 3.0 wm. The conidiophores are short and green
and bear columnar conidial heads.

The conidia of A. niger (Figure 1.21; see also, Color Figures 6 and 7) are brown, and bear
warts, spines, or ridges. Sclerota if produced are large and cream colored. The conidia are unicel-
lular, globose to subglobose. Size range is from 3.5 to 5.0 um. The upright conidiophores are
simple, terminating in globose/clavate swellings. They bear phialides at the apex.

The conidia of A. ocraceus are ochre-yellow and fuzzy (like felt). Sclerota, if produced, are
finely rough walled and white in color, then lavender to purple. They are globose to subglobose.
Size range is from 2.5 to 3.0 um.

The conidia of A. oryzae are very light lime green and vary from smooth to rough. They are
ellipsoidal, then globose to subglobose. Size range is from 4.5 to 8.0 um

The conidia of A. ferreus (Figure 1.22; see also, Color Figure 8) are light yellow and smooth.
They are ellipsoidal, then globose and smooth. Size range is from 1.5 to 2.5 um

The conidia of A. versicolor (see Color Figures 9 and 10) are emerald green and echinulate.
Colony colors are white, then yellow, then yellow-green mixed with fleshy tone to pink. They are
globose. Size range is from 2.5 to 3.5 um

Among all filamentous fungi, Aspergillus is the most commonly isolated in invasive and
opportunistic infections. Aspergillosis is now the second most common fungal infection requiring
hospitalization in the United States. A. niger produces mycotoxins that can induce asthma-like
symptoms. In situations where A. niger is found growing with Penicillium spp., massive inhalation
of spores has been documented as causing an acute, diffuse, self-limiting pneumonitis (lung
irritation). Healthy individuals can exhibit otitis externa (inflammation of the outer ear canal) as a
result of Aspergillus growth. Aspergillus infections are opportunistic; immunosuppression is the
major predisposing factor, secondary to bronchiectasis, carcinoma, other mycoses, sarcoid, and
tuberculosis. Aspergillosis can vary from being local to systemic. Almost any organ or system in
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Figure 1.21 Photomicrograph of Aspergillus niger. ~ Figure 1.22 Photomicrograph of Aspergillus terreus.

(Courtesy of University of Minnesota (Courtesy of University of Minnesota
Environmental Health and Safety, Minne- Environmental Health and Safety, Minne-
apolis.) apolis.)

the human body can be involved, and any of the following can be observed: onychomycosis,
sinusitis, cerebral aspergillosis, meningitis, endocarditis, myocarditis, pulmonary aspergillosis,
osteomyelitis, otomycosis, endophthalmitis, cutaneous aspergillosis, hepatosplenic aspergillosis,
and disseminated aspergillosis. Nosocomial aspergillosis occurs due to catheters and other devices.

Local colonizers can be found in previously developed lung cavities due to tuberculosis,
sarcoidosis, bronchiectasis, pneumoconiosis, ankylosing spondylitis, or neoplasms, presenting as
a distinct clinical entity called aspergilloma. A. niger is commonly associated with fungus ball
growth in the lung, affects the kidneys, and produces allergic states. Some Aspergillus antigens are
fungal allergens that may initiate allergic bronchopulmonary aspergillosis, particularly in an atopic
host. Extrinsic asthma with edema and bronchiospasms is observed. Chronic cases may develop
pulmonary emphysema.

Aspergillus flavus produces aflatoxin B,, which is the most carcinogenic toxin caused by
biologicals. Also produced are aflatoxin B,, cyclopiazonic acid, kojic acid, aspergillic acid, 3-methyl
butanol, 3-octanone, 1-octen-3-ol, and ethylene. A. fumigatus produces chanoclavine, ferricrocin,*
festuclavine, fumagillin (anti-amoebae), fumifungin (antifungal drug), fumigacin** (helvolic acid,
which acts against Gram-positive and Gram-negative bacteria), fumigaclavine, fumigatin,** fumi-
toxins, fumitremogins, fusigen,** gliotoxin,** phyllostine,** sphingofungins, spinulosin,** trypa-
cidin,** tryptoquivalins, and verrucologen.

Aspergillus niger produces asnipyrone A and B, aspergillin, asperrubrol, asperenones, auraspe-
nones, 4-hydroxymandelic acid, maiformin C, some of the naphtho-y-quinones, orobols, pyrophen,
and tubigensin A and B. A. niger is used in bread and beer making to produce amylase and
amyloglucosidase. A. niger is also used in the production of oxalic acid, fumaric acid, and citric
acid. A. ocraceus produces flavacol, 4-hydroxymellein, neo-aspergillic acid, 1-octen-3-ol, 2-octen-
1-o0l, penicillic acid, viomellein (liver and kidney toxin), and xanomegnin acid (liver and kidney
toxin). A. oryzae produces kojic acid, oryzacidin, 1-octen-3-ol, 3-octanone, 3-methylbutanol, cyclo-
piazonic acid (toxin), and B-nitropropionic acid (toxin). A. oryzae is used in the production of
enzymes, including amylase and amyloglucosidase. A. terreus produces aranotins, aspterric acid,
aspulvinorones, astepyrone, asteriquinones, asterric acid, citreoviridin (neurotoxin), cytochalasin
E., emodin, erdin, geodin, 6-hydroxymellein, mevinolins, patulin, quadrone, questin, sukichrin,
terramides, terreic acid, terrein, terretrems (tremorgenic mycotoxin, which does not contain nitrogen
and is produced by one strain of A. ferreus), and terrotonin. A. terreus is used in the production of
itaconic acid and mevinolin (lowers cholesterol levels). A. versicolor produces averufin, cyclopenin,
cyclopenol, geosmin (mucosal irritant), sterigmatocystin (toxic and carcinogenic), and versicolorin.

* Exhibit known antibiotic activity.
** Metabolites with strong antibacterial action.
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Some Aspergillus spp. produce various mycotoxins, including alfatoxins and ocratoxins, which
are carcinogenic. Chronic ingestion has been proven to lead to carcinogenic potential, particularly
in animals. Among these mycotoxins, aflatoxin may induce hepatocellular carcinoma and is mostly
produced by A. flavus in contaminated foodstuffs.

1.7.5 Aureobasidium

The term Aureobasidium is derived from the Latin aureus (“golden”). Aureobasidium includes
14 species and one variety, with A. pullulans being the only well-known species. The common
name for these molds is black yeast (see Color Figure 11). Aureobasidium grows under paint, resists
some paint fungicides, and may colonize hair, skin, and nails in humans. The conidia are black
and shiny upon maturation and are unicellular ovoids from 5.0 to 7.0 um in diameter.

Health effects include phaehyphomycosis from exposure to Aureobasidium pullulans. This
species may also contribute to keratomycosis; pulmonary mycosis with sepsis and other opportu-
nistic infections; cutaneous mycoses, such as eumycotic dermatitis; peritonitis; nosocomial men-
ingitis from exposure to A. mansoni; chromoblastomycosis (chronic cutaneous skin infection) from
exposure to A. pullulans; and hypersensitivity pneumonitis. Aureobasidium is used in the production
of the polysaccharide pullulan.

1.7.6 Bipolaris

(See Figures 1.23 and 1.24 and Color Figures 12 and 13.) The conidia of Bipolaris are brown;
elliptical, straight, or curved; and several celled. The hyphae are demataceous septate. Health effects
include phaeohyphomycosis (mycotic infections) and sinusitis.

1.7.7 Botrytis

(See Figures 1.25 and 1.26 and Color Figure 14) Botrytis (from botrys, the Greek word for
“bunch of grapes”) is a filamentous fungus isolated from decaying plants. It is a cosmopolitan
feature, commonly reported from tropical and temperate areas. The conidia are colorless to pale
brown; massed conidia will appear to be gray-brown in color. The color is often determined by the
black irregular sclerotia produced. Botrytis is unicellular, spherical to ovoid. Size range is from 8
to 11 um. Allergic reactions to Botrytis have been reported. Botrytis metabolites include botrydial
and botryllin. Botrytis is used in the production of pectolytic enzymes and in wine making.

1.7.8 Cephalosporium

(See Acremonium.) This genus name is no longer used; the genus Acremonium was formerly known
as Cephalosporium.

1.7.9 Chaetomium (Ascomycete)

Chaetomium asci are dense and contain four to eight brown ascospores. The ascospores collect
outside the perithecium (fruiting bodies). Most species are strong decomposers of cellulose and
occur wherever this substrate is abundant, such as in soil, dung, or rotting plants.

1.7.10 Chrysosporium
Chrysosporium conidia are unicellular, globose to pyriform, and occur in single or in short

chains with a broad basal scar. Several species exist, with the most common ones being C.
merdarium and C. pannorum. Chrysosporium causes rare skin infections in humans.
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Figure 1.23 Photomicrograph of Bipolaris. (Courtesy
of University of Minnesota Environmental ~ Figure 1.24 Structures of Bipolaris. (Courtesy of
Health and Safety, Minneapolis.) Deniese A. Chambers.)

Massed Conidia

Figure 1.25 Botrytis structures; massed conidia gray-  Figure 1.26 Photomicrograph of Botrytis. (Courtesy
brown (“bunch of grapes”). (Courtesy of of University of Minnesota Environmental
Deniese A. Chambers.) Health and Safety, Minneapolis.)

1.7.11 Cladosporium

(See Figures 1.27 and 1.28 and Color Figure 15.) Cladosporium (from klados, the Greek word
for “branch”) includes over 50 species. The most common ones are C. elatum, C. herbarum, C.
sphaerospermum, and C. cladosporioides. Cladosporium is the most commonly identified outdoor
fungus. Spores of Cladosporium are often found in higher concentrations in the air than any other
fungal spore type. Spore transmittal may be on dry conidia chains. Cladosporium discolors interior
porous surfaces and lives in refrigerator interiors, including water drainage reservoirs. It is a
common indoor air allergen. Indoor Cladosporium spp. may be different from the species identified
outdoors. Cladosporium spp. are commonly found on the surface of fiberglass duct liners in the
interior of supply ducts. Spores are copious in number on branched conidiophores. They usually
have distinctive scars at both ends: at the junctures to the spore at one end and to the conidiophore
at the other. Although Cladosporium spores are often single celled, spores with a single transverse
septum or several transverse septa are frequently seen. Size ranges from 4 to 20 um in length. The
conidia are dark. Colonies appear powdery with a velvety olive-green/brown color. They are two
celled and typically lemon shaped, although the shape may vary, being ovoid, cylindrical, or
irregular. They often occur as long, branched chains with variations in size and shape.

Cladosporium spp. can cause mycosis and are a common cause of extrinsic asthma (imme-
diate-type hypersensitivity, type I). Acute symptoms include edema and bronchiospasms, and
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Figure 1.27 Structures of Cladosporium. (Courtesy of ~ Figure 1.28 Photomicrograph of Cladosporium.
Deniese A. Chambers.) (Courtesy of University of Minnesota
Environmental Health and Safety, Minne-

apolis.)

chronic cases may develop pulmonary emphysema. Health effects include allergies (asthma, hay
fever); phaeohyphomycosis (mycotic infections); eye and skin infections; chromoblastomycosis
lesions that are verrucoid, ulcerated, and crusted; onychomycosis (nails that generally split, flake,
and grow too thick; abscesses; granulomata (cutaneous and subcutaneous tissue infections of
skin, fascia, and bone); keratitis; sinusitis; and pulmonary infections, including pulmonary fungus
ball.

1.7.12 Coccidioides

Coccidioides includes only one species: Coccidioides immitis. Clinical disease may occur in
90% of an exposed indoor population. Infections acquired outdoors in nature are asymptomatic in
50% of the cases. Spherules of the fungus may be present in clinical specimens and animal tissues,
and infectious arthroconidia are found in mold cultures and soil samples. The size (2-5 nm) of the
arthroconidia is conducive to dispersal in air and retention in the deep pulmonary spaces. The much
larger size of the spherule (30—60 nm) considerably reduces the effectiveness of this form of the
fungus as an airborne pathogen. Inhalation of arthroconidia from soil samples, mold cultures, or
clinical materials after its transformation from the spherule form is the primary hazard. Accidental
percutaneous inoculation of the spherule form may result in local granuloma formation. Coccidio-
idomycosis is the infection caused by the dimorphic fungus C. immitis. The disease is endemic
only in regions of the Western Hemisphere. In the United States, the endemic areas include southern
Arizona, central California, Southern New Mexico, and west Texas. The endemic region extends
southward into Central and South America. An arid climate, alkaline soils, hot summers, few
freezes, and yearly rainfalls ranging between 5 and 20 inches characterize this area. Outbreaks
occur following dust storms, earthquakes, and earth excavation when dispersion of the arthroconidia
is favored. Coccidioidomycosis is acquired from inhalation of the spores (arthroconidia). Once in
the lungs, the arthroconidia transform into the spherical cells known as spherules. An acute
respiratory infection occurs 7 to 21 days after exposure and typically resolves rapidly. The infection
may alternatively result in a chronic pulmonary condition or disseminate to the meninges, bones,
joints, and subcutaneous and cutaneous tissues. About 25% of the patients with disseminated disease
have meningitis.

1.7.13 Cryptococcus neoformans
Cryptococcus neoformans is a yeast and is considered an opportunistic pathogen. C.

neoformans var. neoformans colonizes pigeon and other bird droppings, and C. neoformans
var. gatti colonizes the bark of the red gum tree. Both forms can cause disease in humans,
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although the former is the more common agent. Primary infection with C. neoformans follows
exposure to an environmental source; inhalation of the fungus leads to an infection of the
lungs. A transient colonization of the bronchial tree may result, or more extensive pulmonary
involvement may occur. Bronchial infection may be self-limiting or chronic and may lead to
dissemination to other parts of the body. The disseminated disease manifestations are dependent
on the time frame of onset. Headaches, nausea, dizziness, decreased comprehension, impaired
memory, and gait ataxia follow an increase in severity as invasion of the cerebral cortex, brain
stem, cerebellum, and meninges progresses. Meningoencephalitis is the most common mani-
festation and the most severe symptom associated with Cryptococcus spp. infections. Onset
of coma may be sudden and may be accompanied by respiratory arrest. If untreated, dissem-
inated infection with C. neoformans, whether indolent or fulminant, may be fatal. Weathered
pigeon excreta are considered a significant source. Unidentified alternative exposure routes
are known to exist. The sexual stage of C. neoformans var. neoformans is Filobasidiella
neoformans var. neoformans, and its basidiospores are a possible exposure vector agent. These
basidiospores are dry and readily airborne. They vary in size from 1.8 to 3 um in diameter.
They are more readily deposited in the alveoli and are proven to be pathogenic when injected
into mice.

1.7.14 Cunninghamella (Zygomycete)

Cunninghamella is a zygomycete with zygospores of the mucor type. The conidia are
globose, one celled, and spiny or smooth. The conidiophores are colorless, simple, or
branched. Enlarged tips bear the heads of the conidia. Cunninghamella asexually produces
white mycelium. Health effects include disseminated pulmonary infections in immunocom-
promised hosts.

1.7.15 Curvularia

(See Figures 1.29 and 1.30 and Color Figures 16 and 17.) Curvularia conidia are dark with
lighter end cells, fusiform, bent with central cell enlarged, and three- to five-celled. The conidio-
phores are brown and either simple or branched and bear the conidia apically. Health effects include
allergenic reactions, corneal infections, and mycetoma.

1.7.16 Epicoccum

(See Figures 1.31 and 1.32 and Color Figure 18.) Epicoccum (from the Latin words epi for
“over” and coccus for “sphere”) is widely distributed and is commonly isolated from air, soil, and
foodstuff. It is found in some animals and textiles. The genus Epicoccum includes only the species
E. purpurascens, which is a pigmented (dematiaceous), mitosporic mold. The conidia are dark,
globose, and verrucose. Epicoccum is several celled (15) and varies in size from 15 to 25 pum. The
sporodochium (fruiting body) is visible to the naked eye. Epicoccum can grow at 37°C and thus
can grow on the skin surface.

1.7.17 Eurotium
Eurotium (from eurotiao, the Greek word for “decay”) is found in foodstuffs, leather, and cotton.
1.7.18 Fonsecea compacta

Fonsecea compacta is a pigmented (dematiaceous), filamentous fungus found in rotten wood and
soil. It has no known teleomorphic phase and is saprophytic in nature. It causes infections in humans,
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Figure 1.30 Scanning electron micrograph of Curvu-
laria geniculata. (Courtesy of CDC Public
Health Library and Janice Carr, Atlanta,
Figure 1.29 Photomicrograph of Curvularias. (Cour- Georgia.)
tesy of University of Minnesota Environ-
mental Health and Safety, Minneapolis.)

Sporodochium

Figure 1.32 Photomicrograph of Epicoccum. (Cour-
Figure 1.31 Structures of Epicoccum; sporodochium tesy of University of Minnesota Environ-
is visible to the naked eye. (Courtesy of mental Health and Safety, Minneapolis.)

Deniese A. Chambers.)

and cold-blooded animals living in swamps may also be infected. F. compacta exhibits in vivo
dimorphism; it produces a specific structure (sclerotic body) only in tissue and grows in mold form
in laboratory conditions. The genus Fonsecea contains two species: F. compacta and F. pedrosoi.

Health effects include chromoblastomycosis, a posttraumatic, chronic infection of subcutaneous
tissues. The etiologic agents of chromoblastomycosis are generally members of three genera of
dematiaceous fungi that inhabit the soil: Fonsecea, Phialophora, and Cladosporium. Systemic
invasion following chromoblastomycosis is very rare and presents with papules and verrucose,
cauliflower-like lesions most commonly on lower extremities. Primary nasal chromoblastomycosis
has also been reported. Paranasal sinusitis, keratitis, and fatal brain abscesses following hemato-
genous dissemination have been reported.

1.7.19 Fusarium

(See Figure 1.33 and Color Figures 19 and 20.) Fusarium (from fussus, the Latin word for
“spindle”) is a filamentous fungus found in normal mycoflora of commodities. Some Fusarium
species have a teleomorphic state. The genus Fusarium currently contains over 20 species. The
most common of these are F. solani, F. oxysporum, and F. chlamydosporum. The most virulent
Fusarium species is F. solani. The two kinds of conidia are macroconidia (several-celled, canoe-
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Figure 1.33 Photomicrograph of Fusarium. (Courtesy of University of Minnesota Environmental Health and
Safety.)

shaped) and microconidia (unicellular ovoids). The mycelium is cotton-like in culture and is pink,
purple, or yellow in color. The corn fungus F. moniliforme produces fusaric acid, which behaves
like a weak animal toxin; however, when combined with other mold toxins, this fungus exaggerates
the effects of the other toxins. All isolates of the Fusarium-type molds produce fusaric acid,
suggesting that this compound is probably more prevalent in the environment than initially con-
sidered. These results indicate that analyses and toxicity studies should also include this toxin along
with other suspect toxins under field conditions. Fumonisins might be teratogenic to humans.

Health effects include superficial and systemic infections in humans; infections due to Fusarium
spp. are collectively referred to as fusariosis. Trauma is the major predisposing factor for development
of cutaneous infections due to Fusarium strains. Disseminated opportunistic infections are found in
immunosuppressed hosts, particularly in neutropenic and transplant patients. Other health effects
include keratitis, endophthalmitis, otitis media, onychomycosis, cutaneous infections (particularly
of burn wounds), mycetoma, osteomyelitis (particularly following trauma), sinusitis, pulmonary
infections, endocarditis, peritonitis, central venous catheter infections, septic arthritis, disseminated
infections, and fungemia. Nosocomial disseminated fusariosis in immunosuppressed patients may
occur when Fusarium gets into hospital water distribution systems. Fusarium may also exist in the
soil of potted plants in hospitals. These plants constitute a hazardous mycotic reservoir for nosocomial
fusariosis. Ingestion of grains contaminated with the mycotoxins may give rise to allergic symptoms
or may be carcinogenic in cases of long-term consumption. Fumonisins are the mycotoxins produced
by F. moniliforme and F. proliferatum in maize; these mycotoxins may cause esophageal cancer.
Another group of mycotoxins, zearalenones, may be produced by some Fusarium species growing
in grains. Trichothecene toxins target the circulatory, alimentary, skin, and nervous systems. Ingestion
of vomotoxin on grains imparts acute gastrointestinal illness. T-2 toxins are highly toxic and can
severely damage the digestive tract with resultant hemorrhage. Zearalenone toxin targets the repro-
ductive organs and is similar in structure to estrogen.

1.7.20 Helminthosporium

The only species is Helminthosporium solani, which is not a pathogen of humans or animal.
The conidia develop laterally through pores beneath septa as the conidiophores are growing.
Conidiophores are single, subhyaline to brown and ovate. The mycelium is dark. (Note: Isolates
of Bipolaris and Exserohilum may be misidentified as Helminthosporium. Helminthosporium is
rarely isolated in the laboratory.

1.7.21 Histoplasma (Ascomycete)

Histoplasma are Ascomycota; their perfect name is Emmonsiella or Gymnoascus. The genus
Histoplasma includes one species, H. capsulatum, which has two varieties: H. capsulatum var.
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capsulatum and H. capsulatum var. duboisii. A teleomorph is referred to as Ajellomyces capsulatus.
H. capsulatum is the causative agent of a true systemic (endemic) mycosis known as histoplasmosis,
which can be an acute benign pulmonary infection or chronic; disseminated disease is fatal.
Following acquisition of the conidia by inhalation, the lungs are primarily involved. In disseminated
infection, the reticuloendothelial system (RES) is most frequently involved. The fungus resides
intracellularly in RES cells and may also rarely involve the thyroid gland; it may be isolated in
fungemia. H. duboisii rarely involves the lungs but commonly involves the bones and skin; it is
the causative agent of African histoplasmosis. Pulmonary infections have resulted from handling
rhizomucor cultures. Collecting and processing soil samples from endemic areas have caused
pulmonary infections in laboratory workers.

Encapsulated spores are resistant to drying and may remain viable for long periods of time.
The small size of the infective conidia (< 5 wm) is conducive to airborne dispersal and intrapul-
monary retention. Ten spores are almost as effective a lethal inoculum in mice as 10,000 to 100,000
spores. The infective stage of this dimorphic fungus (conidia) is present in sporulating mold form
cultures and in soil from endemic areas. The yeast form is found in tissues or fluids from infected
animals and may produce local infection following parenteral inoculation. Given the true systemic
nature of histoplasmosis, otherwise healthy individuals are affected; however, dissemination and
fatal course are more common in the immunocompromised and elderly. Chronic cavitary histoplas-
mosis is most commonly observed in individuals with underlying pulmonary disease.

1.7.22 Leptosphaeria (Ascomycete)

Leptosphaeria is an Ascomycete, and the asci contain eight spores. Among the many species,
the most common ones are L. senegalensis, L. tompkinsii, and L. coniothyrium. The ascospores are
colorless and vary in shape, being either oblong and ellipsoid or short and cylindrical. Transverse
and longitudinal septa are lacking in some spores. A thin, gelatinous sheath browns with age.
Leptosphaeria causes mycetoma, a clinical syndrome characterized by tumefaction, draining
sinuses, and sclerotia (granules, grains). Localized infections involve cutaneous and subcutaneous
tissue, fascia, and bone. Lesions consist of abscesses, granulomata, and draining sinuses. Following
implantation of the etiologic agent, the primary lesion becomes locally invasive, indolent, and
tumorlike. Patients may present with small, painless subcutaneous swellings. The lesions rupture,
resulting in sinus tracts, swelling, and distortion of the infected body part. Sclerotia are present in
pus and in tissue around the draining sinus tracts. Phacohyphomycosis includes a group of mycotic
infections characterized by the presence of dematiaceous (dark-walled) septate hyphae and some-
times yeast or a combination of both in tissue. Hyphae may be short to elongated, distorted, or
swollen (toruloid hyphae) or regularly shaped, or any combination of the above. Yeast, when present,
will be variable in size and most of the time will show budding. Infections of the eyes and skin
are caused by the black fungi.

1.7.23 Memnoniella

Memnoniella is very closely related to Stachybotrys. The conidia are dark, globose, unicellular.
Memnoniella occurs in long persistent chains. Conidiophores are dark and simple and bear phialide
clusters at their apex. Mycotoxins produced include phenylspirodrimanes (griseofulvins).

1.7.24 Mucor

(See Figures 1.34 and 1.35 and Color Figures 21 and 22.) Mucor (from mucor, the Latin word
for “fungus”) is a zygomycete. This filamentous fungus may cause infections in humans, frogs,
amphibians, cattle, and swine. Most Mucor are unable to grow at 37°C; the strains isolated from
human infections are usually one of the few thermotolerant Mucor species. The genus Mucor contains
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Figure 1.35 Photomicrograph of Mucor. (Courtesy of
Figure 1.34 Structures of Mucor. (Courtesy of University of Minnesota Environmental
Deniese A. Chambers.) Health and Safety, Minneapolis.)

several species: M. amphibiorum, M. circinelloides, M. hiemalis, M. indicus, M. plimbeus (the cause
of wood chip disease and furrier’s lung), M. racemosus, and M. ramosissimus. Health effects include
zygomycosis. Although the term mucormycosis has often been used for this syndrome, zygomycosis
is now the preferred term for this angio-invasive disease. Patients with keto-acidosis resulting from
diabetes mellitus, leukemia, and treatment with immunosuppressive drugs are susceptible to zygo-
mycosis. Other health effects include mucocutaneous and rhinocerebral infections, septic arthritis,
dialysis-associated peritonitis, renal infections, gastritis, and pulmonary infections. Predisposing infec-
tion factors include diabetic ketoacidosis, immunosuppression, des-feroxamine treatment, renal fail-
ure, extensive burns, and intravenous drug use. Infections produce vascular invasion that causes
necrosis of the infected tissue and perineural invasion. (Note: Itraconazole prophylaxis in immuno-
suppressed patients may select the fungi in phylum Zygomycota as the cause of infections.)

1.7.25 Nigrospora

(See Color Figure 23.) Nigrospora is a filamentous dematiaceous fungus. Conidiophores forc-
ibly discharge the conidia. N. sphaerica is the best-known species of the genus Nigrospora. The
conidia are shiny black and vary from being unicellular egg shaped to flattened spheres. Produced
singly, they have an equatorial colorless line or germ slit. Nigrospora has been isolated from
cutaneous lesions of a leukemic patient and from a case with keratitis.

1.7.26 Paecilomyces

(See Color Figure 24.) Paecilomyces conidia are ovoid to fusoid, hyaline, composed of basipetal
chains, unicellular, and 3-5 X 2—4 pum in size. The conidiophores look like Penicillium, except
phialides taper to a long cylindrical neck.

Health effects include paecilomycosis, wood-trimmer’s disease, pneumonia, allergic alveolitis,
and humidifier-associated illnesses. Paecilomyces may produce arsine gas when growing on Paris
green or other arsenic substrate.

1.7.27 Penicillium (Ascomycete)

(See Figure 1.36 and Color Figure 25.) Penicillium is an ascomycota. The perfect names are
Talaromcyes and Carpenteles. Members of Penicillium subgenus Penicillium (with a few excep-
tions) may be indicative of indoor air quality problems. Teleomorphs are Eupenicillium and Talaro-
myces. Penicillium is a very large group of fungi valued as producers of antibiotics. Penicillium is
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Figure 1.36 Photomicrograph of Penicillium. (Courtesy of University of Minnesota Environmental Health and
Safety.)

commonly found in the soil, in the air, and on living vegetation, seeds, grains, and animals, as well
as on wet insulation.

Penicillium is a fungus that grows when moisture, food, and just the right temperatures are
available. Conidiophores arise from the mycelium as single, pencilate structures that end in a group
of phialides. The spherical spores of Penicillium are produced in long, unbranched chains on each
conidiophore. These usually fragment into individual spores, although chains of spores are seen
periodically on slides. Although some species of Penicillium appear to reproduce solely by asexual
means, some species of Penicillium are the anamorph (asexual) stage of the ascomycete genus
Talaromyces.

Penicillium aurantiogriseum conidia are broadly ellipsoidal and gray-green with yellow bot-
toms. Conidia size range is 3.5 to 4.2 um. P. camemberti conidia are hyaline or gray-green with
light yellow bottoms and range in size from 3.2 to 5.0 um. The mycelium starts out as white and
may turn yellow or pink as aging occurs. P. chrysogenum (see Color Figure 26) conidia are blue
to dark green; the conidia range in size from 2.3 to 4.0 um. Colonies have an aromatic odor. P.
expansum conidia are blue to dark green. Conidia range in size from 2.3 to 3.5 um; colonies have
an aromatic odor. P. glabrum conidia are globose, dull to dark green, and smooth to rough; the
conidia range in size from 2.8 to 3.8 um. P. polonicum conidia are broadly ellipsoidal and blue-
green with yellow bottoms. Conidia range in size from 2.8 to 4.2 um. P. roqueforti conidia are
broadly globose and green; the conidia range in size from 3.5 to 4.5 um.

Penicillium (from penicillus, the Latin word for “artist’s touch”) is the source of antibiotic lines
that have aided humanity. Penicillium, as produced by Alexander Fleming in 1929, was a product
of P. notatum. Since that time, other species of Penicillium have been used to create other antibiotics.
As an example, griseofulvin is an antifungal antibiotic formed from a species of Penicillium. Not
all species of Penicillium, however, are helpful. The route of entry into the body for invasive
Penicillium infections is unknown; however, the respiratory route is used by many other fungi with
abundant conidia. Penicillium may have abundant conidia, thus the respiratory route of entry is
expected. Skin trauma has been associated with local infection but not with systemic disease.
Infection via the digestive route is unusual for filamentous fungi.

Some Penicillium cause allergic reactions and other adverse health effects when dispersed
through indoor air. Penicillium has been associated with hypersensitivity pneumonitis in some
individuals when present in high concentrations. It is a rare agent of infection in cases of keratitis,
peritonitis, and systemic disease. P. marneffei is the major pathogen in the genus and is the
etiologic agent of penicilliosis marneffeii, a systemic disease in immunocompromised hosts. P.
marneffei first proliferates in the reticuloendothelial system and then is disseminated. Lung and
liver are usually the most severely involved organs. Other commonly involved areas include skin,
bone marrow, intestine, spleen, kidney, lymph node, and tonsils. The reticuloendothelial system
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is made up of special cells called “phagocytes” located throughout the body; they can be found
in the liver, spleen, bone marrow, brain, spinal cord, and lungs. When functioning correctly,
phagocytes destroy disease-causing organisms by ingesting the organisms. An example of these
cells are histiocytes, which try to ingest and kill P. marneffei. Unfortunately, when P. marneffei
is not killed, the histiocytes carry the infection throughout the body. P. marneffei has two life
formations and is the only Penicillium species that is dimorphic. The prevalence of one form
over another is dependent on temperature. At 37°C, the fungus grows as yeasts forming white-
to-tan, soft, or convoluted colonies. Microscopically, the yeasts are spherical or oval and divide
by fission rather than budding. At 25°C, the fungus produces a fast-growing, grayish floccose
colony. Microscopic examination reveals septate branching hyphae with lateral and terminal
conidiophores that produce unbranched, broomlike chains of oval conidia. Penicillium aurantio-
griseum metabolites include nephrotoxic glycopeptides (cause kidney karyomegaly), penicillic
acid, terpenoid volatiles, and verrucosidin.

Pencillium camemberti metabolites include cyclopaldic acid, palitantin, fumigaclavine A and
B, and rugulovasine A and B (which are produced by the wild-type P. commune). Cyclopaldic acid
is produced by both types, thus the recommendation for storing white cheeses containing P.
camemberti in a refrigerator at below 8°C.

Penicillium chrysogenum metabolites include chrysogine, meleagrin, penicillin, and roquefor-
tine. The original name for P. chrysogenum was P. notatum — the original producer of penicillin.
Since then, various mutations have been used in the production of penicillin F and G. P. chrysogenum
can be found in buildings.

Penicillium expansum metabolites include chaetoglobsin C, citrinin (nephrotoxic), expansolide,
patulin (affects phagocytes and is not degraded by pasteurization), and roquefortine C.

Penicillium glabrum metabolites include citromycetin and hepatotoxin. This species used to be
called Citromyces glaber, in reference to its use in the production of citric acid.

Penicillium polonicum metabolites include anacine, nephrotoxic glycopeptides (which cause
kidney karyomegaly), 3-methoxyviridicatin, penicillic acid, terpenoid volatiles, and verrucosidin.

Penicillium roqueforti metabolites include isofumigaclavine A and B, mycophenolic acid, and
roquefortine C.

Mycotoxins produced include ochratoxin (which damages kidneys and liver and is a suspected
carcinogen), citrinin (which causes renal damage, vasodilation, and bronchial constriction), glotoxin
(an immunosuppressive toxin), and patulin (which causes hemorrhage in the brain and lung and
extrinsic asthma).

1.7.28 Phoma

(See Figure 1.37.) Phoma grows on and discolors paint (pink, purple, red spots). Some have
teleomorphs within Leptosphaeria. Dark colonies have pycindia (fruiting bodies) that contain one-
celled spores. Health effects include mycetoma, phaeohyphomycosis (subcutaneous diseases), and
keratitis.

1.7.29 Pithomyces (Fungi imperfecti)

The sexual state for this mold is not known; consequently, this genus is classified as Fungi
imperfecti. The obsolete genus name Scheleobrachea was a synonym. Pithomyces is a dematiaceous
(dark-walled) fungus. Spores are produced at the vegetative filament short side branches. Spores
contain two to several cells. Pithomyces produces a mycotoxin that is pathogenic and causes facial
eczema and liver damage. P. chartarum is the most common species; its spores are longitudinal
and septa transverse.
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Figure 1.37 Photomicrograph of Phoma. (Courtesy of University of Minnesota Environmental Health and Safety,
Minneapolis.)

1.7.30 Rhinocladiella (Fungi imperfecti)

The sexual state for this mold is not known; consequently, this genus is classified as Fungi
imperfecti. Rhinocladiella is dematiaceous (dark-walled). The conidia are apical on new conidio-
phore growing points. It is subhyaline to dark, ovoid to oblong-ellipsoid, and mostly one celled.
Conidiophores are simple or branched. Health effects include chromoblastomycosis (lesions, keloid
formation), verrucous dermatitis, and brain abcess syndrome.

1.7.31 Rhizomucor (Zygomycete)

Rhizomucor has diminutive sporangiospores, rounded and thick walled, produced in globular
sporangia at the hyphae tip. Health effects include allergenic and occupational allergy; mucorosis;
lung, nasal sinus, brain, eye, and skin infection; zygomycosis (rhino-facial-cranial, lungs, gas-
trointestinal tract, skin); and vessel invasion that causes embolization and necrosis.

1.7.32 Rhizopus

(See Figure 1.38.) Rhizopus (from rhiza, the Greek word for “root,” and pous, meaning “foot’)
scopulariopsis is a common species. Health effects include zygomycosis, blood vessel invasion
leading to embolism and necrotic tissue, and sawmill lung (allergic aveolitis). Spores (sporan-
giospores) are rounded to oval, pale-brown, and ridged. Rhizopus ranges in size from 6.0 to 12.0
wm. Sporangia are shiny black.

1.7.33 Rhodotorula

Rhodotorula is a commonly isolated yeast, frequently from humidifiers and soil. Three common
species are R. glutinis, R. minuta, and R. rubra. Health effects include a very rare pathogen reported
in an endocarditis case and in a meningitis case. Rhodotorula may be allergenic to susceptible
individuals when present in sufficient concentrations.

1.7.34 Scendosporium

Scendosporium hyphae are short or elongate, distorted or swollen. Scendosporium has many
shapes. Health effects include phaeohyphomycosis and mycotic infections.
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Figure 1.38 Photomicrograph of Rhizopus. (Courtesy of University of Minnesota Environmental Health and
Safety, Minneapolis.

Figure 1.39 Photomicrograph of Scopulariopsis. (Courtesy of University of Minnesota Environmental Health
and Safety, Minneapolis.)

1.7.35 Scopulariopsis

(See Figure 1.39.) The conidia of Scopulariopsis (from scopula, the Latin word for “broom”)
are globose to ovoid to flat-based, rose-brown to brown, and verrucose at maturity. Size range is
from 5.0 to 8.0 um. Health effects include infection of the skin and nails, occupational illness in
the tobacco industry, and extrinsic allergic alveolitis. Scopulariopsis metabolites include ethylene
and deacetoxycephalosporin C. Scendosporium may produce arsine gas when growing on Paris
green paint or other arsenic substrate.

1.7.36 Sporothrix

Sporothrix conidia are globose to ovoid, unicellular, and hyaline. Apex of the condiophore bears
conidia in a loose cluster, and it assumes various shapes. S. schenckii has caused a substantial
number of local skin or eye infections in laboratory personnel. Most cases have been associated
with accidents and have involved splashing culture material into the eye, scratching or injecting
infected material into the skin, or being bitten by an experimentally infected animal. Skin infections
have also resulted from handling cultures or necropsy of animals. No pulmonary infections as a
result of laboratory exposure have been reported, although naturally occurring lung disease is
thought to result from inhalation. Health effects include sporotrichosis.
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Figure 1.40 Photomicrograph of Stachybotrys. (Courtesy of University of Minnesota Environmental Health and
Safety, Minneapolis.)

1.7.37 Stachybotrys

(See Figure 1.40 and Color Figures 27 through 29.) Stachybotrys (from stachy, the Greek word
for “progeny,” and botrys, meaning “bunch of grapes”) chartarum is a greenish black fungus that
grows on material with a high cellulose and low nitrogen content (such as fiberboard, gypsum
board, lumber, ceiling tile, paper, dust, and lint) that becomes chronically moist or water damaged
due to excessive humidity, water leaks, condensation, water infiltration, or flooding. Filamentous
Stachybotrys is a type of slow-growing saprophytic fungus that is common in the northwestern
United States. It grows in outdoor areas where the relative humidity is above 55%. The spores are
brownish. Mycelial mats are pigmented dark olive-gray and appear to be a slimy mass with smooth
margins; they may have either smooth or ridged surfaces. When the growth sporulates, the colony
may appear to have a powdery surface.

About 15 species of Stachybotrys are known, and these have a worldwide distribution. Similar
to various genera of filamentous fungi, Stachybotrys produces trichothecene mycotoxins (macro-
cyclic and trichoverroid trichothecenes) and satratoxins. Trichothecenes are potent inhibitors of
DNA, RNA, and protein synthesis. They modulate inflammatory reactions, alter alveolar surfactant
phospholipid concentrations, and may be acquired by ingestion of food products contaminated with
the fungus or by direct inhalation of the spores.

Stachybotrys produces a hemolysin, stachylysin, which lyses sheep erythrocytes. The pathoge-
nicity of Stachybotrys was first observed in cattle and horses in Russia in 1920. Stomatitis, rhinitis,
conjunctivitis, pancytopenia, and neurological disorders developed in animals following ingestion
of hay contaminated with Stachybotrys, and this syndrome was named stachybotrytoxicosis. This
outbreak was the first to draw attention to Stachybotrys and its toxins.

The health effects of Stachybotrys chartarum were first noted in Russian and Eastern European
farm animals that ate moldy hay. Much less is known about S. chartarum in indoor environments,
such as homes or office buildings. If S. chartarum spores are released into the air, humans may
develop symptoms such as coughing, wheezing, runny nose, irritated eyes or throat, skin rash, or
diarrhea. Persons with chronic exposure to the toxin report cold- or flu-like symptoms with sore
throat, diarrhea, headache, fatigue, dermatitis, intermittent local hair loss, and general malaise. The
toxins may also suppress the immune system.

1.7.38 Stemphylium
Stemphylium is a diurnal sporulator. An alternating light and dark cycle is necessary for

spore development. Stemphylium requires ultraviolet light for the production of conidiophores.
The second developmental phase, when the conidia are produced, requires a dark period.
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Stemphylium also requires wet conditions for growth. Spores vary in shape and size and range
from 23 to 75 um in length. The conidia are dark and variable in shape (globose, broadly
ellipsoid, ovoid). Cross and longitudinal septa are observed and the major septum may be
constricted.

1.7.39 Sterile Fungi

Sterile fungi are common to both outdoor and indoor air. These fungi produce vegetative
growth but yield no spores for identification. Because these fungi are derived from ascospores
or basidiospores, the spores of which are likely to be allergenic, these fungi should be considered
allergenic.

1.7.40 Streptomyces

Streptomyces colonies are slow growing, aerobic, Gram-positive, non-acid-fast, glabrous or
chalky, heaped and folded, and white, tan, gray, brown, or black in color. They have an earthy odor
and cause white grain mycetoma.

1.7.41 Stysanus

The sexual state for this mold is not known; consequently, this genus is classified as Fungi
imperfecti. The obsolete genus name Cephalotrichum was a synonym. Stysanus is dematiaceous (dark-
walled). Cephalotrichum stemonitis (obsolete species name) is a synonym of Doratomyces stemonitis.

1.7.42 Torula

Torula conidia can be either one or several celled. They are dark and round and occur in chains.
Health effects include allergenic responses.

1.7.43 Trichoderma

(See Figures 1.41 and 1.42 and Color Figure 30.) Trichoderma (from trix, the Greek word for
“hair,” and derma, meaning “skin”) includes about 20 species, the most common being 7. viride.
Trichoderma causes lung infections. Skin, hair, and nail infections by these dermatophytid molds
are among the most prevalent of human infections. Agents are present in the skin, hair, and nails
of human and animal hosts. Contact with infected animals with inapparent or apparent infections
is the primary hazard. Cultures and clinical materials are not an important source of human infection.

1.7.44 Trichophyton

Three genera of molds that contain this dermatophytosis-causing species are Epidermophyton,
Trichophyton, and Microsporum. These dermatophyte molds are keratinophilic (grow on keratin)
on a living host. Feathers, animal hooves, hair, and animal skin all can be used as substrates for
the keratinophilic fungi. These agents are associated with the tineas, a series of named diseases
that use Latin binomials for their naming structure. Tinea capitis is a fungal infection of the scalp
due to dermatophytes such as 7. rubrum. Hair of the head, eyebrows, and eyelashes may be involved.
Endothrix infection begins by penetration of the hair; the organism then grows up the interior main
axis of the hair where it fragments into arthroconidia. The typical causative agent is 7. fonsurans.

Flavus (tinea flavus, a form of infection, as well as the clinical presentation of scutula) is the
exception to the rule about arthroconidia formation. The typical causative agent is T. schoenleinii,
which causes an endothrix-style growth but without the arthrocondia. Channels are formed within
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Figure 1.41 Structures of Trichoderma. (Courtesy of  Figure 1.42 Photomicrograph of Trichoderma. (Cour-
Deniese A. Chambers.) tesy of University of Minnesota Environ-
mental Health and Safety, Minneapolis.)

the hair shaft. This is useful diagnostically, as air bubbles move along these channels when an
infected hair is immersed in a liquid. Ectothrix infection begins as endothrix and then extends back
out through the hair cuticle (the outer wall of the hair) and forms a mass of arthroconidia both
within and around the hair shift. The typical causative agent is Microsporum canis. Cases caused
by M. canis occur sporadically and are acquired from puppies and kittens.

Tinea favosa is usually considered a variety of tinea capitis involving the scalp; however, this
mycotic infection may also involve glabrous skin and nails. It is characterized by dense masses of
mycelium. Epithelial debris forming yellowish cup-shaped crusts is called scutula, which develop
at the surface of a hair follicle with the shaft in the center of the raised lesion. Removal of these
crusts reveals an oozing, moist, red base. After a period of years, atrophy of the skin occurs, leaving
a cicatricial alopecia and scarring. Scutula may be formed on the scalp or the glabrous skin.

Tinea corporis involves the glabrous (relatively hairless) skin. Infection is limited to the stratum
corneum of the epidermis. Vellus hair (the fine hair present on glabrous skin) may be invaded, and
the hair follicle may serve as a reservoir for the fungus

Tinea pedis, tinea manuum, and tinea cruris refer to tinea corporis that is limited to the foot,
hand, and groin, respectively.

Tinea imbricata is an unusual form of tinea corporis caused by Trichophyton concentricum. It
is characterized by ring-like growth in overlapping circles that may have an autosomal dominant
genetic predisposition.

Tinea barbae is colonization of the bearded areas of the face and neck, hence is restricted
to adult males. Most common causes are Trichophyton mentagrophytes and T. verurucosum.
Zoophilic organisms are acquired from contact with cattle, dogs and other animals, which is
the reason why tinea barbae is classically seen among dairy farmers and cattle ranchers.
However, where antiseptic techniques are not used, person-to-person transmission can occur
by being shaved in a barbershop. The superficial variety causes diffuse erythema and perifol-
licular papules and pustules that look exactly like bacterial folliculitis. Hair of the area may
be affected with endothrix invasion that causes brittle, lusterless hair. Cases of the inflammatory
type cause unilateral involvement of the chin, neck, or maxillary area with upper lip sparing.
Nodular lesions cover with crusts, and the seropurulent material ends up having an abscess-
like appearance. Hairs become loose and brittle. Permanent alopecia and important scaring
may be the final consequences.

Tinea nigra is a superficial fungal infection of the stratum corneum and is a rare condition.
Direct inoculation onto the skin from contact with decaying vegetation, wood, or soil seems to be
the method of acquisition. Incubation periods may be as long as 20 years. The disease is asymp-
tomatic in most cases and may be associated with pruritus. Brown to black nonscaly macules have
well-defined borders that resemble silver-nitrate stains. They are unique or multiple, rounded or
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irregularly shaped. Size varies between 1 mm and 1.5 cm. Palmar surfaces are most often affected
with tinea nigra palmaris, but lesions may occur on the soles with tinea nigra plantaris and other
surfaces of the skin. Macules showing an uneven rate of spread and/or coalescence raise the
suspicion of melanocytic nevi, junctional nevi, or melanoma. Other differential diagnoses include
Addison’s disease, pinta, stains from chemicals or dyes, and syphilis.

In the case of tinea unguium, when the infection is due to a dermatophyte, both ringworm of
the nail and tinea unguium are sometimes used as synonyms for onychomycosis. The term tinea
unguium is used specifically to describe invasive dermatophytic onychomycosis, such as invasion
of the nail plate by a fungus. Infection may be due to a dermatophyte, yeast, or nondermatophyte
mold.

1.7.45 Ulocladium

(See Figure 1.43 and Color Figures 31 and 32.) Among the nine species of Ulocladium, the
most common one is U. consortiale, which contributes to the allergic burden of Alternaria-sensitive
people. The conidia are solitary or in chains and are short and ellipsoidal with transverse and
longitudinal septa.

1.7.46 Zygosporium

Zygosporium species comprise a small proportion of the fungal biota.

1.8 PRIONS

Prions are proteinaceous infectious particles that lack nucleic acids. Prions are composed largely,
if not entirely, of an abnormal isoform of a normal cellular protein. In mammals, prions are
composed of an abnormal, pathogenic isoform of the prion protein (PrP), designated PrPs.. The
“Sc” superscript was initially derived from the word scrapie because scrapie is the prototypic prion
disease. Because all of the known prion diseases of mammals involve aberrant metabolism of PrP
similar to that observed in scrapie, use of the “Sc” superscript has been suggested by the Centers
for Disease Control and Prevention (CDC) for all abnormal, pathogenic PrP isoforms. In this
context, the “Sc” superscript is used to designate the scrapie-like isoform of PrP.

A chromosomal gene encodes PrP. No PrP genes are found in purified preparations of prions.
PrPse is derived from PrPC (the cellular isoform of PrP) by a posttranslational process whereby
PrPsc acquires a high-sheet content. Neither prion-specific nucleic acids nor virus-like particles have
been detected in purified, infectious preparations. In fungi, evidence for three different prions has

Figure 1.43 Photomicrograph of Ulocladium. (Courtesy of University of Minnesota Environmental Health and
Safety, Minneapolis.)
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been accumulated. The mammalian prions cause scrapie and other related neurodegenerative dis-
eases of humans and animals. The prion diseases are also referred to as transmissible spongiform
encephalopathies (TSEs).

1.9 VIRUSES

Viruses are obligatory intracellular parasites that contain either DNA or RNA (one or the other;
never both). They have a protein coat that is sometimes enclosed by a lipid envelope. They multiply
inside living cells. The viral DNA or RNA directs the cell to produce the chemicals that the viruses
need. Essentially, the virus takes over the metabolic activity of the cell. The viruses can also direct
the cells to produce structures to be used to transfer the viral DNA or RNA to other cells. In essence,
the virus is alive only when it infects. Outside of living cells, the virus is inert. The only charac-
teristics of life that the virus is capable of manifesting are the ability to multiply, direct processes
in the cells that are infected, and mutate.

The essential viability of the virus in the hostile environment outside the cell is time marked.
The smallest numbers of viruses detectable in cell cultures, the most sensitive hosts for many
viruses, may be sufficient to infect susceptible individuals who consume them. Enteroviruses
(polioviruses, coxsackieviruses [groups A and B], echoviruses, and hepatitis A virus), rotaviruses
and other reoviruses (Reoviridae), adenoviruses, and Norwalk-type agents — a total of more than
100 different serological types — constitute the major enteric virus complement of human origin.
Most of these viruses have been detected in sewage and in receiving waters over the years. Members
of other virus groups have been recovered from human feces and urine, but none has been reported
with great frequency or in large numbers in sewage or in receiving waters. Viruses of non-human
sources abound in environmental waters. Some of these viruses, such as reoviruses, may infect
humans; the significance of certain other viruses derived from non-human sources is as yet unde-
termined.

The numbers of viruses detected per liter of sewage range from less than 100 infective units
to more than 100,000 infective units. In temperate climates, the numbers generally increase in the
warmer months and decrease in the colder months, reflecting overall infection and excretion patterns
in the community.

A number of techniques have been developed for recovering viruses from waters. The techniques
include filter adsorption/elution, glass powder adsorption/elution, ultrafiltration, polyelectrolyte
adsorption, aluminum hydroxide adsorption, protamine precipitation, hydroextraction, two-phase
separation, organic flocculation, and alginate membrane filtration.

Because viruses do not multiply outside of susceptible living cells, dilution in hostile receiving
waters and the toll of time eventually reduce the numbers of viruses to levels often barely detectable
by the best techniques available, even when 1000-L quantities of water are tested. The numbers of
viruses we now detect in environmental waters are probably an order of magnitude or more below
the quantities actually present there. The numbers of viruses that reach recreational waters and
intakes downstream of outfalls may thus be very large indeed. Detection varies given that:

1. Methods currently in use to concentrate viruses have low efficiencies.
Cell culture systems used for detecting viruses are usually sensitive to less than half of the virus
types excreted by humans.
3. The plaque procedure usually used for detecting and quantifying viruses is relatively inefficient.
4. Viruses are present that have not yet been detected and identified.

In the publication Human Viruses in Water, Wastewater and Soil (Technical Report Series 639,
World Health Organization Scientific Group, Geneva, Switzerland, 1979), the World Health Orga-
nization concluded that, while bacterial contamination of water and soils and the associated health
risks have been thoroughly studied, attention is now increasingly being focused on the hazards
associated with virus contamination of water. The contamination of water and soil by wastewater
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and human feces containing enteric viruses may pose public health problems. This problem occurs
in areas of the world where the major waterborne bacterial diseases have been brought under control.

Over 100 different types of enteric viruses, all considered pathogenic to humans, have been
identified. Concentrations in wastewater may reach 10,000 to 100,000/L. They have the ability to
survive for months in water and in soil. The ingestion of a single infectious unit can lead to infection
in a certain proportion of susceptible humans, and constant exposure of large population groups to
even relatively small numbers of enteric viruses in large volumes of water can lead to an endemic
state of virus dissemination in the community, which can and should be prevented. Bacteria are
used as conventional indicators to evaluate the safety of potable water supplies. Enteric viruses
may be present in water that manifests little or no sign of bacterial pollution. Viruses have been
detected in the drinking-water supply systems of a number of cities, despite the fact that these
supplies have received conventional water treatment, including filtration and disinfection, which
are considered adequate for protection against bacterial pathogens. Viruses present in wastewater
and sludge applied to land for irrigation, fertilization, or disposal purposes can survive in soil for
periods of weeks or even months. Edible crops, contaminated by either contact with virus-laden
soil or wastewater sprinkler irrigation, can harbor viruses for sufficient periods of time to survive
harvesting and marketing; thus, their eventual consumption constitutes a potential health risk. Only
limited data are available on the health risks resulting from the dispersion of viruses in aerosols
created by sewage treatment and land disposal systems.

Ongoing virus control development has since resulted from these WHO recommendations. In
light of the greater resistance of many enteric viruses to disinfection and other treatment processes
compared to that of bacteria utilized as pollution indicators, drinking water derived from virus-
contaminated sources should be treated by methods of proven high efficiency for removing or
inactivating viruses, not only bacteria. Because of the ability of viruses to survive for long periods
in seawater, it is recommended that coastal bathing and shellfish-growing areas be protected from
contamination by wastewater and sludge. Virus monitoring of these areas is a desirable measure.
Control procedures should be instituted in all situations in which wastewater or sludge is used for
irrigation or fertilization to prevent the contamination of vegetables and fruits which are to be eaten
raw. (Moreover, even though they may eventually be cooked, contaminated raw vegetables are
likely to pollute other food in the kitchen.) Where it is planned to irrigate such crops or where
sprinkler irrigation is to be used near populated areas, the effluent should be treated so that it
reaches a high microbiological quality approaching that of drinking water. Because the factors that
influence the movement of viruses in soil are still not fully understood, and because effluent and
soil conditions vary so greatly, caution should be exercised if wastewater irrigation or land disposal
takes place in the vicinity of wells supplying drinking water. Careful study of local conditions is
required, and the cautious siting of such wells and routine virological monitoring of the water are
advised as safety measures.

Further research into the health risks associated with viruses in water and soil is necessary.
These studies should include the development and evaluation of methods of detecting viruses and
alternative indicators of virus pollution (e.g., phages) and the improvement of treatment methods
for the inactivation and removal of viruses from water and wastewater. The dissemination and
survival of viruses in the natural environment should also be investigated. A standard method should
be developed for the concentration and detection of viruses in large volumes of drinking water
(e.g., 100 to 1000 L) based on a full evaluation in different laboratories of current techniques. Such
an attempt would facilitate the development of virus-monitoring programs and would ensure a
maximum degree of comparability of results. A laboratory quality-control system should be devel-
oped to enable participating laboratories to standardize their procedures.

These issues associated with virus transmittal and propagation in the environment continue to
be a source of concern. The viruses that live in organisms and then are present in water streams,
aerosolized droplet contaminant sources, and soils remain a concern to be addressed by future
research efforts. (USEPA, 1984)
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Sampling may not always be required in order to determine biological risk. Still, knowledge
of sampling methods available will enable investigators and concerned parties to sample when
required. Sampling includes both sampling for infective agents and sampling to determine other
ambient air conditions.

2.1 SAMPLING: BIOLOGICALS AND GENERAL AIR QUALITY

Investigative sampling may be needed to determine biological quantitative levels caused by an
amplifier that is problematic but difficult to identify visually. Examples include mold growth in
heating, ventilation, and air conditioning (HVAC) systems and behind walls. Common indications
for characterization and remediation of the discovered amplifiers are:

* Occurrence of symptoms consistent with adverse reaction to indoor molds

* Building management or administrative concerns that the amplifiers might cause symptoms in the
future

* Indications of exacerbate materials degradation

* Noxious odors

» Cosmetic, esthetic, psychological, or political disadvantages of conspicuous decay

Sampling may be required before, during, and after decontamination efforts. Acceptable sam-
pling methods and contamination levels must be determined by a competent person prior to the
onset of either investigative or decontamination events. A sampling plan should be developed and
reviewed by all parties.
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Biocide application, if required, may also require sampling to determine the airborne, residual,
and contact levels of the biocides. When pH-altering chemicals are used, sampling to determine
the persistence of the pH-altering chemicals may be needed.

Only experienced samplers should be assigned this type of work. Experience may be through
documented training with supervised on-site work (initially) or by virtue of education. All standard
operating procedures (SOPs) should be reviewed with the project team. If field conditions warrant,
the project team leader should make the decisions regarding any alteration in SOPs.

2.1.1 Regulatory and Industry Guidance Reviews

Because some states, including New York and California, now have or are developing regulatory
requirements or guidelines for certain biological agents, a regulatory review is appropriate. Other
state and local government agencies are rapidly developing acceptable criteria statements for indoor
air investigations, including those that involve biological contaminants.

2.1.2 Sampling Scope

Sampling for aerosolized biologicals usually should be done in coordination with surface contact
sampling. Photographs of investigative locations, sampling events, and incubated cultures may be
included in the report. The sampling report may include only interpretation of the sampling results,
with no conclusions as to required follow-up activities. Other reports include both the sampling
information and such conclusions as the need for decontamination, engineering analysis, or reha-
bilitation of building areas. The scope of work must clearly define the ultimate report expectations
and the distinction between these report types.

2.2 HEALTH AND SAFETY PRECAUTIONS

In some cases a site safety and health plan similar to that required by 29 CFR 1910.120 will
be required. Uncontrolled biological risk agents are considered in the same way as uncontrolled
chemical risk agents. When dealing with biological risk agents for which limited information as
to human health risk is available, a risk assessment should be done incorporating all known human
health information needed to adequately communicate hazards to samplers and to the client.

2.3 DATA GATHERING

The following sample data gathering routines may be required prior to any sampling:

o Walk-through investigation. The objective of this investigation is to note the current building status.

 Interviews with affected parties (nonemployees). An example would be clients or visitors to
facilities.

* Employee interviews. Representative employees are made available for interview. These interviews
are conducted to gather information regarding the interior building conditions and subsequent
changes noted in the building interior environs. The company human resources office should
provide each employee with company program documents related to the interviews for information
gathering and release forms so that information gathered can be used in subsequent reports.

The purpose of these interviews is to gather historical information to compare with the current
building status.



42 BIOLOGICAL RISK ENGINEERING HANDBOOK: INFECTION CONTROL AND DECONTAMINATION

2.3.1 Document Review

Examples of documents to be reviewed include those associated with water leakage events,
spill containment measures, maintenance activities, and employee complaints. This review will be
used to refine the study criteria and project expectations and to provide the discussion and conclusion
elements that address the impact of these occurrences given the current observed building status.

All available drawings, including as-built drawings and drawings that illustrate any renovation
activities, should be provided, preferably electronically as computer-aided design drawings
(CADDs), which can be generated in custom sizes. If paper copies are provided, half and quarter
sizes are usually preferred to full-size drawings, as the samplers can more easily carry these from
place to place during sampling efforts.

Maintenance records for the HVAC equipment, including those associated with cooling tower
usage, should be reviewed. Water treatment chemical usage and results of testing to determine the
effectiveness of this treatment should also be reviewed.

2.3.2 Sampile Initial On-Site Investigation

The following is a sample statement of work for an investigation that will include interior air
spaces and the HVAC system:

An initial meeting at the XYZ plant will be held to familiarize proposed project staff with the plant
and processes. Company XYZ will provide plant escorts, who are authorized to provide access to all
building system locations that are to be assessed. The plant escorts will accompany the investigative
personnel.

In order to complete the initial investigation of the air handling units (AHUs), Company XYZ will
provide facility maintenance personnel, who will disassemble the access panels on each AHU. Fans
will be shut down and locked or tagged out by Company XYZ personnel. In the event that fans cannot
be shut down during first shift activities, Company XYZ’s facility maintenance personnel and the
investigative team will conduct the air handling investigations after shift two. All equipment will be
reassembled by Company XYZ personnel at the conclusion of the investigative effort for each air
handling unit. The current assumption is that fourteen (14) AHUs will be inspected.

Ductwork associated with the AHUs is accessible through panels at seven (7) locations. These panels
will be removed by Company XYZ facility maintenance personnel. All panels are located on the
vertical face of the ductwork; prior to the removal of these panels, a sheet of 6-mil polyethylene (poly)
will be placed by the contractor on the floor to receive these panels and any debris generated during
panel removal. This poly sheet will be bagged by the investigative team for subsequent sanitary
disposal by Company XYZ at the conclusion of the investigation for each ductwork area.

Flexible ductwork will be opened by removing the air outflow ceiling grids. Because these grids are
located on the horizontal lower face of the duct, removal may thus cause debris spillage in the nearby
area. The investigative team will position a poly sheet beneath each grid location, and the flexible
ductwork grid and faceplate will be lowered into a receiving 6-mil poly bag during disassembly.
Obviously soiled ductwork grids and faceplates will be cleaned or bagged for disposal and replaced
by Company XYZ personnel. The investigative team will collect all poly sheeting and bags for sanitary
disposal by Company XYZ.

Cooling water systems will be observed at the cooling tower rooftop locations, sump pump vaults,
and in the water treatment area. No purging of the system will occur during this investigative effort.
No valves will be opened in interior building locations. The investigative team will observe all system
components that contain waters; however, plumbing lines that run within wall or floor interiors will
not be examined. Current mechanical integrity will be determined based on visual evidence such as
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the presence of leaks and status of plumbing line materials; however, mechanical integrity will not
be physically tested. All rooftop units are located in the center of a flat roof and no personnel will be
within six (6) feet of a roof edge at anytime.

Documentation of the current status of these systems will be shown on the inspection checklists. All
spaces to be entered have been evaluated as not being confined spaces or as no-permit-required
confined spaces. In the event that permit-required confined spaces are identified and entry is required,
the investigative team will initiate the protocols required by the Confined Space Program. These
protocols include informing Company XYZ of a changed condition and the initiation of contract
option one.

2.3.3 Sampling Areas

Air monitoring is accomplished in coordination with contact sampling, which may involve any
of the following:

* Collecting bulk samples

* Collecting water samples

* Swabbing surfaces

* Applying agar plates to surfaces
¢ Vacuuming of small areas

* Tape sampling

All contact sampling requires consistent sampling techniques and, ultimately, either microscopic
analysis or incubation of samples followed by microscopic analysis. Sampling events should
document the following areas:

* Outdoors

* Indoor control areas assumed to be uncontaminated and at safe levels

* Indoor areas where contamination is suspected and where decontamination is required

* Ventilation systems suspected of either exhausting or supplying contaminated air to the indoor area

* Downwind of negative, high-efficiency particulate air (HEPA) filtration units used to exhaust
decontamination areas

* Clean rooms used during decontamination for personnel decontamination access

Other areas may need to be sampled depending on the zoning of work and the activity in the
building. Samples may be collected for total viable and nonviable airborne components. Summa
canisters or sorbent tubes are used when microbe-produced volatiles are to be documented. Real-
time instrumentation for microbial volatiles is also available that measures volatiles in the parts-
per-billion range. Wall cavity checking may be required by probing and drawing air from wall
cavity spaces, infrared photography, and/or moisture metering.

2.4 RECORDKEEPING

The daily monitoring log should contain the following information for each sample:

e Sampling and analytical method used

¢ Date sample collected

e Sample number

e Sample type

* Location/activity/name where sample collected
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For air samples:

* Sampling pump manufacturer, model, and serial number; beginning flow rate; end flow rate; average
flow rate (L/min)

» Calibration date, time, method, location, name of calibrator, signature

* Sample period (start time, stop time, elapsed time in minutes)

 Total air volume sampled (liters)

e Sample results

* Laboratory name, location, analytical method, analyst, and confidence level

* Printed name and a signature and date block for the industrial hygienist who conducted the sampling
and for the certified industrial hygienist who reviewed the daily air monitoring log verifying the
accuracy of the information

Sample results are time dependent. Thus, background sampling performed during a hot, humid
day will not be consistent with interior results collected later during a rainstorm. Seasonal and
climatic changes must be considered when comparing samples. The relative temperature and
humidity should be recorded for the days on which sampling occurred, particularly if successive
sampling days are required.

2.5 INDUSTRIAL HYGIENE MEASUREMENTS

In addition to the laboratory microscopy or incubation data, industrial hygiene measurements
may need to be considered, particularly in the interpretation of air samples. Many industrial hygiene
measurements are only understood in terms of ratios. The most common ratios are:

* Weight to weight
* Weight to volume
* Weight to area

To simplify matters, one (1) gravity is assumed and weight is commonly thought of as a measure
of mass. So, the weight-to-weight ratio is expressed as grams or pounds. For solids and liquids
that are assumed to be noncompressible, the weight-to-weight ratio makes sense. Gases are a state
of matter that is very compressible and expandable, so weight-to-volume measures must be used.

In order to standardize air measures, the temperature and pressure measurements may be
required. For normal temperature and pressure (NTP), the temperature is defined as approximately
room temperature, 25°C (77°F). Industrial hygienists prefer NTP, while chemists prefer a cooler
version known as standard temperature pressure (STP) for which the temperature is 21°C (70°F).
Both NTP and STP use a pressure of one atmosphere, which is equivalent to 14.45 pounds per
square inch (psi). One atmosphere is also described as 760 mmHg, because one atmosphere will
push mercury up a barometer column 760 mm.

When measuring for biological risk, the following states and their measurement conventions
must be considered:

* Gases expressed as a relative percentage of each to the total gases or to each other
¢ Liquids suspended in gases, mists, and vapors

¢ Liquids in liquids, mixtures, and miscible solutions

* Solids suspended in gases, fibers, fumes, dusts, and particulates

* Solids in liquids, mixtures, and emulsions

¢ Solids in solids — adsorption or absorption to particulates and mixtures
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Mists are smaller than vapors. Essentially, mists are tiny droplets of liquid riding on a cushion
of air. For solids in gases, various sizes of solids may ride on a cushion of air. Solids range in size,
from smallest to largest, as fumes, dusts, and particulates.

For both liquids and solids in air, weight-to-volume measurements are used, and the most
common units are milligrams per cubic meter (mg/m?). If we know the molecular weight of the
compounds of interest, we can convert mg/m? to parts per million (ppm), which is a weight-to-
weight ratio. In some cases, calculating the volume in a weight-to-volume measurement is not
possible. A good example of this is in wipe sampling. For wipe sampling, a standard area (usually
100 cm?) is wiped down. The contaminant from that area is suspended during analysis in a liquid.
So, for this liquid suspension, a weight-to-volume and a weight-to-weight ratio can be obtained;
however, this weight-to-volume ratio cannot be converted back to the original wipe sample con-
taminant load as weight to volume, because the only known dimension for the wipe sample is
weight to area.

2.6 AEROSOLS

Sampling that involves air transmission vectors for biologicals is termed bioaerosol sampling.
Aerosol dynamics must be understood in order to plan the appropriate sampling types and locations.
The general properties of aerosols are presented in this section.

Aerosols are suspensions of solid or liquid particles in a gas (usually air). The particulate portion
of an aerosol is referred to as particulate matter (PM). Particulate matter is a generic term applied
to chemically heterogeneous discrete liquid droplets or solid particles. The size and electrostatic
properties of an aerosol may determine its residency time in an airstream and subsequent availability
for inhalation.

The metric unit used for describing PM is the micron or micrometer (Um; le meters). The
PM in an aerosol can range in size from 0.001 to > 100 um in diameter. The following general
information about particulates and any variance from this information should be considered when
planning sampling routines:

* Visible particles constitute only about 10% of indoor air.

* Particle visibility depends on the eye itself — in other words, on the light intensity and quality,
as well as background and particle type.

« Particles on furniture and those in a shaft of light are approximately 50 um or larger.

 Particles as small as 10 wm may be seen using normal vision under favorable conditions.

* Approximately 98 to 99% of all particles by count are in the size range of 5 um or less. These
particles tend to remain in suspension or settle out so slowly that only quality electronic air cleaners
and HEPA air cleaners are effective in removing these particles.

* The majority of harmful particles are 3 um or less in size.

¢ Particles of 1 um or less adhere to surfaces by molecular adhesion. Scrubbing is generally the
only way to remove them.

» Larger particles tend to settle out of the atmosphere due to weight.

* Smaller, respirable particles remain virtually suspended in the air until breathed in.

* The average person breathes in about 16,000 quarts of air per day. Each quart contains some 70,000
visible and invisible particles. Thus, our lungs filter over a billion particles per day.

¢ The average home collects about 2 pounds of dust per week.

e A 9 X 12-ft carpet or rug will collect an average of about 10 pounds of dust per year.

2.6.1 Particulates

Particulates are generally categorized based on size:
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» Coarse particles are > 2 um in diameter.
* Fine particles are between 0.1 and 2 um in diameter.
e Ultrafine particles are < 0.1 um.

Most aerosol particles are polydisperse — they have a wide range of particle sizes that must
be characterized by statistical measures. In some cases, such as for an inkjet printer, it is desirable
to have a monodisperse aerosol with particles of equal size.

2.6.2 Solid-Particle Aerosols

Dust is formed by mechanical disintegration of a parent material; dust sizes range from less
than 1 um to visible. A fume is produced by the condensation of vapors or gaseous combustion
products and are < 1 um in size.

2.6.3 Liquid-Droplet Aerosols

Mist is formed by condensation or atomization; sizes range from < 1 um to 20 um. Fog is a
visible mist with a high particle concentration.

2.6.4 Solid/Liquid Particle Aerosols

Smoke is a visible aerosol resulting from incomplete combustion and is < 1 pum in size. Smog
is a photochemical reaction product, usually combined with water vapor, and is < 2 um in size.

2.6.5 Suspended Particulate Matter

Suspended particulate matter (SPM) is a complex mixture of small and large particles of
varying origin and chemical composition. PM10 particles range in size up to 10 um in diameter,
and PM2.5 particles range in size up to 2.5 um in diameter. SPM varies in chemical composition,
as particles can be made up of many components, including sulfates, nitrates, elemental carbon,
organic compounds, metals, and soil dust. This variation in composition reflects the many sources
of SPM.

2.7 AIR SAMPLING: METHODS FOR GENERAL PARTICULATES

Sampling for particulates requires that the particulates be filtered out or removed from the air
stream by impaction (Figures 2.1 and 2.2). Because particulates that are suspended in the air
stream come in many sizes, the first question is whether exposure standards are based on the
respirable fraction or the total particulate levels. Total particulates are often analyzed by gravi-
metric methods.

2.7.1 Gravimetric Filter Weighing Procedure

The step-by-step procedure for weighing filters depends on the make and model of the balance.
Consult the manufacturer’s instruction book for directions. In addition, follow these guidelines:

* Smoking and/or eating must not take place in the weighing area; both generate extraneous partic-
ulate matter in the airstream.
» All filters are handled with tongs or tweezers; do not handle the filters with hands.
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Figure 2.1 Filter used for particulate collection. Figure 2.2 Filter used for particulate collection.
(Courtesy of SKC, Inc., Eighty Four, PA.) (Courtesy of SKC, Inc., Eighty Four, PA.)

* Desiccate all filters at least 24 hours before weighing and sampling, and change desiccant before
the desiccant completely changes color (i.e., before the blue desiccant turns pink). Evacuate the
desiccator with a sampling or vacuum pump.

e Zero the balance prior to use.

¢ Calibrate the balance prior to use and after every 10 samples.

* Immediately prior to placement on the balance, pass all filters over an ionization unit to remove
static charges. (After 12 months of use, return the unit to the distributor for disposal.) When
weighing the filter after sampling, desiccate first and include any loose material from an overloaded
filter and cassette.

¢ Weigh all filters at least twice.

e If a difference of > 0.005 mg is found between the two weighings, zero the balance again,
recalibrate, and reweigh.

o If a difference of < 0.005 mg is found between the two weighings, average the weights for the
final weight.

Note: At all times take care not to exert downward pressure on the weighing pans, as such
action may damage the weighing mechanism. When reassembling the cassette assembly, remember
to add the unweighed backup pad. Record all the appropriate weighing information (in ink) in the
weighing log.

2.7.2 Total Dust

Various filtration options for collecting particulates are available. Sampling options are defined
based on the regulatory requirements and sampling environment. For example, one option is to
collect total dust on a preweighed, low-ash polyvinylchloride (PVC) filter at a flow rate of about
2 liters per minute (L/min), depending on the rate required to prevent overloading, as evidenced
by loose particulate in the filter cassette housing. The PVC filters are weighed before and after
taking the sample. Personal sampling pumps must be calibrated before and after each day of
sampling using a bubble meter method (electronic or mechanical) or the precision rotameter method
(calibrated against a bubble meter) (Figure 2.3).
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Figure 2.3 Placement of dust monitoring equipment for personnel sampling.

Figure 2.4 Cyclone adaptation for collection of respi-

Figure 2.5 Cyclone adaptation for collection of respi-
rable dust. (Courtesy of SKC, Inc., Eighty
Four, PA.)

rable dust. (Courtesy of SKC, Inc., Eighty
Four, PA.)
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2.7.3 Respirable and Inhalable Dust

Respirable dust is the component of particulate in the airstream that may deposit within the
gaseous exchange areas of the lung (see Figures 2.4 and 2.5). Respirable particles are just the right
size to travel with inspired air down into the alveoli of the lung. Once in the alveoli, these particles
may be a simple irritant or they may dissolve and provide chemicals in suspension with tissue
fluids. These suspended chemicals are then available to exert toxic and carcinogenic effects (Figure
2.6).

Respirable dusts that do not go into solution pose another danger. These insoluble dusts and
particulates and the fibers associated with respirable dusts are easy to breathe in; they move with
ease deep into the lungs and once in the lungs may stay in the tissue bed forever.

For total particulate sampling results, usually the best guess is that 60% of the particles available
in the airstream are ultimately respirable. The cut point for these particles is 50% at 4 um, which
means that 50% of the 4 um particles are captured. When health effect and exposure limits are based
on respirable dusts, either the 60% of total assumption must be made or special instrumentation must
be used to segregate out just the respirable fraction of total dust. Inhalable dusts include all of those
dusts from the general airstream that normal humans can bring into their respiratory tracts, which
includes everything from the nose to the base of the lungs.

Inhalable dusts have a 50% cut point of 100 um. Special inhalable-dust samplers are used to
collect only inhalable dusts, and these samplers may vary as to the size of particulate collected.
Cyclones of various types (aluminum, plastic) are used to collect respirable dust factions. Plastic
cyclones are the only choice in acid gas-contaminated atmospheres. Respirable dust can be collected
using a clean cyclone equipped with a preweighed low-ash PVC filter with a flow rate of 1.5 to
1.9 L/min.

2.7.4 Silica Respirable Dust: Cyclone Collection

When sporulated bacteria are purposely disbursed, chemicals such as silica may be added to
facilitate the residence time of the bacteria spores in the air. Essentially the silica reduces the
clumping sometimes associated with sporulated bacteria. Silica and other minerals also enhance
the electrostatic neutrality necessary to potentiate airborne spore dispersal. Singular spores have
the right size and electrostatic properties to float in the air and are thus available as respirable
particulates. For these reasons, measurement of silica dust may be warranted as an indirect measure
of disbursed sporulated bacteria.

Silica is collected only as a respirable dust. Aluminum cyclones are recommended to ensure
that the cyclone material does not interact or become part of the sample; silica at sufficient velocity
may etch a plastic cyclone. A bulk sample should also be submitted to provide a basis for comparing
silica levels in stock to ultimate respirable levels of dust. All filters used must be weighed before
and after sampling.

2.7.5 Direct-Reading Dust Monitors

Direct-reading dust monitors may be used to provide real-time data to predict room or area
particulate loading. These instruments may also be necessary to quantitate respirator effectiveness
and particulate loading in contained air spaces (such as those present within equipment housings),
and for particulate shedding and component tests.

2.7.5.1 Condensation Nuclei Counters

Condensation nuclei counters are based upon a miniature, continuous-flow condensation nucleus
counter that takes particles too small to be easily detected, enlarges them to a detectable size, and
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Figure 2.6 Schematic of lung areas. (Courtesy of SKC, Inc., Eight Four, PA.)

counts them. Submicrometer particles are grown to supermicrometer alcohol droplets by first
saturating the particles with alcohol vapor. Particles in the sample pass through a saturator tube,
where alcohol evaporates into the sample stream. The sample flow becomes saturated with alcohol
vapor. The sample then passes into a cooled condenser tube, where the alcohol vapor supersaturates
and condenses onto virtually all particles larger than 10 nm in diameter. The resulting droplets exit
the condenser.

As the droplets pass through the sensing volume, the particles scatter the light. The light passes
through a thin ribbon of laser light. It is then collected by an optical system and focused by the
optical system. The scattered light is focused onto a photodetector or a photodiode, which generates
an electrical pulse from each droplet. The concentration of particles is determined by counting the
number of pulses generated. Individual airborne particles from sources such as smoke, dust, and
exhaust fumes are counted. These instruments are insensitive to variations in size, shape, compo-
sition, and refractive index. The particle size and concentration range vary.

Isopropyl alcohol must be added to these units according to the manufacturer’s instructions.
Under normal conditions, a fully charged battery pack will last for about 5 hours of operation. Low
battery packs should be charged for at least 6 hours, and battery packs should not be stored in a
discharged condition.

2.7.5.2 Photodetection

Photodetectors operate on the principle of detecting scattered electromagnetic radiation in the
near infrared and can be used to monitor total and respirable particulates. These devices measure
the concentration of airborne particulates and aerosols, including dust, fumes, smoke, fog, and mist.
Certain instruments have been designed to satisfy the requirements for intrinsically safe operation
in methane—air mixtures. When the photodetector is not being operated, it is placed in the plastic
storage bag, which should then be closed to minimize particle contamination of the inner surfaces
of the sensing chamber.

After prolonged operation in or exposure to particulate-laden air, the interior walls and the two
glass windows of the sensing chamber may become contaminated with particles. Repeated updating
of the zero reference following the manufacturer’s procedure will correct errors resulting from such
particle accumulations; however, this contamination could affect the accuracy of the measurements
as a result of excessive spurious scattering and significant attenuation to the radiation passing
through the glass windows of the sensing chamber.
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2.8 BIOLOGICALS: VIABLE VS. NONVIABLE

Mold spores are microscopic (2 to 10 wm) and are naturally present in both indoor and outdoor
air. Some molds have spores that are easily disturbed and waft into the air and settle repeatedly
with each disturbance. Other molds have sticky spores that will cling to surfaces and are dislodged
by brushing against them or by other direct contact. Spores may remain capable of producing
vegetative growth for years. In addition, whether or not the spores are alive, the allergens in and
on them may remain allergenic for years. Analysis is based on recognizing the synecological
assemblage of isolates consistent with the presence of indoor mold amplifiers. Locating and
examining any mold amplifiers not detected in preliminary inspection is a logical follow-up step
once sampling has revealed that these amplifiers are present.

2.9 MOLD SAMPLING: INDUSTRIAL HYGIENE PROTOCOLS

The following is a step-by-step procedure for mold sampling:

1. Assemble materials and equipment to be used. Segregate materials and equipment to be taken
inside the building or area of concern. Use impermeable plastic bags whenever possible to con-
tainerize materials and equipment to be taken into the building. Do not use cardboard or other
porous containers that cannot be readily decontaminated.

2. Mark each contact sample or strip agar blister pack with a unique sample number using a permanent
marker (for example, a Sharpie® pen). Allow the ink to air dry before placing the blister pack in
a plastic bag.

3. Use alarge (quart or more), resealable, plastic freezer bag to package each contact sample or strip agar.

4. Assemble at least 10 of each type of sampling media in a large plastic bag. Package no more than
10 agar blister packs together for transfer to a contaminated area.

5. Assemble another bag to contain extra impermeable gloves (latex, 6-mil, or neoprene) and alcohol
wipes. Alcohol wipes can be purchased in individual packets or made on site using paper towels
and isopropyl alcohol. The alcohol-soaked paper towels are more effective for larger decontami-
nation areas. Double bag all sources of alcohol and avoid direct alcohol contact with the agar
blister packs.

6. Establish a staging area and set up a decontamination area in a biologically neutral location away
from potential biological amplification sites.

Put on the personal protective equipment (PPE) in the following order:

1. First hooded Tyvek®
Boots

3. First and second layer of gloves (double gloving is optional in some situations), followed by duct
taping boot and glove openings at the ankles and wrists (optional in some situations)

4. Respirator

5. Second hooded Tyvek® (optional in some situations)

Begin the sampling routine. Sample outside and in all assumed uncontaminated or amplified
areas first. Then sample into progressively more contaminated areas. Use the same protocols for
all sampling events, including the same pressure and motion when using contact plates and the
same walking routines or static placement when using dynamic sampling devices carried with you.

2.9.1 Direct Detection

Procedures for the direct detection of mold amplifiers may be used either after an air sample
has predicted the presence of amplifiers or as a preliminary survey. Common places where
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significant amplifiers can be visually identified are on, in, or under water-damaged walls; wallpaper
or wallboard paper (whether painted over or not); backings of water-damaged carpets; HVAC
coils, pans, and vanes; damp papers; walk-in refrigerators and incubators; windowsills; shower
stalls; washroom fixtures; and moist organic materials, including any moist objects composed of
cellulose. Exposed insulation may be visibly discolored with mold, as may the inner or outer
surface of its covering paper. Paint, ceramic, grouting, or plastic may also support mold growth.

Tape, swab, contact, and grab samples may expose many normally settled elements that may
not be significantly present in the air. Dust samples may reveal a long-term fungal deposition and
negate air-current bioaerosol variability as seen in short-duration air samples.

2.9.2 Interior Wall Sampling

By making a small hole in wall planar surfaces or at baseboards, the interior wall area can be
investigated. An air-sampling pump can be used to draw the air toward filter cassettes or mini-can
Summa canisters.

2.9.3 Contact and Grab Sampling

The vial contact or specimen grab sampling routine (see Figure 2.7) typically is as follows:

1. Open the swab or contact plate blister pack over bag at first location to be sampled.
Sample mold by applying the contact plate to the area with gentle pressure or by swabbing.
(Note: Obtaining a small sample of contaminated building (or other) material may also be required.)

3. Place the mold-contaminated contact plate into the blister pack or into the swab vial.

Place sample into another plastic container (Ziplock® bag). Seal the bag.

5. Dispose of gloves if contaminated by direct contact or if the presence of pathogenic fungi is
suspected.

6. Place decontaminated gloves into a small waste bag.

Decontaminate any other tools used.

8. Decontaminate the outside of the sealed sample bag with alcohol wipes if it has been contaminated
by direct contact or if the presence of pathogenic fungi is suspected.

>

=

Figure 2.7 Direct contact plates are momentarily applied to surfaces. (Courtesy of Biotest Diagnostic Corpo-
ration, Denville, NJ.)
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2.9.4 Air Sampling: Bioaerosols

Air sampling is used to determine the bioaerosol type and concentration in the airstream of the
sampled area. Air sampling for fungi and total particulates is used to identify types of culturable
and nonculturable bioaerosols and bioaerosol concentrations. For direct air sampling, a designated
flow of air is used. The air is either drawn toward a vacuum pump through a filter or past a staging
assembly that may include impeller blades. When bioaerosols must be collected, extremely high
flow rates may be required. The rule in general is that sonic flow requires a 0.5-atmosphere pressure
drop. As with all pumps, the greater the pressure drop, the faster the intake of air toward that
pressure void area.

Air samples for fungi and total particulates are taken by using a high-flow pump calibrated at
a flow rate of 15 L/min and a collection time of 5 min for both room (ambient air) and outdoor
reference samples. A collection time of up to 2 min may be used for samples collected inside wall
cavities (e.g., WallChek™ samples). The air samples are collected in a sterile manner, sealed, labeled,
and submitted to a microbiological laboratory for microbial identification. The laboratory uses
direct microscopic examination of the cassettes and/or growth media to identify the type and
concentration of culturable and nonculturable bioaerosols in the air. Any airborne fungi, as well as
any other airborne particulates (e.g., pollen, fibers, skin cell fragments, or insect parts) will be
collected during the sampling period.

Detecting general fungal materials such as chitin, glucan, and ergosterol may not allow dis-
crimination of fungal elements from indoor and outdoor sources. Interpretable single-case results
(as opposed to multi-case statistical trends) might be obtained only in cases where an extreme
indoor buildup has occurred or the indoor accumulation of outdoor fungal material is otherwise
known to be insignificant.

Air sampling is not appropriate for quantitative evaluation of Stachybotrys or certain other fungi
that are poorly culturable from airborne spores because in heavily contaminated environments the
sample may be overexposed, multiple spores may be counted as one after impaction, subsequent
colony overgrowth may occur, or correction factors may be needed. Reducing the sampling time
may result in correctly exposed media; however, results may be skewed if the sampling time effect
is not factored into the ultimate sampling report conclusions. Contact and liquid dip agar plates
are used to compare airborne levels to those present on surfaces or in liquid pools.

2.9.5 Example of Reuter Centrifugal Sampler (RCS) or SAS Sampling Sequence
RCS sampling routines are as follows (see Figures 2.8 and 2.9):

1. Open sample over a bag at first location to be sampled.
Insert agar strip or plate. Do not directly touch the agar media at any time. In the event that the
agar is touched, discard that agar strip.

3. Sample for mold by running the instrument for the approved time duration.

4. Remove the agar. Do not directly touch the agar media at any time. In the event that the agar is
touched, discard that agar strip.

5. Place the agar into the original sample bag.

6. Seal the bag.

7. Dispose of gloves if contaminated by direct contact or if the presence of pathogenic fungi is
suspected.

8. Place decontaminated gloves into small waste bag.

9. Decontaminate the outside of sealed sample bag with alcohol wipes if contaminated by direct
contact or if the presence of pathogenic fungi is suspected.

10. Place the alcohol wipes into a small waste bag.
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Figure 2.8 SAS air sampler and viable impactor. Figure 2.9 Two versions of the RCS are available;
(Courtesy of Bioscience International, the newer version has digital air flow pro-
Rockville, MD.) gram capability.

The sampling instruments, in some circumstances, may need to be decontaminated between
sampling events. In the field the impeller assembly can be cleaned with isopropyl alcohol and
thoroughly air-dried in a biologically neutral location. If further decontamination is required, it
should be done at the issuing laboratory. In some circumstances, pathogenic sleeves must be used.
Do not take the carrying case or battery charger into a contaminated environment. A remote control
is provided to initiate the sampling event. At the conclusion of a sampling event, at a minimum,
wipe down the sampling instrument’s exterior with alcohol wipes. Use equipment decontamination
pads to decontaminate temporary lighting and any other large equipment used. (Note: Lights are
turned off prior to decontamination; the last set of lights may be decontaminated using handheld
flashlights.)

2.9.6 Example of Exit Requirements

When exiting the area:

Place all used alcohol wipes into a small waste bag and seal the waste bag.
Exit area.

Decontaminate outer Tyvek® and respirator with alcohol wipes.

Remove outer Tyvek®.

Place used Tyvek® into a large waste bag.

Decontaminate inner Tyvek®, gloves, and boots.

Place decontaminated items into a waste bag.

Remove duct tape from wrists/ankles.

Remove boots, gloves, and Tyvek®.

Place used boots, gloves, and Tyvek® into a large waste bag.

Seal the large waste bag.

Decontaminate the respirator again prior to removal; place used alcohol wipes into a (new) small
waste bag.

13. Remove respirator.

14. Use alcohol wipes to decontaminate hands.

15. Place all used decontamination pads into a small waste bag.

16. Bag all disposable equipment and dispose of it in an appropriate manner.
17. Bag all nondisposable equipment for further decontamination off-site.

PN AW =
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2.10 VOLATILE SCREENING

Volatile screening may be needed to determine levels of microbial volatile organic compounds
(mVOC:s) or to monitor the biocides being used. For indoor air quality assessments, photoionization
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detectors (PIDs) or adsorbent media followed by gas chromatography/mass spectroscopy (GC/MS)
lab analysis can be used to measure volatile organic compounds at low levels.

2.10.1 Photoionization Detectors

Time studies have repeatedly shown that in industrialized societies people spend very little time
outdoors. While it is dependent on a number of factors, the proportion of time spent outdoors is
often no more than 5%. The drive for greater HVAC efficiency has led to buildings that are sealed
more tightly than ever, so less fresh air is admitted to dilute any airborne contaminants. Because
people are spending upwards of 95% of their time inside sealed, high-efficiency buildings, com-
plaints of sick building syndrome (SBS) are on the rise. According to the American Lung Associ-
ation, the top five indoor air pollutants are:

e Carbon monoxide

* Formaldehyde

* Microbial contaminants (mold spores)
¢ Second-hand tobacco smoke

* Volatile organic compounds

To limit occupant exposure to these compounds, sources must be identified and either eliminated
or controlled. A PID measures VOCs and other toxic gases in low concentrations from parts per
billion (ppb) up to 10,000 parts per million (ppm, or 1% by volume). A PID is a very sensitive
broad-spectrum monitor.

Photoionization detectors measure 0 to 10,000 ppm with resolution down to 1 ppb and therefore
are a very appropriate means of measuring VOCs (and other toxic gases and vapors) at extremely
low levels. The advantage of the PID is that, while it is not selective, it is a small, continuous
monitor that can provide instantaneous feedback (less than 3 seconds). This instant feedback is
critical because it provides users with the ability to deal with an indoor air quality problem instantly
rather than letting the problem build while waiting for laboratory results.

A PID uses an ultraviolet (UV) light source (photo, light) to break down chemicals to
positive and negative ions (ionization) that can easily be counted with a detector. Ionization
occurs when a molecule absorbs the high-energy UV light, which excites the molecule and
results in the temporary loss of a negatively charged electron and the formation of a positively
charged ion. The gas becomes electrically charged. In the detector, these charged particles
produce a current that is then amplified and displayed on the meter in parts per million or
even in parts per billion. The ions quickly recombine after exposure to the electrodes in the
detector to reform their original molecule. PIDs are not destructive; they do not burn or
permanently alter the sample gas.

All elements and chemicals can be ionized, but they differ in the amount of energy required.
The energy required to displace an electron and ionize a compound is called the ionization potential
(IP), which is measured in electron volts (eV). The light energy emitted by a UV lamp is also
measured in electron volts. If the IP of the sample gas is less than the electron-volt output of the
lamp, then the sample gas will be ionized (Figure 2.10).

Photoionization detectors provide a direct means of detecting mVOCs. This makes PIDs an
excellent choice for both portable indoor air quality surveys and permanent IAQ subsystems of an
HVAC system. Recent advances in PID technology provide parts-per-billion resolution, thus pro-
viding immediate insight and diagnostics that have never been possible before in indoor air quality
surveys. Innovations such as self-cleaning optics reduce long-term PID drift to a manageable level
and can provide the means for HVAC total volatile organic compound (tVOC) control used alone
or in an array of indoor air quality sensors (Figures 2.11 and 2.12).



56 BIOLOGICAL RISK ENGINEERING HANDBOOK: INFECTION CONTROL AND DECONTAMINATION

An optical system using Current is measured Sample Flow
ultraviolet lamp to breakdown and concentration is (X axis) |
vapors and gases for displayed on the
measurement t Sample in Sensor

| sample out

: E é E . 0" 0 o
Gas enters the ( It is now + O-ring
instrument “ionized” Charged gas ions
flow to charged
plates in the
It passes by sensor and
the UV lamp

current is produced

Figure 2.10 Photoionization detector lamp operation. (Courtesy of RAE Systems, Sunnyvale, CA.)

2.10.2 Photoionizaton Detectors and Indoor Air Quality

Photoionization detectors provide a direct means of quickly assessing indoor air quality. The
urgency and complexity associated with sick building syndrome (SBS) have triggered a search for
a practical (time- and cost-effective) assessment method using tVOC levels as practical standards
(Godish, 1995). Such a total component concept has already gained acceptance in other health-
related disciplines, such as using total suspended particles (TSPs) and total decibels (TdBs) as
screening standards for particle and sound pollution, respectively. Pioneer work on using the tVOC
level as a practical overall standard is not complete (Seifert, 1990; Molhave, 1990) and require
further epidemiological research. Even so, measuring tVOCs is emerging as a more direct approach
of surveying indoor environments for contamination.

2.10.2.1 Total Volatile Organic Compounds

Preliminary data indicate that tVOCs are good indicators not only for traditional contaminants
(off-gassing products) but also for microbial actions (chemical releases from molds, fungi.). Recent
studies on the chemistry of VOCs in indoor air (secondary emission and reactive species) and the
effects of microbiological VOCs (Hess, 2001; Salthammer, 2000; Wolkhof, 2000) call for a need
for further research. Until complete understanding is reached, researchers (Hara, 2000; Salthammer,
2000; Seifert, 1999) are refining the tVOC approach as practical screening method for exposure
risk assessment to total VOCs in working and living environments.

2.10.2.2 General Guidelines

Isobutylene elicits a PID responsiveness about midpoint in the range of PID sensitivity; con-
sequently, isobutylene is typically used to calibrate the PID. Because PIDs are calibrated to
isobutylene, correction factors (CFs) are expressions of PID sensitivity to a chemical relative to
isobutylene; EL ¢ cnica 18 the exposure limit in chemical units (ppm). Unless otherwise indicated,
the EL is typically an 8-hour time-weighted average (TWA):

CF - PID Isobutylene Response x Concentration of gas (ppmv)

Conc. of isobutylene (ppmv) X Response of gas on PID

_ ELchemical (ppmv)

Isobutylene CF Chemical
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Figure 2.11 ppbRAE capable of continuous detection ~ Figure 2.12 MultiRAE combines a PID with O,, LEL,
down to 1 ppb for volatile organic com- CO and other toxic sensors. (Courtesy of
pounds (VOCs). Comparator circuitry in RAE Systems, Sunnyvale, CA.)
the sensor of the ppbRAE is used to zero-
out background VOCs. (Courtesy of RAE
Systems, Sunnyvale, CA.)

Thus, the exposure limit in units of isobutylene is the exposure limit in chemical units divided
by the ratio of chemical units to isobutylene units.

Global consensus has resulted in the emergence of preliminary guidelines for tVOC standards
for indoor air quality (Australian NHMRC, 1993; Finnish Society of Indoor Air Quality and Climate,
1995; Hong Kong EPA, 1999; Japan Ministry of Health, 2000; Seifert, 1999). Depending on location
(home, school, workplace), recommended levels range from 200 to 1300 pg/m?3, or about 50 to
325 ppb toluene units, or approximately 100 to 650 ppb isobutylene units. The indoor air quality
tVOC threshold for normal environments should not exceed 500 ppb (0.5 ppm) toluene units, which
is equivalent to 1000 ppb (1 ppm) isobutylene units. Field experience suggests the following
guidelines for the use of PIDs to assess indoor environments:

* <100 ppb isobutylene units for normal outdoor air
* 100 to 400 ppb isobutylene units for normal indoor air
* 500+ ppb isobutylene units for potential indoor air quality contaminants
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2.10.2.3 Exposure vs. Time

Adsorptive tests may show that workers have been safe on average over an 8-hour day, yet
elevated levels of chemical may be missed by the averaging affects of adsorptive testing. For
example, consider an office building with a small print shop in the basement. During the winter,
the building manager decides to save money by decreasing the amount of outside fresh air introduced
into the HVAC system so that the air in the building is recirculated. Over the course of a work day,
the mold odors build up and reach high levels. Workers in the building do not smell the vapors
because these workers have grown accustomed to the odors through olfactory fatigue. Low solvent
exposure in the morning coupled with the high exposure in the afternoon provides an average
exposure that is acceptable; however, exposure vs. time data logging with a PID shows a trend of
VOCs being absent in the morning with high levels in the afternoon. By adding the morning
concentrations to the afternoon concentrations, adsorptive techniques missed this situation. If we
were to plot the time vs. exposure for adsorptive tests, a straight line for the 8-hour work day would
incorrectly indicate a static situation of little concern.

2.11 SUMMA CANISTER AND MINI-CAN

The Summa canister and mini-can can be preset to draw in a known volume of gas. The mini-
can is worn by a worker or placed in a static location. Sample collection occurs without the use
of an additional air-sampling pump. Another application is to use these devices during wall checking
to determine mVOC levels (Figure 2.13).

2.12 ADSORBENT MEDIA FOLLOWED BY GC/MS LAB ANALYSIS

Various containers may be used to collect gases for later release into laboratory analytical
chambers or sorbent beds. The remote collection devices include bags, canisters, and evacuation
chambers. Remote collection refers to the practice of collecting the gas sample (intact chemically)
at a site remote from the laboratory, where analysis will occur. This method of sample collection
must always take into account the potential for the matter of the collecting vehicle to react with
the gaseous component collected during the time between collection and analysis. For this reason,
various plastic formulations and stainless steel compartments have been devised to assure that
reactions with the collected gases are minimized. When bags are used, the fittings for the bags to
the pumps must also be relatively inert and are usually stainless steel. Multiple bags may be collected
and then applied to a gas chromatograph column using multiple bag injector systems.

Low-flow pumps are used to pull a sample through an adsorbent tube, or an evacuated stainless
steel cylinder draws in the air to be sampled to provide continuous monitoring over an entire
day or portion of day. These samples are sent to a laboratory. After analysis of these samples
with gas chromatography/mass spectroscopy (GC/MS) one can tell exactly what the average
concentration of chemical exposure was at the time the pump was used. To approximate the
concentration vs. the time of exposure, multiple tubes or cylinders must be run through the pump
during the working day. This leads to greater complication and cost. While these tubes and
cylinders may be specific, adsorbent tubes and cylinders are reactive rather than proactive. Results
can take days or weeks to return from the lab. Sampling followed by GC/MS testing is like a
35-mm camera. While they both produce excellent results, you must wait for the film to be
developed. In addition, laboratory analysis is expensive (Figure 2.14). In his study, Hara (2000)
found significant correlation between samples tested with a Tenax TA thermal desorption GC/MS
and a RAE Systems ppbRAE.
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Figure 2.13 Mini-can Summa canister. (Courtesy of Aerotech Laboratories, Phoenix, AZ.)

2.12.1 Solid Sorbent Tubes

Organic vapors and gases may be collected on activated charcoal, silica gel, or other adsorption
tubes using low-flow pumps. Tubes may be furnished with either caps or flame-sealed glass ends.
If using the capped version, simply uncap during the sampling period and recap at the end of the
sampling period. Multiple tubes can be collected using one pump. Flow regulation for each tube
is accomplished using critical orifices and valved regulation of airflow. Calibration of parallel or
multiple Y-connected tube drawing stations must be done individually for each tube even in cases
where the pump is drawing air through more than one tube in a parallel series. In instances where
tubes are connected in series, only one calibration draw is done through the conjoined tubes that
empty air directly into the other.

Sorbent tubes may be used simply to collect gases and vapors or to collect and react with the
collected chemicals. Some of the reactions may produce chemicals that, when off-gassed, could
harm the pumps being used to pull air through the sorbent media bed. In these cases, either filters
or intermediate traps must be used to protect the pumps.

The following protocols should be followed:

* Immediately before sampling, break off the ends of the flame-sealed tube to provide an opening
approximately half the internal diameter of the tube. Take care when breaking these tubes, as
shattering may occur. A tube-breaking device that shields the sampler should be used.

* Wear eye protection when breaking ends.

¢ Use tube holders, if available, to minimize the hazards of broken glass.

¢ Do not use the charging inlet or the exhaust outlet of the pump to break the ends of the tubes.

» Use the smaller section of the tube as a back up and position it near the sampling pump.

¢ The tube should be held or attached in an approximately vertical position with the inlet either up
or down during sampling.

* Draw the air to be sampled directly into the inlet of the tube. This air is not to be passed through
any hose or tubing before entering the tube. A short length of protective tape, a tube holder, or a
short length of tubing should be placed on the cut tube end to protect the worker from the jagged
glass edges.

* Cap the tube with the supplied plastic caps immediately after sampling and seal as soon as possible.

¢ Do not ship with bulk material.

» For organic vapors and gases, low-flow pumps are required. With sorbent tubes, flow rates may
have to be lowered or smaller air volumes (half the maximum) used when humidity is high (above
90%) in the sampling area or relatively high concentrations of other organic vapors are present.
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Figure 2.14 Graph of volatile monitoring to parts-per-billion level. (Courtesy of RAE Systems, Sunnyvale, CA.)

2.12.2 Detector Tubes

Detector tubes and pumps are screening instruments which may be used to measure more than
200 organic and inorganic gases and vapors or for leak detection (Figure 2.15). Some aerosols can
also be measured. Detector tubes use the same media base (silica gel or activated charcoal) as do
many sorbent tubes. The difference is that the detector tubes change color in accordance with the
amount of chemical reaction occurring within the media base. The media base has been treated
with a chemical that effects a given color change when certain chemicals are introduced into the
tube and reside for a time in the media. The residence time for the reaction to occur and the volume
of air that must be drawn through the detector tubes varies with the chemical and anticipated
concentration. All detector tube manufacturers supply the directions for using their detector tubes
as an insert sheet with the tubes.

Detector tube pumps are portable equipment that, when used with a variety of commercially
available detector tubes, are capable of measuring the concentrations of a wide variety of compounds
in industrial atmospheres. Each pump should be leak-tested before use and calibrated for proper
volume at least quarterly or after 100 tubes.

Operation consists of using the pump to draw a known volume of air through a detector tube
designed to measure the concentration of the substance of interest. The concentration is then
determined by a colorimetric change of an indicator that is present in the tube contents. Detector
tubes of a given brand are to be used only with a pump of the same brand; the tubes are calibrated
specifically for the same brand of pump and may give erroneous results if used with a pump of
another brand.

A limitation of many detector tubes is the lack of specificity. Many indicators are not highly
selective and can cross-react with other compounds. Manufacturers’ manuals describe the effects
of interfering contaminants. Another important consideration is sampling time. Detector tubes give
only an instantaneous interpretation of environmental hazards. This may be beneficial in potentially
dangerous situations or when ceiling exposure determinations are sufficient. When long-term
assessment of occupational environments is necessary, short-term detector-tube measurements may
not reflect time-weighted average levels of the hazardous substances present.

Detector tubes normally have a shelf life of one to two years when stored at 25°C. Refrigeration
during storage lengthens the shelf life. Outdated detector tubes (i.e., beyond the printed expiration
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Figure 2.15 Detector tubes. (Courtesy of RAE Systems, Sunnyvale, CA.)

date) should never be used. The specific tubes are designed to cover a concentration range that is
near the permissible exposure limit (PEL). Concentration ranges are tube dependent and can be
anywhere from 1 one-hundredth to several thousand ppm. The limits of detection depend on the
particular detector tube. Accuracy ranges vary with each detector tube. The pump may be handheld
during operation (weight, 8 to 11 ounces) or may be an automatic type (weight, about 4 pounds)
that collects a sample using a preset number of pump strokes. A full pump stroke for either type
of short-term pump has a volume of about 100 mL. In most cases, where only one pump stroke is
required, sampling time is about one minute. Determinations for which more pump strokes are
required take proportionately longer.

Multiple tubes can be used with newer microcapillary detector tube instruments. Computer
chips are programmed to draw preselected air volumes across these detector tubes. Levels are
measured based on changes in light absorption across the microcapillary tubes.

2.12.3 Colorimetric Sorbent Packed Tubes

A variation on the detector tube technology is the use of sorbent packed tubes that change color
in response to ambient airflow. The application of reactive adsorbing and/or absorbing chemicals
onto test strips is also used to provide a general indication of airborne contaminant levels. An
example is the ozone test strip used to monitor both outdoor and indoor ozone levels. Absorbent
tubes respond slowly to changes in concentration and can miss or grossly underestimate some
exposures. These transient exposures may affect people, but the slow response of adsorptive
sampling techniques, coupled with their averaging, could underestimate or miss the volatile off-
gassing. A PID can log these quick, high transient responses.

2.12.4 Vapor Badges

Passive-diffusion sorbent badges are useful for screening and monitoring certain chemical
exposures, especially vapors and gases. Badges are available from the laboratory to detect mercury,
nitrous oxide, ethylene oxide, and formaldehyde. Interfering substances should be noted. A variation
on the vapor badge is available as a dermal patch. These dermal patches can also be used in the
detection of semivolatiles such as pesticide residuals (Figure 2.16).
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Figure 2.16 Dermal patches may be used on skin, personal protective equipment, or equipment surfaces.
(Courtesy of SKC, Inc., Eighty Four, PA.)

2.12.5 Formaldehyde

Formaldehyde sampling can be accomplished using both passive and active (use of a pump)
techniques (Figure 2.17). When long-duration sampling is required in indoor air investigations,
passive sampling tubes may be the method of choice. Vapor badges can be used to monitor personnel
exposures. Neither of these methods is recommended for acute exposure scenarios, as the sampling
media will quickly become overloaded. In acute exposure scenarios, sampling with a sorbent tube
attached to an air sampling pump or a detector tube attached to a pump/bellows is recommended.
Attachment implies that the pump will be used to draw a known volume of air quickly into the

media. This air will be at a concentration anticipated to provide information but below that which
would overload the media.

SEC sk

Formaldehyde Sampler

1251443

Figure 2.17 Vapor badge. (Courtesy of SKC, Inc., Eighty Four, PA.)



INDUSTRIAL HYGIENE SAMPLING 63

Figure 2.18 High-volume polyurethane foam sam-  Figure 2.19 Impinger (liquid media) attached to a
pler. (Courtesy of SKC, Inc., Eighty Four, personal air sampling pump. (Courtesy
PA.) of SKC, Inc., Eighty Four, PA.)

2.13 PESTICIDES, POLYAROMATIC HYDROCARBONS,
AND POLYURETHANE FOAM

Both pesticides and polyaromatic hydrocarbons (PAHs) can be collected in polyurethane foam
(PUF) tubes (Figure 2.18). PUF tubes are available for both high- and low-volumes sampling. The
sampling volume requirement is determined by the regulatory requirements and the chemical
properties of the anticipated sample.

2.14 ACID GASES OR CAUSTICS

Volatile acid gases may be an inappropriate designation. Acid gases are often generated during a
reaction, and the latent volatility of the acid gas is really not the issue. In these cases, thermal
volatilization based on boiling point predictions and mechanical dispersion may be of less importance
than the rate of the reaction generating the acid gas or caustic. However, in addition to this reaction
phenomenon, acid gases such as chlorine are given off when the liquid solution is distributed around
an area. This is a classic case of the liquid—gas interface seeking an equilibrium. If air currents sweep
the generated gas concentration away from this equilibrium site, the liquid will again yield molecules
to the gas phase to achieve another equilibrium.

Acid gases and caustics, with their corrosive or caustic properties, can have health effects that
include both toxicological and physical acute manifestations such as watering eyes and respiratory
tract irritation. Because of these effects, sampling for acid gases and caustics must begin upon
approaching the area of concern. Sampling for acid gases and caustics may use all of the techniques
specified for any volatile. In addition, some acid gases and caustics are dispersed when precipitated
out or adsorbed onto particulates; therefore, particulate sampling techniques are applicable. The
reaction phenomena must always be considered during any sampling of acid gases or caustics. Any
real-time instrumentation with unprotected metal sensors, lamp filaments, or sensor housings will
often be rendered useless as the acid gases or caustics interact with the metals through reduc-
tion—oxidation (RedOx) reactions.

2.14.1 Impingers

Impingers may be used to bring acid/caustic-laced particulates into solutions that are retained
within the impinger’s vessel. Vapors, mists, and gases may also be introduced into the impinger
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solution. If the reaction within the impinger vessel could cause off-gassing, a filter or media barrier
may be required between the air sampling pump and the impinger vessel tubing to the pump
(Figure 2.19). Small impingers may be worn as personal sampling devices. The main concern with
impingers as sampling devices, especially for personnel, is that the liquid could spill.

2.14.2 Sorbent Tubes

Sampling media must also be acid and caustic resistant. Sampling for acids and caustics is
often discussed in terms of using silica gel sorbent tubes (Figure 2.20). The procedure for this
sampling is the same as those for volatiles where charcoal tubes are often used. The essential
problem with silica gel tubes is that these tubes tend to clog. Use of dual-flow tubes provides some
assurance that if one tube plugs up the other might still remain effective so as to provide data from
the sampling interval. In instances where silica gel tubes continue to clog, switching to larger bore
silica gel tubes or altering the sampling interval (less time) may be needed. If this does not work,
switching to charcoal tubes may be the only other solvent tube option.These sampling routines
may be at odds with the recommended National Institute of Occupational Safety and Health
(NIOSH) methods calling for the use of small-bore silica gel tubes at a low flow rate for extended
periods of time. If so, decision logic must be documented and this documentation linked to the
competency of the individual who devised the sampling plan.

2.14.3 Detectors

Various detector tubes are available for acid gases and caustics. Chemical-specific detectors are
increasingly available as hard-wired permanent detectors based on electrochemical sensors. As with
any other electrochemical sensor, recovery of the sensor after overdosing with a chemical may take
time or may not be possible at all.

.\

¢ SEC

UltraFlo

Figure 2.20 Orientation of dual sorbent tubes to sampling pump and calibration device. (Courtesy of SKC,
Inc., Eighty Four, PA.)
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Figure 2.21 Ozone indicator papers.

2.15 INDICATOR PAPERS OR METERS

Indicator papers or meters are particularly valuable where ozone, acid gases, and caustics may
be of concern. Many sampling events require concurrent bulk sampling, and often these samples
can be effectively characterized as to pH in the field (Figure 2.21).

2.16 VENTILATION ADEQUACY

In order to determine the potential for the spread of airborne biological components, ventilation
adequacy should be measured. Duct diameters are measured to calculate duct areas. Inside duct diameter
is the most important measurement, but an outside measurement is often sufficient for a sheet metal
duct. To measure the duct, wrap the measuring tape around the duct to obtain the duct circumference,
and divide that number by 3.142 to obtain the diameter of the duct. Hood and duct dimensions can
also be estimated from plans, drawings, and specifications. If a duct is constructed of 2.5- or 4-foot
sections, the sections can be counted (elbows and tees should be included in the length). Hood-face
velocities outside the hood or at the hood face can be estimated with velometers, smoke tubes, and
swinging-vane anemometers, all of which are portable and reliable.

2.16.1 Smoke Tubes

Nonirritant smoke can be used to visually determine air circulation paths. The general practice
when using smoke is to squeeze off a quick burst of smoke, time the travel of the smoke plume over
a 2-foot distance, and calculate the velocity in feet per minute. Smoke checking is useful to determine:

* Air circulation — Dispersal of smoke within several seconds from the center of the room suggests
good air circulation, while smoke that stays essentially still for several seconds suggests poor
circulation.

* Flow patterns in HVAC systems — Puffs of smoke released adjacent to HVAC vents, diffusers,
and grilles give a general idea of airflow toward the supply and return system.

¢ Modulated variable air volume (VAV) systems — These systems must be checked during the on
cycle.

* Air movement directly from supply diffusers to return grilles — Such air movement indicates an
air short circuit; during a short circuit, both makeup air and dilutant air within the room may be
compromised.

» Face velocity at the entry portal to confined areas (e.g., ductwork, hood windows, mini-enclosures)

¢ Integrity of glovebags and other bag isolation methods
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2.16.2 Anemometers

The minimum velocity that can be read by an anemometer is 50 feet per minute (fpm). The
meter should always be read in the upright position, and only the tubing supplied with the equipment
should be used. Anemometers often cannot be used if the duct contains dust or mist because air
must actually pass through the instrument for it to work. The instrument requires periodic cleaning
and calibration at least once per year. Hot-wire anemometers should not be used in airstreams
containing aerosols. To measure hood-face velocity, mark off imaginary areas (i.e., develop a
sampling grid), measure the velocity at the center of each area, and average all measured velocities.

2.16.3 Static Pressure in the Hood

Static pressure in the hood (SPH) should be measured about four to six duct diameters down-
stream in a straight section of the hood take-off duct. The measurement can be made with a pitot
tube or by a static pressure tap into the duct sheet metal.

2.16.4 Pressure Gauges

Pressure gauges come in a number of varieties, the simplest being the U-tube manometer.
Inclined manometers offer greater accuracy and greater sensitivity at low pressures than U-tube
manometers; however, manometers rarely can be used for velocities < 800 fpm (i.e., velocity
pressures < 0.05 inch water gauge, or inH,0). Aneroid-type manometers use a calibrated bellows
to measure pressures. They are easy to read and portable but require regular calibration and
maintenance.

2.16.5 Duct Velocity

Duct velocity measurements may be made directly (with velometers and anemometers) or
indirectly (with manometers and pitot tubes) using duct velocity pressure. Airflow in industrial
ventilation ducts is almost always turbulent, with a small, nonmoving boundary layer at the surface
of the duct. Because velocity varies with distance from the edge of the duct, a single measurement
may not be sufficient. However, if the measurement is taken in a straight length of round duct, four
to six diameters downstream and two to three diameters upstream from obstructions or directional
changes, then the average velocity can be estimated at 90% of the centerline velocity. (The average
velocity pressure is about 81% of centerline velocity pressure.) A more accurate method is the
transverse method, which involves taking six or ten measurements on each of two or three passes
across the duct, 90° or 60° opposed. Measurements are made in the center of concentric circles of
equal area. Air cleaner and fan condition measurements can be made with a pitot tube and
manometer. Density corrections (e.g., temperature) for instrument use should be made in accordance
with the manufacturer’s instrument instruction manual and calculation/correction formulas.

2.16.6 Carbon Dioxide as an Indicator of Ventilation

Indoor carbon dioxide (CO,) concentrations, whether from exhaled breath or other sources, can
be used as an indicator of ventilation adequacy. Peak CO, readings should be taken between rooms,
between air handler zones, and at varying heights above the floor. CO, can be measured with either
a direct-reading meter (O,/CGI) or a colorimetric detector tube. Test results should include relative
occupancy, air damper settings, and weather. CO, should be collected away from any source that
could directly influence the reading (e.g., hold the sampling device away from exhaled breath).
Individual measurements should be short term.
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Readings from outdoors and from areas with no apparent indoor air quality problems are
frequently used as baseline or controls. Outdoor samples should be taken near the outdoor air
intake. Measurements taken to evaluate the adequacy of ventilation should be made when concen-
trations are expected to peak.

If the occupant population is fairly stable during normal business hours, CO, levels will typically
rise during the morning, fall during the lunch period, and then rise again, reaching a peak in mid-
afternoon. In this case, sampling in the mid- to late afternoon is recommended. Sampling intervals
should be chosen to detect CO, patterns throughout the work day. For residences, it may be necessary
for the sampling to encompass a full 24 hours. Peak CO, concentrations above 1000 ppm in the
breathing zone indicate ventilation problems. CO, concentrations below 1000 ppm generally indi-
cate that ventilation is adequate to deal with the routine products of human occupancy.

2.16.7 Oxygen/Combustible Gas Indicators (O,/CGl) and Toxin Sensors

Oxygen/combustible gas indicators (O,/CGIs) and toxin sensors measure the lower explosive
limits (LELs) of various gases and vapors. A platinum element or wire is the oxidizing catalyst.
The platinum element is one leg of a Wheatstone bridge circuit. These meters measure gas
concentration as a percentage of the LEL of the calibrated gas. The oxygen meter displays the
concentration of oxygen in percent by volume measured with a galvanic cell. Some O,/CGIs also
contain sensors to monitor toxic gases and vapors. These sensors are also electrochemical (as is
the oxygen sensor). Thus, whenever the sensors are exposed to the target toxins, the sensors are
activated. Other electrochemical sensors are available to measure carbon monoxide, hydrogen
sulfide, and other toxic gases. The addition of two toxin sensors, one for H,S and one for CO, is
often used to provide information about the two most likely contaminants of concern, especially
within confined spaces. Because hydrogen sulfide and carbon monoxide are heavier than ambient
air (i.e., the vapor pressure of hydrogen sulfide is greater than one), the monitor or the probe must
be lowered toward the lower surface of the area being monitored. Other toxic sensors are available,
and all are electrochemical; examples are sensors for ammonia, carbon dioxide, and hydrogen
cyanide. These may be installed for special needs.

With the use of a remote probe, air sampling can be accomplished without lowering the entire
instrument into the atmosphere. Thus, both the instrument and the person doing the sampling are
protected. The remote probe has an air line (up to 50 feet) that draws sampled air toward the sensors
with the assist of a powered piggyback pump. Without this arrangement, the O,/CGI monitor relies
on either a diffusion grid (passive sampling) or manual pumping of air toward the grid. All O,/CGIs
must be positioned so that the diffusion grids over the sensors and the inlet port for the pumps are
not obstructed. For instance, do not place the O,/CGI on your belt with the diffusion grids facing
toward your body.

2.16.8 Toxic Gas Meters

These meters use an electrochemical voltametric sensor or polarographic cell to provide con-
tinuous analyses and electronic recording. Interference from other gases may be a problem. The
sensor manufacturer’s literature must be consulted in instances where mixtures of gases are to be
tested. In operation, sample gas is drawn through the sensor and absorbed on an electrocatalytic-
sensing electrode, after passing through a diffusion medium. An electrochemical reaction generates
an electric current directly proportional to the gas concentration. The sample concentration is
displayed directly in parts per million. Because the method of analysis is not absolute, prior
calibration against a known standard is required. Exhaustive tests have shown the method to be
linear; thus, calibration at a single concentration is sufficient. Sensors are available for sulfur
dioxide, hydrogen cyanide, hydrogen chloride, hydrazine, carbon monoxide, hydrogen sulfide,
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nitrogen oxides, chlorine, ethylene oxide, and formaldehyde. These sensors can be combined with
combustible gas and oxygen sensors in one instrument.

2.17 MOISTURE METERS AND PHOTOGRAPHY

Moisture monitoring and photography are used to determine levels of water or mold growth.
Actively growing mold sites require water and have a higher water content than do dry building
materials. Moisture meters rely on the increase in electrical conductivity caused by water intrusion.
An electric signal is sent through a material, and this signal is then picked up by a receiving detector.
Water and water-soaked materials have increased conductivity, thus the returning sampled signal
is stronger than that of similar but dry materials. The comparison to dry materials of similar type
is a requirement in order to evaluate the conductivity change. False-positive readings indicative of
supposed water intrusion can occur due to metallic components in the layers of sandwiched water
or electrical conduits. When these false-positive readings are next to actual positive readings,
moisture-monitoring interpretation becomes more difficult. Infrared photography combined with
thermography interpretation can further substantiate water intrusion and potential mold amplifica-
tion areas. Thermography relies on the lower temperatures associated with water-soaked areas.
Videography using fiberoptic probes behind building layers and in HVAC systems can also provide
visual assistance when evaluating wet and/or mold growth sites.
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A team consisting of microbiologists, industrial hygienists, toxicologists, and engineers is
needed to evaluate indoor mold amplification. Integral to any risk assessment is the establishment
of exposure, which, by definition, is dependent upon laboratory-based analyses and the accuracy
of those analyses. In addition, for legally defensible data, it is imperative, before sampling methods
and strategies are chosen, that the investigator have at least a rudimentary understanding of the
available analytical techniques, their precision and accuracy, and their limitations and biases.

3.1 CHOOSING AN ANALYTICAL TECHNIQUE

During investigations, the analytical technique that will be utilized on the samples collected
must be considered. Often, sampling is used to identify or verify that a problem exists and then
estimate exposure or potential exposure. However, extrapolations of data from indoor environmental
samples, especially in regard to exposure and potential health effects, may be very risky without
some knowledge as to the particular technique being utilized to analyze the sample, limitations of
that technique, and the competence of the laboratory and analysts. For instance, the presence of
Stachybotrys chartarum in bulk or surface samples is often construed to be an exposure to the mold
and (potentially) to trichothecene mycotoxins. However, such an interpretation may be erroneous
in that surface and bulk samples do not give any indication as to airborne levels of the mold spores.
Furthermore, many strains of S. chartarum do not even have the genetic capability to produce
trichothecenes, so the presence of the organism cannot be used to predict mycotoxin exposure.
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Figure 3.1  Air-O-Cell. (Courtesy of Zefon International, Inc., St. Petersburg, FL.)

Similarly, air-sampling data can give erroneous interpretations. For instance, air sampling via media-
based impaction often misses Stachybotrys, unless a selective or semiselective medium is utilized.
The use of a spore trap (Figure 3.1) such as the Air-O-Cell (Zefon International), Burkard (Burkard
Manufacturing), or MK-3 (Allergenco) is more effective in detecting spores of Stachybotrys and
assessing exposure to the mold itself, but again these data are not necessarily correlated to mycotoxin
exposure. In order to properly interpret the data, the investigator must be acutely aware of the
techniques used and the limitations of those techniques as utilized by the laboratory.

3.2 SAMPLING
3.2.1 Bulk and Surface Sampling
3.2.1.1 Dust Sampling

Because bacteria and mold are particulates and can also adsorb or absorb on dust particulates,
quantification of particulate levels in the air may provide useful information. In the air or on
surfaces, organic particulates share many of the same physical characteristics as inorganic particles
from hazardous dusts. This characteristic has been demonstrated in military research on biological
weapons and in civilian research to control the spread of infection in hospitals.

Dust sampling can:

* Provide information about the historical microbial populations within a building
* Provide sufficient sample volumes for mycotoxin and chemical (e.g., pesticides) analyses

When dust sampling, core samples taken from a room’s spatial cavities must be taken precisely
where mold occurs. Core samples are invasive, can cause structural damage, and have the potential
for contaminating the building. Dust samples cannot be extrapolated to indicate potential airborne
exposures.

3.2.1.2 Vacuum Sampling

For dust sampling, a small vacuum equipped with a HEPA (high-efficiency particulate air)
filtration exhaust or a dust-sock attached to the front of the hose can be used to pick up debris.
This vacuum sampling method pulls particulates from surfaces. Particulate can be impinged onto
a filter, tape bed, agar, or liquid retention media. Transfer to the laboratory and subsequent analysis
follow standard protocols for each media type. The process of vacuuming may cause either
overestimation of particulate air entrainment or underestimation of microbe viability, due to des-
iccation or injury during the vacuuming. Surface vacuum samples cannot be extrapolated to indicate
potential airborne exposures.
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3.2.1.3 Bulk Sampling (Other than Dust)

Gross bulk sampling is a simple yet effective method for testing (and culturing) visible mold.
Because samples are often taken only where mold is visibly present, mold that is not visibly obvious
may be missed. Gross bulk samples cannot be extrapolated to indicate potential airborne exposures.

3.2.1.4 Tape Lifts

Tape sampling is used to directly pick up dust, fungal spores, and/or fungal structures on a
sampled surface. The sticky surface of the tape often displays the mold materials, fungivorous
mites, mite fecal pellets, and arthropods (e.g., book lice and small millipedes). Tape samples of an
affected surface are taken using clear (not frosted) vinyl acetate adhesive tape. Then the following
procedure is used:

1. Samples are taped flat in the interior and sealed in clean, plastic, recloseable sandwich bags (sterile
bags are usually not needed) and appropriately labeled.

2. Samples are transported to a microscopic laboratory or other examination site.

At the examination site, the samples are peeled off the plastic and cut into convenient lengths.

4. The samples are then placed onto slides and stained for direct microscopic examination of the
specimen attached to the underside of the tape.

bt

This examination is used to determine the presence or absence of fungal spores as well as
fungal structures such as hyphae (growth structures) or mycelia (filaments). Tape (adhesive tape)
sampling is a simple and very rapid method for testing visible mold or surfaces that allows
identification of many organisms to the genera level but not species level. It does not facilitate
culturing for genera or species identification, and tape samples cannot be extrapolated to indicate
potential airborne exposures.

3.2.1.5 Swabs

Swab sampling is used to determine the type and prevalence of fungi and bacteria that may
be present on a sampled surface. Swabs are often used during clearance after remediation,
following a blackwater (sewage) incursion to monitor coliforms or after visual detection of
microbial growth. Swab samples of the affected surface area are taken using sterile culture
collection swabs. Then:

1. Samples are sealed, labeled, and submitted to a microbiological laboratory.
2. Samples are cultured to encourage fungal growth on a specially prepared media.
3. Cultures are examined microscopically to determine the fungi type and prevalence.

Surface (swab) sampling:

 Is asimple method for testing (and culturing) visible and invisible molds and bacteria from surfaces;
however, spore depositions vary due to their settling rates, according to their density and size

* Fails to detect nonviable spores, which can still carry mycotoxins and/or allergenic determinants

» Tends to select only spores and may leave intact fruiting structures such as conidiophores, pycnidia,
or ascomata behind, which can render identification of species and even genera problematic; these
fruiting structures can be recovered by cultivation, which requires additional time for growth of
the organism(s)

Swab samples cannot be extrapolated to indicate potential airborne exposures.
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3.2.1.6 Contact-to-Agar Sampling

Contact-to-agar sampling involves touching surfaces or visible mold with the surface of a
microbial agar. Subsequent agar incubation may detect only the predominant or fastest growing
viable mold, which may preclude assessing the entire population unless sample incubation is
carefully observed throughout the incubation time frame. Contact plates are limited to an area equal
to the size of the Petri dish or agar strip. Contact-to-agar samples have the advantage of directly
transferring the microbials to agar. For the more delicate bacteria or mold, this direct transfer may
retain viability to a greater degree than impaction or swabbing onto solid media. Contact-to-agar
samples cannot be extrapolated to indicate potential airborne exposures.

3.3 AIRTESTING
3.3.1 Settle or Gravity Plates

Settle plates are not considered a valid method for airborne microbial sampling due to the fact
that:

» Settle plates are subject to air movements and unpredictable particulate movements and depositions,
again making it impossible to predict airborne exposures using this method.

* Spores have differential settling rates according to their weight and aerodynamic form. Settle plates
are biased toward large conidia in indoor air, while the proportion of conidia belonging to important
small-spored genera such as Aspergillus and Penicillium is underestimated.

Despite these limitations, settle plates are still used by some investigators, including infection
control professionals. Settle plate sampling is not volumetric and therefore cannot be extrapolated
to indicate potential quantitative airborne exposures.

3.3.2 Spore Traps

Spore traps are primarily used to determine total spore, pollen, mold vegetative material, and
debris counts. The various spore trap air-sampling devices have different capture efficiencies given
the same airstream and simultaneous sampling. Some of the more common spore trap impactors are:

 Slit samplers (Figure 3.2)

* New Brunswick slit-to-agar sampler

* Burkard suction slit impactor for direct particulate examination
¢ Sieve impactors

The main difference in the equipment used is in the ultimate capture media:

* Membrane filters: Spores may be trapped for later elution onto a growth medium; also used for
polymerase chain reaction (PCR) analyses.

* Adhesive covered glass slide: Both the Burkard and Allergenco MK-3 utilize glass slides that
require application of the grease-based adhesive by the user. Burkard Manufacturing also offers
instruments that can obtain samples over various time frames.

e Air-O-Cell filter cassette: The Air-O-Cell cassette has the advantage of not requiring the user to
apply the adhesive and comes as a ready-to-use unit.

The major disadvantages to spore trap techniques are the inability to:
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Figure 3.2 Cassettes schematic for slit samplers. (Courtesy of SKC Inc., Eighty Four, PA.)

* Distinguish certain spores from each other — an example is the single, small (2 to 5 um), clear
spores from Aspergillus or Penicillium or numerous another molds that, upon light microscopic
examination, look the same

* Culture the spores for identification to the species or sometimes even genera level and/or lack of
biochemical characterization (e.g., mycotoxin-producing capabilities), as the analysis is limited to
what can be visually distinguished

3.3.2.1 Static Placement Impingers: May and Burkard

The impinger traps spores from an airstream in a viscous fluid for later plating onto growth
media or for biochemical analyses such as PCR. Bacteriologists use the May impingers for the
separation of particles according to their deposition sites in the respiratory system. The fractions
are collected into a liquid where clumps can separate into single viable units. Sample overload is
rarely a problem, and subsamples permit the use of a variety of culture methods. The original
designs involved complex glass blowing and were difficult to clean and to reproduce accurately,
whereas the Burkard version utilizes anodized aluminum alloy or stainless steel, which eliminates
these drawbacks. The May and Burkard impingers separate particles into three fractions: <4 um,
4-10 pm, and >10 ym.

Impingers have not been widely accepted in ordinary indoor mold and bacteria sampling work.
Most potentially problematic airborne molds have highly water-repellent conidia. These conidia,
upon contact with the aqueous media of the impingers, tend to exhibit a number of problems that
affect efficient recovery including:

* Bouncing off the aqueous phase and passing through the vacuum pump
* Adhering to surface films and hydrophobic surfaces
* Clumping together in minute air pockets

3.3.3 Air-O-Cell Cassette System

The Zeflon Air-O-Cell cassette system is:

 Standardized for collecting single grab samples

¢ Very small, convenient, and easy to use (does not require user to greasing slides)

¢ Compatible with pumps commonly used in the field for indoor air quality (IAQ) investigations
» Totally disposable
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The Air-O-Cell spore trap method:

* Allows detection of Stachybotrys and other mold genera that may not be recovered or are overgrown
by more rapidly growing species using agar impaction techniques and culturing to determine
viability

* Facilitates rapid turnarounds (2 to 3 days) for rapid profiling of buildings and issuing reports

* Yields a more complete representation of the microbial composition of total viable and nonviable
spore levels (for spores that do not have to be alive to cause toxic or allergenic effects, total spore
levels may be more indicative of exposure and thus the potential risk to human health)

* Does not provide information as to the viable spores present in the airstream, as both viable and
nonviable spores are counted and subsequent culturing is not done

Sufficient studies have not been conducted to compare the Air-O-Cell cassette results with
viable results; however, the two techniques give considerably different information and the use of
both techniques together is the current recommendation.

3.3.3.1 Spatial Cavity Air Testing

Mold will grow only where sufficient moisture and an organic food source are available. A
moisture meter is a valuable tool; however, cavities that have dried out or ones where the mold is
growing on the opposite drywall surface may escape detection by moisture meters. The traditional
method for identifying such cavities has been by core sampling, but core sampling can release
aerosolized spores into living spaces and often yields false negative results, as the core must be
obtained at exactly the location where active growth is occurring.

The Air-O-Cell cassette is used for testing spatial (wall, ceiling, and floor) cavities. A few feet
or so of visible mold can often reveal 30 or more feet of hidden mold in a spatial cavity. The Air-
O-Cell cassettes provide a powerful tool for sampling spatial (wall, ceiling, and floor) cavities via
the WallChek™ technique:

1. Attach a simple adapter to a Zefon Air-O-Cell Cassette and Tygon hose assembly
Drill a 3/8-inch hole into the base of the wall. To prevent obscuring the spore trap with debris,
the gypsum dust is removed from the hole and/or immobilized by vacuuming and moistening with
water or alcohol

3. Insert the Tygon hose into the wall cavity and gently thump the surrounding wall to help detach
spores for capture

4. Draw several cavity air volumes through the Zefon Air-O-Cell Cassette

WallChek™:

* Is rapid and easily done under field conditions with just an air pump

* Helps prevent further contamination of the structure

» Upon microscopic analysis, provides results within a few days of receipt at the analytical laboratory
» Easily detects most molds present within the wall cavities

Note that false negatives have been reported in wall cavity testing for Stachybotrys. This may
be due to the fact that Stachybotrys spores are formed in a mucilaginous layer that can inhibit
liberation of the free spores. Thumping on the wall to facilitate aerosolization of the spores prior
to sampling may minimize the agglomeration effects that preclude spore liberation. Wall cavity
testing does not indicate whether the mold spores collected are viable.
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3.3.3.2 Viable Impaction Methods

The viable impactor was developed in the 1950s for biological warfare research. This method
involved impaction of particles through precisely machined holes (400 in the case of the
Aerotech A-6 or Andersen N-6) onto 100 X 15-mm Petri dishes filled with microbiological agar
medium. The choice of agar medium is based on the target organisms. For instance, mold is
often captured on a general medium such as malt extract agar or rose bengal agar, whereas
many common bacteria are captured on blood agar (trypticase soy agar amended with 5%
sheep’s blood). The organisms are then allowed to grow, typically 3 to 5 days for bacteria and
7 to 11 days for mold species, and the organisms are then identified by microscopic and/or
biochemical means.

Viable impaction samplers are essential to most investigations because they:

* Capture and quantify airborne bacterial populations

 Indicate the number of viable microorganisms present in air, which is particularly important with
pathogens that must be viable to cause disease

¢ Identify certain mold genera that cannot be readily distinguished in direct microscopic techniques
(e.g., spore traps) such as small clear conidia of Penicillium, Aspergillus, and a number of other
genera

* Determine species that can give clues as to potential pathogenicity or toxigenicity (mycotoxins)

Limitations include:

* Turn-around times are long (3 to 11 days for cultures to grow).

¢ Viable impaction samplers may not give an accurate representation of exposure in the case of
mycotoxins or allergens that do not require viability to adversely affect human health.

* Not all viable spores or cells physically captured will grow or these cells may be overgrown by
more rapidly growing organisms.

* Recovery of certain mold species, including Stachybotrys, is poor due to their slower growth habit,
reduced viability, and/or poor competitiveness as compared to other molds that occur in high
numbers in indoor air, such as Penicillium or Aspergillus.

* Organisms sensitive to desiccation, such as Legionella, are not amenable to air sampling due to
their high mortality.

* Some very slow-growing organisms, such as Mycobacterium tuberculosis, are difficult to capture
with viable methods, as the medium almost certainly is overrun with competitors before colonies
of the bacterium become visible.

e The impaction sampler may injure or kill some of the organism(s) or implant the organism,
especially bacteria, too deep into the medium. This is especially true if the pump is not calibrated
properly in order to achieve the correct volumetric collection rate or if the target organism is fragile
and does not respond well to impaction techniques.

» The investigator may not guess correctly what microbes to target and may fail to provide a proper
growth medium that allows the microbes or target microbes to grow.

¢ Microbes differ in their nutritional requirements and the environmental conditions, such as carbon
source, water content, and temperature, required to grow.

* Microbes inherently have different growth rates, and fast growers can overgrow slow growers.

* Microbes also can inhibit growth of competitors by excreting molecules such as antibiotics and
toxins into the growth medium, so even though a particular species has been captured that species
will not produce a countable colony.

Sampling routines used with mobile samplers such as the SAS, Reuter centrifugal system
(RCS), or the Anderson mobile samplers are the sampling instruments of choice.
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3.4 CULTURING

The culture media must originally be sterile. Agar preparation chambers are used to ensure
sterile initial media (Figure 3.3). All existing sampling media have recognized shortcomings. Thus,
the aerobiological ideal of using a perfected, standardized sampling device with a perfected,
standardized growth medium to evaluate potential fungal aerosol problems with reference to
standard guidelines for acceptable numbers of colony-forming units (CFUs) may not be attainable.
The investigator engaged in detecting potentially significant amplifiers must ensure that an adequate
diversity of techniques is used to cover the diversity of possible amplifiers.

3.4.1 Media

Agar is added to the medium if a solidified growth platform is required. This agar is generally
not in and of itself a nutrient; however, appropriate nutrients are added as needed for the particular
target organism(s). For general culture of nonfastidious fungi and bacteria, a medium prepared
from plant- or animal-derived material and approximately 2% agar will usually support growth.

3.4.2 Enrichment Culture and Specialized Growth Media

Enrichment is used to favor the growth of one organism over another. Although this qualifies
as a selection process, the intent is not to select but to amplify small numbers of target microbes
to the detection level. Successive transfers and enrichment may be needed to obtain pure cultures.
For instance, fungi are more tolerant to acidic media, so acidification (below pH 6) can be used to
aid in limiting bacterial contamination.

3.4.3 Selective and Differential Media

Selective and/or differential media are used in some clinical identification schemes for both
fungi and bacteria. The best growth media is also the one where colony overgrowth and formation
of spurious satellite colonies may ensue. Thus, shipping considerations and prompt incubation and
evaluation in the laboratory are essential.

Fungi vary in their response to water activity in growth media; some prefer high water activity
and some prefer conditions to be drier. Usually a combination of sampling methods and media is

Figure 3.3 Agar preparation chambers used to ensure sterile initial media. (Courtesy of Bioscience Interna-
tional, Rockville, MD.)
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needed, especially if environments with wet/dry cycles are being considered. No one medium will
optimize growth of both significant fungi adapted to high substrate water activity (e.g., Stachybotrys)
and those requiring less water activity (e.g., Eurotium, Wallemia).

3.5 ISOLATION
3.5.1 Streaking

In order to obtain a pure culture, streaking may be needed. The streaking process proceeds as
follows:

1. A sterile inoculation loop is dipped into a culture or sample that often contains more than one
microbe.

The loop is streaked in a pattern over the nutrient media surface.

As the pattern is traced, microbes are rubbed off the loop.

Fewer and fewer cells are available to be rubbed off as the streaking pattern is concluded.

The last cells streaked grow into isolated colonies.

After incubation, until colonies are evident, isolated colonies are picked up with a new inoculating
loop.

7. The isolated colonies are transferred to new growth media to form a pure culture.

AN o

An alternative to streaking is spiral plating.
3.5.2 Plate Counts

Visible cells are counted with the assumption that each viable microbe inoculated has grown
into a visible colony without aggregation of cells. The original inoculum is assumed to be homo-
geneous. Serial dilution may be needed if overgrowth occurs from an inoculum source, as over-
growth prevents the proper counting of distinct colonies and may potentiate die back of sensitive
organisms. Die back or occlusion of colonies can lead to false negative counts for the original
sample. When the original sample bacterial loading from a media source is low, filtration may be
needed. Filtration through a sieve concentrates the bacteria, which is then transferred to the nutrient
and agar-filled plate.

3.5.3 Pour Plates

The plate counting procedure is as follows:

1. A sample suspension is prepared.
Dilutions of this suspension are poured into a Petri dish.

3. The nutrient media and agar are poured over the suspension, and the agar is kept liquid by placement
in a water bath at 50°C.

4. Using gentle agitation, the sample is mixed with the nutrient and agar; cells will then grow within
the agar as the agar solidifies.

Disadvantages of this method include:

* Damage to heat-sensitive materials

* Failure of colonies forming beneath the surface to exhibit the characteristics necessary for iden-
tification during differential-media-enhanced growth, specifically because the growth is not on the
surface and unimpeded
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3.5.4 Spread Plate

A prepoured solidified agar medium is used. Inoculum is poured on the surface and spread
uniformly over the surface.

3.5.5 Dilution Testing and Spiral Plating

Spiral plating is a method to automatically prepare a sample dilution. This method does not
rely on manual pipetting and may significantly increase repeatability and accuracy.

3.5.6 Staining: Putative Identification

Microscopes based on lens resolution are used to identify bacteria and fungi. This identification
may occur from samples collected on-site or from samples cultured in the laboratory. With light
microscopy the limit of resolution is the resolution of the light waves. Electron microscopy can be
used to further define features, as the electron size now is the limit of resolution. Transmission and
scanning electron microscopy are types of electron microscopy. For light microscopy, staining may
be required. Various dyes may be used to identify the genus and species and specific structures.

3.5.7 Gram Stains

Differential staining is used to provide more information as to morphology. The most common
differential stains for bacteria is the Gram stain. The procedure is as follows:

Bacteria suspension is applied as a smear and heat fixed.

Primary purple stain (crystal violet) is applied.

The smear is washed with water to remove excess dye.

The smear is covered with an iodine solution, which acts as a mordant. Mordants bind to the

crystal violet, resulting in a larger complex that cannot pass through the small pores of the Gram-

positive bacteria and thus becomes trapped, rendering the cells purple.

The smear is washed, and at this stage both the Gram-positive and Gram-negative bacteria are purple.

6. The smear is washed with an alcohol-acetone decolorizing solution, which removes the purple
stain from Gram-negative bacteria.

7. The smear is washed with water; at this stage Gram-positive bacteria remain purple, and Gram-
negative bacteria appear colorless.

8. Safrain counterstain is then added to render the Gram-negative bacteria pink.

9. The Gram stain relies on basic differences in the bacterial morphology — the bacterial cell walls.

Sl

bt

Note that not all bacteria cells stain effectively, especially if the cells are old and not currently
in an active growth phase.

3.5.8 Lactophenol Cotton Blue

Lactophenol cotton blue is a standard stain made by dissolving cotton blue in lactophenol. The
stain is applied directly to specimens as the specimens are mounted on microscopic slides. This
stain renders fungal cell walls red to blue in coloration.

3.5.9 Specialized Stains

Specialized stains and their uses include:
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» Capsular stain, to visualize bacterial capsules

» Flagellar stains, to visualize bacterial flagella

* Fluorescent stains (usually bound to a species-specific antibody), to detect specific fungi, bacteria,
or antigenic subgroups

3.6 SPECIAL GROWTH ATMOSPHERES
3.6.1 Anaerobic

Anaerobic organisms must be grown in atmospheres devoid of oxygen. In order to obtain these
atmospheres, carbon dioxide or nitrogen is needed.

3.6.2 Carbon Dioxide Enrichment

Slightly elevated CO, levels are often provided for mammalian tissue cultures, required for culturing
obligate organisms such as viruses and certain fastidious bacteria.

3.7 MEDIA COMMONLY USED IN INDOOR ENVIRONMENTAL STUDIES
3.7.1 Bacteria

* Blood agar: Trypticase soy agar (Difco) amended with 5% defibrinated sheep’s blood; a good
general medium for most Gram-positive and Gram-negative bacteria that is used to isolate and
culture both airborne saprophytic and pathogenic organisms

» Trypticase soy agar (also known as soybean-casein digest agar): Another good general medium
for saprophytic organisms

* Buffered charcoal yeast extract agar (BCYE): An agar with charcoal, yeast extract, and cysteine
for the isolation and cultivation of Legionella

3.7.2 Fungi

e Malt extract agar (MEA): A good general medium for the isolation of most saprophytic fungi.
Over ten published formulations of this medium are available, some containing peptone or yeast
extract, others not. In unpublished laboratory studies conducted at Aerotech Laboratories, Inc., the
differences between these different formulations was incremental, with formulations only slightly
favoring one species over another; however, these differences were less than one order of magni-
tude. To standardize the industry, the American Conference of Governmental Industrial Hygienists
(ACGIH) formulation (ACGIH, 1999) containing 20 g/L. malt extract, 20 g/L. dextrose, 1 g/L
peptone, 15 g/L agar at a pH of 4.5 to 5.0 is recommended by Aerotech Laboratories.

* Mycological agar: A good general medium exhibiting incremental differences to MEA and potato
dextrose agar (PDA), depending upon the species tested. Supports better growth and more profuse
sporulation of Stachybotrys but does not give sufficient advantage to overcome overgrowth by
other saprophytes.

* Potato dextrose agar (PDA): Another good general medium which, again in the studies at Aerotech
Laboratories, Inc., was comparable to MEA, with incremental differences observed between
different fungal species. Some species appear to sporulate better on PDA as compared to MEA,
but again this appears to be an incremental improvement. The choice between MEA, PDA, and
mycological agar may not be important and should be left to the discretion of the investigator.

* DG:-18 agar: A medium suggested for the isolation of xerotolerant fungi or those that can grow
with reduced available water. This medium utilizes over 20% glycerol to reduce the available
moisture, favoring aspergilli from the Glaucus group and some penicillia.
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* Cellulose agar: Used to favor organisms that have potent cellulases such as Stachybotrys; however,
the medium is difficult to use and evaluate due to the opacity of the medium and the poor growth
exhibited by all fungi that grow on it. It does not give sufficient advantage to Stachybotrys to
prevent overgrowth by other organisms during isolation from indoor environments.

* Corn-meal agar: Supports growth of many saprophytes and is reportedly better for the growth of
Stachybotrys; however, as with cellulose agar, this agar does not support abundant growth, is
slightly opaque, and does not give sufficient advantage to Stachybotrys to prevent overgrowth by
other organisms.

e Sabouraud (2% dextrose agar): Named for the French dermatologist Raymond Sabouraud
(1864—1938), this dextrose—peptone culture medium is used to grow certain fungi that sometimes
contain antibiotics but are often pathogenic to humans and other animals. Onygenales, Herpotri-
chiellaceae, and Ophiostomatales grow on it. Sabouraud is also known as Sabouraud’s medium,
Sabouraud’s dextrose agar, and Sabouraud’s dextrose sugar.

* Rose Bengal agar: This rose-colored agar is restrictive of overgrowth for some molds and delays
or represses sporulation to a lesser extent than Littman oxgall agar. May be relatively robust in
shipping while permitting a relatively high level of in sifu identification. Generates high-energy
oxygen species on exposure to light, and illuminated medium may become lethal to some fungi.

3.8 GENERAL BACTERIOLOGY

Bacteria are identified based on colony morphology, nutritional requirements, and special-
ized tests (e.g., Colilert). For pathogenic organisms, Koch’s postulates may be used to establish
disease causation. Koch’s tuberculosis causation requirements were codified by Loeffler, who
produced these conditions for demonstrating the parasitic nature of a disease (Brock, 1961):

* The parasitic organism must be shown to be constantly present in characteristic form and arrange-
ment in the diseased tissue.

* The organism that, from its behavior, appears to be responsible for the disease must be isolated
and grown in pure culture.

¢ The pure culture must be shown to induce the disease experimentally.

Variants of these postulates have been used by generations of microbiologists to describe the
necessary steps to show that a microorganism causes a disease.

3.8.1 Legionella Water and Biofilm Sampling

The sampling methods of choice for environmental samples include culturing, direct fluorescent
screening, and immunochemical methods. All samples should be transported to the laboratory in
insulated coolers to protect against temperature extremes. Samples that cannot be delivered to the
laboratory within 24 hours of collection should be refrigerated.

For culture sampling, 100 mL of water is sufficient, unless a very low bacteria level is suspected
and circumstances dictate concentration of the sample to obtain a detection limit of less than one
organism per milliliter. If this detection limit is required, a 1-L sample should be collected. Swabs
permit the sampling of biofilms, which frequently contain Legionella. The immunochemical meth-
ods are described later in this chapter as the RIA and ELISA methods. Sampling may also involve
examining water for protozoa and ameba, as these organisms can harbor and therefore hide viable
Legionella bacteria.

3.8.1.1 Culture

Culturing requires a 10-day incubation period. It is designed as a presence or absence test and
is semiquantitative.
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3.8.1.2 Direct Fluorescent Antibody Screen

Direct fluorescent antibody (DFA) detects nonviable Legionella bacteria and has been reported
to cross-react with other Gram-negative bacteria.

3.8.1.3 Latex Agglutination

Latex agglutination is primarily for typing strains and is a clinical tool for the medical diagnosis
of Legionella in a patient’s body fluids. Using a protein group fraction derived from a Legionella
surface antigen preparation, an antigenic latex diagnostic agent is produced. This agent is immuno-
globin specific and the latex particles have one composition and size.

3.8.2 Tuberculosis, Other Mycobacteria

Bioaerosol sampling for mycobacteria may be attempted to verify airborne transmission
during epidemiological investigations and studies to evaluate engineering controls; however, such
sampling often meets with limited success due to the high probability of contamination that
occurs during the extended (several weeks to months) culturing period required for these organ-
isms to grow.

* Air sampling for mycobacteria requires specific, noncustomary air culture media such as Middle-
brook 7H10 agar.

* The age of the sampling media is critical for good recovery of mycobacteria; ideally, the sampling
media should be 2 to 3 days old at the time of sampling.

* The expected levels of bacteria and fungi should be estimated and several samples collected for
different lengths of time at the same location in order to minimize the number of samples with
fungal overgrowth.

* The investigator must clarify the purpose for the sampling, identify the specific organism of interest,
and discuss the appropriate analytical technique with the laboratory before collecting samples.

3.9 FUNGI: GENERAL MYCOLOGY

Spores may float in the air and, upon contact with wet surfaces (especially wood- or fabric-
based ones), the spores can germinate and produce hyphae. If the conditions are right and the
proper nutrients are available, the hyphae can continue to grow, form a mass, and become visible
to the naked eye. The vegetative mycelium gives rise to more spores, resulting in amplification
whereby biological organisms continue to increase in number over time.

In general, fungi grow better with an acidic pH. The growth is usually not limited to the surface
and can be embedded within a substrate (under the surface). Fungi are able to grow with a lower
moisture content compared to the moisture required for bacterial growth; therefore, even a slight
difference in temperature and surface moisture can facilitate the growth of fungi. Fungi are capable
of using complex carbohydrates, such as lignin (wood); thus, with a little moisture, fungi can easily
grow on wood or other complex organic materials such as painted walls and shoe leather.

3.10 MICROBIAL GROWTH MEASUREMENT

After growth has occurred, counting the microbial colonies (CFUs) is the technique used to provide
quantitative information. The methods of counting vary with the type of initial sample obtained.
Indirect methods such as turbidity, metabolic activity, and dry weight measurement may also be used.



BIOLOGICAL SAMPLING AND LAB INTERPRETATION 85

3.11 FUNGI SPORE COUNTS

Yeasts are single cells that divide to form clusters. Molds consist of many cells that grow as
branching threads, or hyphae. The reproductive parts of fungi are spores, which can be either sexual
or asexual in origin. Spores differ in size, shape, and color among species and it is on this basis
that fungi are traditionally taxonomically classified. Each spore can give rise to new mold growth,
which in turn can produce millions of spores. Similar to pollen counts, mold counts may suggest
the types and relative quantities of fungi present at a certain time and place. For several reasons,
however, these counts probably cannot be used as a constant guide for daily activities.

The number and types of spores actually present in the mold count may change considerably
in 24 hours. Weather and spore dispersal are directly related; for instance, rain can effectively
remove spores from outside air. Over 60 species of fungi have been reported to cause chronic
sinusitis and/or trigger asthma. Most species can potentially be allergenic to susceptible individuals.
Identification of fungal species, not just fungal genera, may be required to assess risk and ultimately
to develop standards as a basis for comparison. Fungal genus-only identification may result in
inaccurate risk analysis as some species are more hazardous than others.

3.11.1 Colony-Forming Units

All contact, bulk, and swab samples that are cultured are usually reported as CFU per gram or
CFU per unit area. Aerosolized mold spore counts are converted to colony-forming units per cubic
meter (CFU/m?), if done by viable impaction, or total spores per cubic meter for spore traps.
Amplification of biologicals within a building, whether still producing CFUs per unit area or per
gram that are less than background or control sample location may still be of concern if the species
in the interior differ from those outdoors.

3.11.2 Comparisons

In general, background aerosolized levels of biologicals are defined as those obtained in outdoor
locations away from any interior building venting areas. Control samples are defined as those taken
in building areas where biological risk is not suspected due to the current status of building materials
and systems in these areas. Empirical samples are defined as samples taken in areas where biological
risk is potentially of concern.

Environmental (seasonal, climate, weather) variations must be taken into consideration when
interpreting fungal concentration ratios. Outdoor fungal levels are influenced by climate and
weather. Because of these variations, indoor fungal contamination may differ due to the intrusion
of make-up air already influenced by these seasonal variations. Fungal aerosols also vary over time
and from space to space. Space activity levels and the activity levels of the sampling humans must
be considered. As much uniformity as possible should be achieved. Samplers should sample and
move during sampling with defined consistency. Any variations from the defined norm must be
documented with the other sampling information.

3.11.3 Normal Ranges

Some individuals and laboratories have developed ranges of certain biologicals that constitute
normal conditions. Normal is defined as levels that are expected in certain environments; for
example, the normal level in an operating room is less than the normal level in a carpeted hallway
where school children are walking. However, normal ranges are dependent on geographic location
and prevailing environmental conditions. For instance, normal maximum ranges for Phoenix, AZ,



86 BIOLOGICAL RISK ENGINEERING HANDBOOK: INFECTION CONTROL AND DECONTAMINATION

are a few hundred spores per cubic meter, whereas 30,000 spores per cubic meter are not uncommon
in the Puget Sound area. Thus, recommended normal levels must be carefully interpreted.

3.11.4 Baseline, Background, and Control Ranges

Another approach is to measure baseline levels during an interval of time and place determined
to represent normal conditions. All subsequent numbers as conditions change or become more
abnormal are then compared to this baseline. The baseline may be the outdoor environmental levels
and, if removed from ventilation pathways within a building, may be referred to as a background
level. The term background implies that at the specified point in time and in the general geographic
environs the levels of biologicals can be expected in certain numbers and ratios. Control ranges
may also be defined as baseline. The term control implies that an area outside the boundaries of
the investigated area is determined to be clean. All data are then compared to the control area. Of
course, control areas may also be contaminated, which can lead to erroneous conclusions or, if
discovered in time, require the selection of new control areas.

3.11.4.1 Amplification

In situations where one area is exhibiting growth or airborne suspension of biologicals in excess
of another area, risk may be determined to exist even if levels are less than outdoor baseline levels
and control levels. Amplification phenomena may be thought of as isoconcentrations that exist
within an experimental area. The elevated isoconcentration areas may be defined either by identi-
fication of the biological types of concern or by identification of elevated levels, or both. These
areas may be important indicators of developing problems due to their potentiation of biological
growth.

3.11.4.2 Amerospores

Amerospores are small clear spores that range in size from 3 to 5 um. When using direct
microscopic methods, such as on spore traps, amerospores that commonly come from Aspergillus
and Penicillium, but also from a myriad of other fungi, cannot be differentiated.

3.11.4.3 Quantitation Limits: Fungi

Existing quantitation limits are based on environmental (area) sampling; and/or short-term
(grab) sampling measurements. Personal exposure assessment is difficult because few airborne
fungal aerosol sampling devices can be comfortably attached to clothing in order to measure long-
term exposure.

3.12 GOVERNMENT REGULATIONS — QUANTITATIVE

The Russian and Singapore governments have set quantitative regulatory limits on biologicals.
Russia issued an official quantitative standard concerning fungi in air. In 1993, the State Committee
for Hygiene and Epidemiological Surveillance of the Russian Federation revised their Maximum
Allowable Concentrations (MACs) of Harmful Substances, which lists chemical and biological
standards for industrial settings. Pharmaceutical industries appear to be the primary targets for these
regulations. Fungal concentration limits are set for individual fungal and bacterial species based
on allergenicity in animal models or on hazard class, or are otherwise not specified. Limits for
some agents are based on metabolite or protein concentrations rather than culturable units.
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3.13 GUIDELINES
3.13.1 The New York City Department of Health
The New York City Department of Health has developed Guidelines on Assessment and Reme-
diation of Fungi in Indoor Environments as a guide for assessment and remediation of fungi (mold)

in indoor environments. Fungal concentrations (high and widespread) in air that require action
(e.g., remediation or immediate evacuation) are included by qualitative discussion.

3.13.2 Health Canada

Health Canada developed Indoor Air Quality in Office Buildings: A Technical Guide in 1993,
which included these quantitation limits and resultant statements:

Toxigenic, Pathogenic Fungi Counts Action
50 CFU/m? if one species Investigate
<150 CFU/m? if mixture of species Allow
<500 CFU/m?3 if common tree/leaf fungi Allow in summer

3.13.3 OSHA

In the 1999 OSHA Technical Manual (OTM), the Occupational Safety and Health Administration
lists 1000 viable CFU/m’ as being indicative of fungi contamination. OSHA also provides contam-
ination ranges in the manual for Legionella pneumophilia, stating:

The identification of predominant taxa, or at least fungi, is recommended in addition to determining
the number of colony-forming units/m? of air (CFU/m?). During growing seasons, outdoor fungus-
spore levels can range from 1000 to 100,000 CFU/m? of air. ...Levels in excess of the above do not
necessarily imply that the conditions are unsafe or hazardous. The type and concentrations of the
airborne microorganisms will determine the hazard to employees.

Since that time, lower levels have been suggested as being indicative of contamination. For
instance, some investigators list 200 CFU/m? as an upper limit for Aspergillus in indoor air, with
critical analysis being required for opportunistic or toxigenic genera at that level or lower. Given
all the variables in sampling, all such limits must be justified as to decision logic, and the decision
logic must be provided as needed during the reporting phase.

Most guidelines such as those of the American Industrial Hygienists Association (AIHA),
American Conference of Governmental Industrial Hygienists (ACGIH), and the New York Depart-
ment of Health do not recommend strict numerical values as indicators of contamination. Instead,
the accepted standard for the industry is that the inside air should be as good as or better than
outside air, both in numbers and in representative genera and/or species. The only caveat to this is
when environmental conditions, such as rain or those encountered in the winter, preclude accurate
representation of indigenous microbial populations.

3.13.4 Other Organizations

The American Conference of Governmental Industrial Hygienists (ACGIH) Committee on
Bioaerosols previously established qualitative guidelines for microorganisms in indoor air; however,
the committee currently does not recommend quantitative levels. Similarly, the World Health
Organization (WHO) has published Indoor Air Quality: Biological Contaminants, which focuses
on hazard assessment and preventative maintenance but not quantitation.
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3.14 STANDARDIZATION: SAMPLING AND ANALYSIS

Standardization of sampling methodology, incubation routines, and microscopic analysis is
necessary in order to ensure that sampling events yield comparable numbers. One problem encoun-
tered in the efforts to standardize risk is that no standard sampling and analytical protocols are in
common use. Results may vary greatly due to:

e Sampling equipment

* Spatial and temporal location of samples

* Number and statistical significance of samples

* Equipment sensitivity and limits of detection

¢ Laboratory proficiency

¢ Culture media and incubation conditions

* Use of biosafety cabinets

» Laboratory airborne microbial levels

* Counting adequacy

* Data analysis and expertise of the investigative team

3.15 SPECIATION

Identification of an organism to the generic level for many species may be sufficient; however,
on occasion identification to the species level may be necessary, especially during litigation. The
potential health effects after exposure in a contaminated environment are dependent on the species
and often even to the specific strain. Although the role of mycotoxins on human health in indoor
environments certainly remains controversial, mycotoxins are often a major issue in litigation and
potentially may have medical implications. As these toxins are dependent on the species, it may
be imperative and in the best interests of the client for these organism to be correctly identified to
species.

In the past, speciation has traditionally been an art reserved for highly trained mycologists, but
evolving biochemical methods are helping to eliminate the subjectivity involved with classical
techniques. Of the chemical methods currently available, the carbohydrate utilization test is the
most advanced in regard to its available database and reproducibility. Speciation usually takes
several weeks to complete if done correctly, by either the classical or any of the chemical techniques.

3.15.1 Classical Morphological Characterization

For some organisms such as penicillia and aspergilli, morphological characterization requires
subculturing purified organisms on specialized media for 7 to 14 days. Following the culturing
interval, microscopic examination by a trained mycologist is required. The examination is the
official method for speciation. The major disadvantage is that this method is dependent on the
subjective opinion of the mycologist.

3.15.2 FAME Analysis via Gas Chromatography

The fatty acid methyl ester (FAME) technique involves subculturing the organism on a special-
ized medium and then comparing the fatty acid profile to a library of known organisms. Being a
chemically based test eliminates the subjectivity of the classical method; however, the database for
fungi is limited, which reduces the accuracy of the test. In addition, as opposed to bacteria where
fatty acid profiles are highly conserved, fungi are more variable in their fatty acid profiles.
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3.15.3 Carbohydrate Utilization

Purified organisms are grown on specialized media and profiled based on their abilities to
grow on individual carbon sources. A refinement to the carbon utilization test, utilized by the
Biolog system, capitalizes on a color change if the carbohydrate is utilized, facilitating automated
reading on a microplate reader. The chemical basis of the test eliminates the subjectivity and is
thus more defensible. Currently, however, only a limited database is available for species iden-
tification.

3.15.4 Genetic Techniques

Most of the methods currently available or under development involve polymerase chain reaction
(PCR). This method is a relatively simple technique by which genetic material is amplified many
thousands of times, up to a million-fold, quickly and reliably, thus PCR is very sensitive. Species-
specific systems are under development in a number of laboratories and should become available
in the next few years. One extension of the PCR technique involves identifying microbes via genetic
fingerprinting using a method known as random amplified polymorphic DNA (RAPD). Genetic
material extracted from microbes is amplified nonspecifically (randomly), and microbes are iden-
tified by their specific banding patterns. This technique is the method of choice for identification
of Aspergillus species by the Fungal Research Trust in England and many other investigators. As
with the other chemically based techniques, this method eliminates subjectivity. Unfortunately, only
the database for Aspergillus is available.

3.15.5 Polymerase Chain Reaction

Genetic sampling relies on a comparison of polymerase chain reaction components. Polymerase
is the enzyme that provides a molecular assist for the assemblage of organic molecules into chains.
The presence of certain genetic regions is indicative of a specific mold or bacteria. To date, PCR
techniques have been commercialized for about 30 to 35 fungal species found in indoor air, including
Stachybotrys. Commercial PCR systems are also available for Legionella and a number of human
pathogens.

3.15.6 Random Amplified Polymorphic DNA (RAPD)

The random amplified polymorphic DNA (RAPD) method is used to locate random segments
of the genomic DNA. The RAPD technique is the result of using PCR to amplify DNA synthesized
from randomly derived primers. It uses a universal set of primers, and no preliminary work such
as probe isolation, filter preparation, or nucleotide sequencing is necessary. The electrophoretic
patterns generated from RAPD amplifications can be utilized to speciate organisms or for measuring
mutational events.

3.16 CHEMOTAXONOMY

An emerging method for speciation involves chemotaxonomy, where enzyme profiles or secondary
metabolites are separated by chromatography and analyzed by mass spectroscopy; pattern associations
are made to species or even strains of organisms. One obstacle to the broader application of mass
spectrometry in bacterial identification has been the high cost and expertise required for the analysis.
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3.17 IMMUNOLOGICAL ASSAYS

Antigen concentrations can be quantified using immunologic methods. These methods measure
the quantity of indicator molecules. In order for measurement to occur, the molecules must first
be labeled using:

¢ Radioimmunoassays (RIAs)

* Radioallergosorbent test (RAST), which is used to determine exposures to an allergen such as a
mold via detection of allergen-specific antibody production

* Enzyme-linked immunosorbent assay (ELISA), which uses an indicator molecule covalently cou-
pled to an enzyme and is used extensively for allergen assays; utilizes a spectrophotometer to
quantify the initial rate at which this enzyme converts a clear substrate to a correlated product

e Limulus amebocyte lysate (LAL), which is not an immunological technique in the strictest sense
as it does not involve mammalian antibodies

LAL enlists the primitive immune system of the horseshoe crab, the amebocytes. The LAL
assay involves activation of a serine protease by endotoxin, which results in a cascade activation
of serine proteases. This protease activity is then detected via a chromogenic substrate. The most
sensitive of these techniques is a chromogenic kinetic assay that compares samples to standard
endotoxin concentrations.

3.18 ACCREDITATION

Laboratory accreditation:

¢ Provides a means of determining the competence of laboratories to perform specific types of
testing, measurement and calibration

¢ Allows a laboratory to determine whether laboratory work is being performed correctly and to
appropriate standards

» Provides formal recognition to competent laboratories, thus providing a ready means for customers
to access reliable testing and calibration services

The general requirements for accreditation include:

¢ Organization and quality systems
* Document and record control

» Contract review, subcontracting

* Purchasing

 Client service

* Complaint resolution

¢ Nonconforming testing reporting

* Corrective and preventative action
* Internal audits

* Management reviews

The technical requirements include:

* Personnel qualifications and training

» Standard operating procedures (SOPs)

* Acceptable equipment and facilities

¢ Correct test methods and method validation
¢ Measurement traceability
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» Sample receiving and traceability
¢ Quality assurance of test results
e Correct reporting results

Site inspection by a third party or representative of the accrediting body is often required. Most
accreditation bodies have now adopted an international guide (ISO/IEC Guide 17025) as the
accreditation basis for testing and calibration laboratories. International agreements, known as
mutual recognition agreements, are crucial in enabling test data to be accepted among countries.
The international mutual recognition agreements among accreditation bodies have enabled accred-
ited laboratories to achieve a form of international recognition and allowed test data accompanying
exported goods to be more readily accepted in overseas markets. This effectively reduces costs for
both the manufacturer and the importers, as it reduces or eliminates the need for products to be
retested in another country.

3.18.1 ISO Guide 58

ISO Guide 58, Calibration and Testing Laboratory Accreditation Systems — General Require-
ments for Operation and Recognition, is prepared by the International Standards Organization
(ISO). For an ISO standard or guide to be approved, two thirds of the ISO members who have
participated actively in the standards development process and 75% of all members who vote must
grant their approval. Many of the industry organizations that evaluate laboratories use ISO Guide
58 as the criteria basis guide for laboratory accreditation.

3.18.2 ISO/IEC 17025

This standard contains the general requirements for the competence of testing and calibration
laboratories. The standard applies to test laboratories, including research and development labora-
tories and calibration laboratories. ISO/IEC 17025 mentions a number of important management
and organization aspects that must ensure the quality of the results of the tests and calibrations.
This management includes the clear establishment of and accessibility for all employees of clear
procedures. Examples of these procedures include:

¢ Approval and issuance of documents (among other things, test reports) by the laboratory
¢ Purchasing of goods and services

* Procedures for the control and correction of nonconformities in tests and/or calibrations
* Regular reviews to be carried out by the management of the quality management system
» Evaluations of the test and/or calibration activities

* A complaints-handling system

3.19 ACCREDITING ORGANIZATIONS
3.19.1 American Industrial Hygienists Association (AIHA)

The American Industrial Hygienists Association (AIHA) operates proficiency and accreditation
programs specifically for indoor air quality microbiology laboratories. It has applied for interna-
tional accreditation through ILAC:

* Proficiency program: The Environmental Microbiology Proficiency Analytical Testing (EMPAT)
Program is for microbiology laboratories specializing in analysis for microorganisms detected in
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air, fluids, and bulk samples. Laboratories participating in the EMPAT program analyze pure
cultures of fungi and bacteria. (Note: AIHA plans to eventually include mixed cultures of fungi
and/or bacteria as well as samples of water, dust, and building material.)

* Accreditation program: Site visit, compliance with ISO 17025, and passage of the proficiency
program for a minimum rating of 85% for three consecutive rounds are required to be rated as
proficient for bacteria or fungi. Ratings are determined by averaging the performance of the three
most recent consecutive rounds. In order to be judged as proficient, a laboratory must be rated
proficient for all organism classes that the laboratory accepts for analysis.

3.19.2 International Laboratory Accreditation Cooperation (ILAC)

The International Laboratory Accreditation Cooperation (ILAC) is an international cooperation
among the various laboratory accreditation schemes operating throughout the world. Founded 20
years ago, ILAC was formalized in 1996 when 44 national bodies signed a memorandum of
understanding (MOU) in Amsterdam. This MOU provides the basis for further development of the
cooperation and the eventual establishment of a multilateral recognition agreement among ILAC
member bodies. The agreement was designed to further enhance and facilitate the international
acceptance of test data and the elimination of technical barriers to trade. ILAC provides advice and
assistance to countries that are in the process of developing their own laboratory accreditation
systems. These developing systems are able to participate in ILAC as associate members and access
the resources of ILAC’s more established members. In conjunction with ILAC, specific regions
have also established their own accreditation cooperations, notably in Europe (EAL) and the
Asia—Pacific area (APLAC). These regional cooperations work in harmony with ILAC and are
represented on ILAC’s board of management. ILAC is encouraging the development of such
regional cooperations in other parts of the globe.

3.19.2.1 European Cooperation for Accreditation (EA)

The European Cooperation for Accreditation (EA) is a multilateral agreement (MLA) for
calibration.

3.19.2.2 Asia—Pacific Laboratory Accreditation Cooperation (APLAC)

The Asia—Pacific Laboratory Accreditation Cooperation (APLAC) multilateral mutual recog-
nition arrangement (MRA) is an arrangement to guarantee that laboratories meet the accreditation
policies accepted by the signatories. The American Association for Laboratory Accreditation
(A2LA) and National Voluntary Laboratory Accreditation Program (NVLAP) are signatories to
this MRA.

3.19.2.3 National Cooperation for Laboratory Accreditation (NACLA)

The National Cooperation for Laboratory Accreditation (NACLA) is a nonprofit corporation estab-
lished to coordinate laboratory accreditation activities within the United States and to serve as the U.S.
link to the worldwide lab accreditation system. NACLA evaluates accreditation bodies and grants
recognition to accrediting bodies that conduct their assessments and accreditations in accordance with
procedures given in the ISO/IEC Guide 58 and requirements of the ISO/IEC 17025 Standard.

3.19.2.4 North American Calibration Committee (NACC)

The goal of the North American Calibration Committee (NACC) is to develop mutual confidence
in national calibration laboratory accreditation systems. The participants of the MOU are the
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National Metrology Institutes (NMIs) of the United States (National Institute of Standards and
Technology, NIST), Canada (National Research Council, NRC), and Mexico (Centro Nacional de
Metrologia, CENAM) and their recognized representatives. The representatives of the NMIs are
the National Cooperation for Laboratory Accreditation (NACLA) in the United States, the Standards
Council of Canada (SCC) in Canada, and the Entidad Mexicana de Acreditaciéon (EMA) in Mexico.
NACLA, SCC, and EMA intend to accept each other as having primary responsibility in their
respective countries for the maintenance of accreditation systems for calibration. A memorandum
of understanding establishing NACC was signed at the National Conference of Standards Labora-
tories International 2001 Conference in Washington, D.C.

3.19.2.5 American Association for Laboratory Accreditation (A2LA)

The American Association for Laboratory Accreditation (A2LA) accredits labs in various broad
fields including biological, calibration, chemical, construction materials, electrical, and environ-
mental fields. In addition to these broad fields, specifically tailored programs are available for
animal drugs testing, asbestos, environmental lead (Pb), fertilizers, food chemistry, and food
microbiology testing. Users of laboratory services are advised to seek the specific scope of accred-
itation from any accredited laboratory. The scope identifies the tests, types of tests, or calibrations
for which the laboratory is accredited.

3.19.2.6 National Voluntary Laboratory Accreditation Program (NVLAP)

The National Voluntary Laboratory Accreditation Program (NVLAP) provides third-party
accreditation to testing and calibration laboratories. The National Institute of Standards and Tech-
nology (NIST) administers the NVLAP.

3.19.2.7 International Conference of Building Officials (ICBO)

The International Conference of Building Officials (ICBO) is a not-for-profit service organiza-
tion owned and controlled by its member cities, counties, and states. ICBO is dedicated to public
safety in the built environment worldwide through development and promotion of uniform codes
and standards, enhancement of professionalism in code administration, and facilitation of accep-
tance of innovative building products and systems. The founding purpose of ICBO in 1922 was
the development of a code that all communities could accept and enforce. This goal was realized
in 1927 with the publication of the first edition of the Uniform Building.

3.19.2.8 Clinical Laboratory Improvement Amendments (CLIA)

Congress passed the Clinical Laboratory Improvement Amendments (CLIA) in 1988 to establish
quality standards for all laboratory testing to ensure the accuracy, reliability, and timeliness of
patient test results regardless of where the test is performed. CLIA is user fee funded; therefore,
all costs of administering the program must be covered by the regulated facilities. The Health Care
Financing Administration (HCFA) assumes primary responsibility for financial management oper-
ations of the CLIA program. The Code of Federal Regulations (42 CFR, part 493) promulgated in
1992 (57 FR 7139, Feb. 28, 1992) implemented the CLIA as described herein. Part 493 (Laboratory
Requirements) sets forth the conditions that all laboratories must meet to be certified to perform
testing on human specimens under the CLIA. The term laboratory, as used in this standard, refers
to a facility for the biological, microbiological, serological, chemical, immunohematological, hema-
tological, biophysical, cytological, pathological, or other examination of materials derived from the
human body for the purpose of providing information for the diagnosis, prevention, or treatment
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of any disease or impairment of, or assessment of the health of, human beings. These examinations
also include procedures to determine, measure, or otherwise describe the presence or absence of
various substances or organisms in the body. Facilities only collecting or preparing specimens (or
both) or only serving as a mailing service and not performing testing are not considered laboratories.

3.19.2.9 National Laboratory System

The Centers for Disease Control and Prevention (CDC) Division of Laboratory Systems (DLS)
firmly believes that development of a nationwide laboratory system that must be accredited by
CLIA and that provides the communication, coordination, and testing capacity required to effec-
tively detect and report outbreaks and exposures is crucial to the future health and safety of our
communities. Recent federal initiatives addressing issues such as bioterrorism, food safety, and
emerging infectious diseases have identified similar needs and may provide the funding required
for the long-term success of a nationwide laboratory system.

3.19.2.10 Registration CDC Special Agent Transfer Program

The Department of Health and Human Services has published regulations regarding access,
use, and transfer of select agents for research purposes. These regulations are designed to ensure
that these infectious agents and toxins are shipped only to institutions or individuals equipped to
handle them appropriately and only to those who have legitimate reasons to use them and to
implement a system whereby scientists and researchers involved in legitimate research may continue
transferring and receiving these agents without undue burdens.
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Toxicology is the science that studies poisons. Usually the subjects of study are chemicals to
which humans are exposed through contact with air, water, food, and soil. Chemicals can be studied
for their effects from the points of view of determining either potency or exposure through
inhalation, ingestion, or skin penetration. Biological contaminants also include chemicals such as
irritants or naturally occurring poisons called toxins, which are produced by living organisms.
Biological contaminants may include microorganisms that have the potential to do harm. A number
of biological contaminants also have allergenic or infectious properties that are not evaluated the
way toxic exposures of chemicals are; yet, the allergic or chemical properties may complicate the
toxicity of chemical and other bio-contaminants.

4.1 DOSE-RESPONSE RELATIONSHIP: THE DOSE MAKES THE POISON

Toxicology is the scientific study of adverse effects of chemicals on living organisms. This
science recognizes that chemical substances can be either beneficial or deleterious to a living
organism. Paracelsus first articulated this relationship in the 15th-century: All substances are
poisons; there is none which is not a poison. The right dose differentiates a poison from a remedy.
Beneficial effects of chemicals include providing energy, nutrients, and protection to the organism.
Adpverse effects, however, can occur if the chemical concentration adversely influences how cells,
tissues, and organisms function. The degree of harm or the influencing factors of toxicity are related
to:

* Chemical and physical properties of the chemical (or its metabolites)

* Amount of the chemical absorbed by the organism

* Amount of chemical that reaches its target organ of toxicity

» Environmental factors and activity of the exposed subject (e.g., working habits, personal hygiene)
¢ Duration, frequency, and route of exposure

* Ability of the organism to protect itself from a chemical

One commonly hears of the concentration of a potentially hazardous agent in a medium (e.g.,
caffeine in coffee, benzene in air, dioxin in soil, lead in water, Escherichia coli in food). In addition
to exposure concentration, characteristics of a chemical that affect absorption, metabolism, and
excretion; its route of exposure; and duration of exposure are other elements that must be evaluated
to determine risks of adverse effects. For a chemical to exert its effect, the chemical must be present
in high enough concentrations at the target site to cause an adverse effect.

Most living organisms have defenses to protect them from the adverse effects of chemicals
encountered daily. Mammals have a considerable number of defenses (e.g., liver detoxification,
kidney excretion, skin barrier). Adverse effects occur when the dose received by the organism is
high enough to overwhelm the organism’s defense mechanisms.

The maximum dose that results in no adverse effects is called the threshold dose. Many chemical
agents have a threshold dose. The concept of threshold implies that concentrations of exposure
present are so low that adverse effect cannot be measured. Some notable exceptions occur, such
as when a person develops an allergic reaction to a chemical (only specific chemicals are capable
of causing allergic reactions).

Another exception, although controversial, is chemicals that cause cancer. Given our current
lack of understanding of the mechanisms that lead to cancer initiation and development, regulatory
agencies have adopted the position that any dose of a carcinogen has an associated risk of developing
cancer. Scientifically, not all carcinogens are in fact capable of causing an effect at low doses;
however, the problem is that no one knows what the dose must be in order to cause an effect, so
to be safe the dose is set as low as practicable (usually at the limit of detection for instrumentation).
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For biological exposures, the concept of a threshold dose applies to microbial organisms or
their chemical metabolites. Toxicology applies to biological exposures by addressing:

¢ Chemicals released from living organisms (e.g., metabolic byproducts, secretion of toxins, volatile
organic compounds)

* Aerosolized fragments of biological organisms (e.g., bacterial or fungal organisms, spores, hyphae,
organismal structures)

The toxicity potential of various biological contaminants has been determined to differing
extents. For example, volatile irritants that are part of everyday metabolism are no different from
those produced by industrial or laboratory processes. For many of these solvents, potency is well
characterized for various exposure routes. Other contaminants, such as bacterial or fungal toxins
(e.g., mycotoxins), vary greatly in the extent of knowledge about their potency. Some, such as those
commonly found in foodstuffs or those that may have pharmaceutical usefulness, have been well
studied. For instance, aflatoxin, produced by Aspergillus flavus and some other molds, is among
the most studied natural molecules known. Other toxins have had only crude comparative toxicity
estimates made. Because of their potential economic importance, pharmaceutical companies test
for toxins from molds and bacteria, and new toxins, as well as organisms not previously known to
produce toxins, are actively investigated.

The concept of dose, then, encompasses two aspects:

1. Inherent potency (modulated by degree of absorption, defense, and removal of test animals or
humans) to target organs
2. The amount and duration of exposure

4.2 POTENCY
4.2.1 Effective Dose

Effective dose is a term that is used to:

* Define the therapeutic levels for medications

* Denote the beginning of an adverse level in animal experiments

Define the level at which a medication produces a desired effect

* Define the experimental dose at which a chemical causes a measurable effect

The therapeutic index for pharmaceuticals is obtained by dividing the median lethal dose by
the median effective dose; the larger the ratio, the greater the relative safety of the drug.

422 LD,

A dose concept that is used for crudely comparing the level of effect of various chemicals, the
lethal dose 50% (LDs;), or median lethal dose, is the dose estimated to produce mortality in 50%
of the exposed animals. LD, only describes exposure levels that produce death and may differ with
exposure routes and the animals being tested. For instance, guinea pigs tend to be more sensitive
than rats or mice. Subtleties of target dose, metabolism, detoxification, or mechanism of action are
not revealed by such experiments. Table 4.1 illustrates the variability in the LD;, of trichothecenes
for mice vs. rats vs. guinea pigs.
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Table 4.1 LD, Values (mg/kg) of Trichothecenes

Type  Trichothecenes Mouse Rat Guinea Pig
i.v. i.p. s.C. Oral i.v. i.p. s.c. Oral i.p. s.c. Oral
A T-2 toxin 5.2 10.5 5.2 3.06
HT-2 toxin 9.0
DAS 12 23.0 1.3 0.75 7.3
Neosolaniol 14.5
Monoacetoxy
Scirpenol 0.725
B Nivalenol 7.3 7.4 7.2 38.9
Diacetylnivalenol 9.6
DON 70.0 46.0
3-acetyl-DON 49.0 34.0
Trichothecin 300.0 250
C Roridin A 1.0
Verrucarin A 1.5 0.5 0.87
Verrucarin B 7.0
Verrucarin J 0.5

Abbreviations: i.v., intravenous; i.p., intraperitoneal; s.c., subcutaneous.

Source: Adapted from Ammann, H.M., Bioaerosols, Fungi and Mycotoxins: Health Effects Assessment, Prevention
and Control, Johanning, E., Ed., Eastern New York Occupational and Environmental Health Center, Albany, 1999.
With permission.

4.2.3 Toxicological Interactions

The most current means of assessing toxicology of mixtures is to assume that the effects of
mixtures are additive. This is not always the case, however. For example, some chemicals have
effects that cancel out or reduce the toxicity of each other, and the toxicity of some individual
chemicals is greater than the sum of each. Some mixtures, such as those resulting from various
forms of combustion, have been approached with a concept of relative potency for carcinogenicity
(Lewtas et al., 1987). Another way to assess effects of exposure to more than one substance is to
design experiments where test subjects are exposed to more than one chemical substance. The
purpose of these experiments is to see whether simultaneous exposure to two substances enhances
or diminishes the effect of one chemical alone. Toxicologic interactions may be defined as additive,
synergistic, or antagonistic. All may express:

* Response by the host to chemical/biological exposure

* Positive responses by the host to low doses of chemical/biological agents (e.g., enhanced resistance,
enhanced biodegradation [i.e., enzyme activation], vaccination)

» Negative responses by the host to chemical/biological changes, such as cell death and tissue
damage, altered organ function (e.g., olfactory paralysis caused by hydrogen sulfide or central
nervous system intoxication by solvent inhalation), systemic toxicity, tissue irritation, abnormal
immune responses (e.g., sensitivity, allergy, asthma), or cancer

Interactions may occur as the result of synergy, additivity, potentiation, or inhibition. The nature
of the interaction may reflect the underlying mechanism so that two toxins acting on the same
receptor are likely to have an additive rather than a synergistic effect or, alternatively, two toxins
acting at related but different receptor sites may exhibit synergy.

The analysis for showing interactions must be based on dose—response relationships rather than
concentrations. Because dose-response curves can have dramatically different slopes, combinatory
analyses must be based on these curves. The most common analyses for interactions utilize
isobolograms, which are based on dose-response curves of each toxin given separately and in
combination. For example, consider the case where two cytotoxic compounds are being evaluated.
The isobolograph plots compound A vs. compound B, and the combinations will give 100% of the
endpoint cytotoxicity; a concentration of compound A that will give 25% cytotoxicity (from the
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Figure 4.1 Isobologram of interaction of compounds A and B. (From Miller, R.V., Martinez-Miller, C., and Bolin,
V., Proc. Tenth Int. IUPAC Symp. on Mycotoxins and Phycotoxins, Ponson and Looijen, Wageningen,
2000. With permission.)

dose—response curve of compound A) is added to a concentration of compound B that will give
75% of the endpoint cytotoxicity. If the combination yields 100% of the cytotoxicity, then the
compounds are additive; if the combination gives more cytotoxicity, then the interaction is syner-
gistic; and if the interaction is less than 100%, then the interaction is antagonistic.

More complex analyses are usually done using response surface analyses integrating isobolo-
graphic principals. Again, these combinations are made based on dose-response relationships, not
on concentration. Such isobolographic analyses have been widely used for some time in the study
of drug and pesticide interactions in the pharmaceutical and agrichemical industries, respectively.
Figure 4.1 shows a simple isobologram.

An additive effect, in its most simple form, means a sum of the toxic effects produced by the
chemicals. An antagonistic effect, in simple form, means a decrease in effect (e.g., a classic example
of antagonism is the use of an antidote to a poison). A synergistic effect is a multiplication of
effects. Because interactions are actually very complex, these terms are used as generalities when
describing interactions. Measurement of interactions requires highly complex, three-dimensional
characterizations such as isobolographic analysis.

4.2.4 Entry into the Body

Biological and chemical agents enter the body through several portals of entry, including:

* Oral ingestion

¢ Inhalation

¢ Dermal absorption

* Injection (subcutaneous, intramuscular, or intravenous)

In natural settings outside of the laboratory, exposure occurs from:

¢ Breathing air that contains the chemical or biological agent (inhalation exposure)
* Consuming food or water that contains the agent (oral or ingestion exposure)
¢ Contact and penetration of the skin (dermal exposure)

In the laboratory, chemicals may be deliberately introduced via all routes of exposure so that
the effect of route of entry and subsequent dose to the target organ can be evaluated. Examples
of laboratory methods include injection or instillation of a chemical or biological agent:

¢ Into the bloodstream (intravenous, i.v.)
* Into the membrane that lines the abdominal cavity (intraperitoneal, i.p.)
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¢ Under the skin (subcutaneous, s.c.)
¢ Into the muscle (intramuscular, i.m.)

These routes vary in the time and extent of distribution of the introduced chemical, and this
variability may affect the dose that gets to the target organ. Each of these portals of entry provides
a route of exposure and has barriers to entry.

4.2.5 Barriers to Entry

Barrier to entry are defined by some type of defense mechanism (e.g., a physical barrier such
as the keratin layer of the skin or the destruction of biological and chemical agents in the intestinal
tract), and they influence the amount of chemical that actually gets to the organ or system (target
organ of toxicity) where harm can occur. For many of the hazards in the environment, inhalation,
ingestion, and dermal exposure are the only routes of exposure. The extent to which these routes
allow chemicals to be adsorbed into the body depends on the degree of contact these exposure
routes have with the vascular system, health of the system and the body, the amount of surface
area available for contact, and the physical and chemical nature of the chemicals.

4.2.6 Metabolism, Activation, and Detoxification

A chemical enters the body by absorption (via one of the exposure routes), is distributed to
tissues in the body, can be biotransformed (metabolized), and may be excreted (exits the body). In
general, each of these processes can be considered as a protective mechanism, a barrier, a means
of detoxifying, or a physical defense — all working to protect the body from harm, all with differing
degrees of effectiveness. In some cases, metabolism will increase the potency of a toxin. The various
defenses against harmful effects are related in some part to the biological port of entry through
which exposure occurs.

4.2.7 Excretion

Excretion, along with metabolism, is one of the major tools used by organisms to protect
themselves against potentially toxic compounds. Excretion is the elimination of absorbed foreign
substances. The major function of the liver and kidneys is the excretion of nonvolatile, water-
soluble substances. Volatile substances are eliminated mostly through the lungs. Non-water-
soluble substances, if transformed into water-soluble substances in the liver, can be eliminated
in the urine. Non-water-soluble substances that cannot be transformed are excreted very slowly
through the bile and feces. To a lesser extent, chemicals can also be excreted through sweat and
breast milk. For example, lactating mammals can excrete non-water-soluble substances (e.g.,
DDT or polychlorinated biphenyls) in mother’s breast milk. The excretion rate of chemical
substances is of toxicological importance. For many noncarcinogenic chemicals, the dose of a
chemical that exceeds a threshold dose can be interpreted as the body’s ability to transform
and/or excrete the chemical. For example, consumption of alcohol at a rate faster than the liver
can transform the alcohol and the kidneys can eliminate the metabolites of the alcohol results
in alcohol intoxication.

4.3 EXPOSURE

For an adverse effect to take place, the following conditions have to be met:
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1. The subject must be exposed to the potentially toxic agent.
The potentially toxic agent must be present in a form that is available for introduction into the
body by any of the natural routes of exposure.

3. Exposure conditions must be favorable so that the potentially toxic compound is absorbed by the
organism.

4. The exposure dose and duration are high enough to result in toxic doses at the target organ.

In this section, terms used to determine exposures to hazardous agents are defined. To accurately
estimate a chemical exposure and reduce the uncertainty associated with this exposure estimation,
some toxicologists endeavor to improve the scientific methods by which such exposure assessments
are accomplished. Improvements have been made in determining exposure factors, exposure models,
and exposure measurement technologies. For example, computer models predict future exposure
scenarios from dose information and from experience in past human exposure studies.

The important information to consider when assessing the potential hazard posed by a chemical
or biological organism includes the inherent potency (for biological agents, this would be the
toxicity, pathogenicity, or potential for allergenicity of the organism or the metabolic products of
the organism), dose received, and length of exposure. The concept of dose includes the amount of
chemical absorbed into the body, time, and the target organ.

4.3.1 Acute, Subacute, Subchronic, and Chronic Exposure

Terms such as acute, subacute, subchronic, and chronic are used to indicate duration and
frequency of exposure. Typical guidelines associated with these terms are:

* Acute exposure is short term, usually < 24 hours; for animal inhalation studies, acute exposure is
4 hours.

* Subacute exposure is repeated exposure to a chemical for 30 days or less.

* Subchronic exposure lasts for 30 to 90 days.

» Chronic exposure exceeds 3 months.

For human exposures in building interiors, acute exposure usually means a one-time exposure,
while chronic exposure occurs over longer intervals, usually at least months to years.

4.3.2 Severity and Duration

While the terms severity and duration would seem to apply only to duration of exposure, some
implication of degree of exposure (short-term, high dose; long-term, low dose) may also be implicit.
These implications have some bearing on the severity and duration of effect. Severity and duration
of effects are implied in other concepts related to dose. Another way of considering a threshold
dose is to think in terms of a level at which the body’s defenses are overcome, and damage begins
to be observable or even measurable.

4.3.3 Single Pathway Exposure

Single pathway exposure refers to a subject being exposed to an agent by a single route of
exposure. For example, a hazardous agent is introduced into a subject by only one of the portals
of entry (i.e., inhalation).

4.3.4 Multimedia Exposures

Multimedia exposures occur when a subject is exposed to an agent by more than one medium.
Most commonly, media include food, air, soil, and water. So, if a subject is exposed to more than
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one medium, the subject might be eating food and drinking water that contains a similar hazardous
agent.

4.3.5 Multipathway Exposures

Multipathway exposure refers to a subject being exposed to an agent by more than one portal
of entry. For example, a hazardous agent could be introduced into a subject through breathing, such
as by inhaling emissions downwind of a combustion facility, and by eating meat containing the
chemical as a result of emissions from the combustion facility depositing on plants used to feed
livestock.

4.4 ROUTES OF EXPOSURE

4.4.1 Inhalation

When inhaled, microscopic fungal spores and sometimes fragments of fungi may cause health
problems. Small mold spores (see Figure 4.2) may evade the protective mechanisms of the nose
and upper respiratory tract and reach the lungs. Once in the alveolar region of the lungs, immune
cells of the organisms can detect the microscopic spores. The immune cells attack the invading
organisms. The attack by the immune cells causes collateral damage to alveolar cells. The repeated
attack and damage may cause lung diseases, including emphysema and possibly asthma. Symptoms
associated with asthma include the buildup of mucus, wheezing, and difficulty in breathing. Less
frequently, exposure to spores or fragments may lead to a lung disease known as hypersensitivity
pneumonitis.

4.4.2 Dermal Exposures

The skin is a target organ for many irritating and potentially toxic chemicals as well as for
many pathogenic organisms. The skin is a complex organ with many and varied functions and
abilities. Some of the most important functions of the skin include regulating body water, electrolyte,
and temperature balances; acting as a shock absorber; providing a barrier against foreign objects,
organisms, and chemicals; and providing protection against harmful effects of ultraviolet light. For
these reasons, biological and chemical agents that affect the skin can also affect various organs
and may, in fact, compromise the well-being of the organism.

Intact skin is not a perfect barrier, and some chemicals and organisms are able to cross the skin
barrier without having an effect on the skin. The ability of some chemicals to cross the skin without
directly affecting the skin itself is used today to administer medications through skin patches. The
protective ability of the skin may be diminished by skin damage (e.g., cuts, abrasions, psoriasis,
acne). In such cases, pathogenic organisms and potentially toxic chemicals may enter the body
through the damaged area without having a direct effect on the surrounding skin. This effect is of
toxicological importance as the dermal doses required to produce an adverse effect in an individual
with damaged skin are lower than the doses needed to produce the same effect in an individual
with healthy skin.

As with any toxicological phenomena, adverse effects produced in the skin are directly related
to the amount of chemical applied to the skin as well as to the exposure duration. However, unlike
other pathways of chemical exposure, dermal uptake can be enhanced by increasing the skin surface
area in contact with the chemical; covering the area of application (occlusion); applying the chemical
in abraded or damaged skin; co-applying certain organic solvents, oils, and lotions; or co-applying
irritating or corrosive substances.
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Figure 4.2 Spore deposition coefficients of fungal genera found in indoor environments.

4.4.3 Ingestion Exposures

For indoor biological exposure agents, inhalation and dermal routes are the primary pathways
of exposure; however, because airway clearance of particulate pollutants involves swallowing
mucous that the respiratory system cilia sweep toward the oropharynx, ingestion can be a minor
pathway of exposure.

4.5 EFFECTS FROM EXPOSURE

The manifestation of adverse effects falls into four general categories: altered immune response
(allergy), irritation, infection, and toxicity.

4.5.1 Altered Immune Response (Allergy)

The Institute of Medicine (part of the National Academy of Sciences) stated that allergy is the
most common chronic disease of humans (Pope et al., 1993). Allergy can include such symptoms
as those resembling hay fever, sneezing, runny nose, red eyes, watery eyes, skin rash (dermatitis),
cough, sneezing, fatigue, digestive problems, dizziness, difficulty breathing, and headache (due to
sinus congestion), as well as other skin reactions. Serious allergic illness such as asthma and less
frequently hypersensitivity pneumonitis may occur.

Allergic reactions may occur only after repeated exposure to a specific biological allergen. The
reaction may occur immediately upon reexposure or after multiple exposures over time. As a result,
people who have noticed only mild allergic reactions or no reactions at all may suddenly find
themselves very sensitive to particular allergens. Repeated exposure has the potential to increase
sensitivity.

Bioaerosols contain many potentially allergenic substances. Generally, such substances are
called antigens and are usually proteinacious, although some small molecules can join with adju-
vants and elicit allergic reactions. Among allergenic agents in bioaerosols are:

* Pollens

* Bacteria

* Amebae

* Algae

* Insects and their body parts and effluvia (e.g., dust mite fecal allergens)
* Molds
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Fungi or similar microorganisms may cause other health problems in which allergy may play
a role. Fungi may lodge in the airways or in the deep compartments of the lung and grow into a
compact sphere known as a fungus ball. In people with lung damage or serious underlying illnesses,
Aspergillus may grasp the opportunity to invade and actually infect the lungs or the whole body.
The occurrence of allergic aspergillosis suggests that other fungi might cause similar respiratory
conditions. In some individuals, exposure to certain fungi can lead to asthma or to an illness known
as allergic bronchopulmonary aspergillosis (ABPA). This condition, which occurs occasionally in
people with asthma, is characterized by wheezing, low-grade fever, and coughing of brown-flecked
masses and mucous plugs. Skin testing, blood tests, x-rays, and examination of the sputum for
fungi can help establish the diagnosis.

Inhaling or touching mold or mold spores may cause allergic reactions in sensitized individuals.
Allergic responses include hay-fever-type symptoms, such as sneezing, runny nose, red eyes, and
skin rash (dermatitis). Allergic reactions may occur only after repeated exposure to a specific
biological allergen. The reaction may occur immediately upon reexposure or after multiple expo-
sures over time. As a result, people who have noticed only mild allergic reactions or no reactions
at all may suddenly find themselves very sensitive to particular allergens. Repeated exposure has
the potential to increase sensitivity. Fungus spores and fragments can produce allergic reactions in
sensitive individuals regardless of whether the fungus is dead or alive.

4.5.2 Asthma

According to the Institute of Medicine, asthma prevalence and incidence are increasing for
reasons not clearly known (Pope et al., 1993). Asthma is a serious respiratory disease characterized
by inflammation of airways, with and without symptoms, obstruction of airways from airway
constriction, and secretion of thick mucus that results in difficulty in breathing during an asthmatic
attack. Asthma is a complex disease that varies in individuals. Allergic sensitization to environmental
antigens appear to play a role both in the initiation of asthma as a disease and in the initiation of
asthmatic attacks. Exposure to cold, to respiratory irritants, odors, and even exercise can initiate
asthmatic attacks, depending on the characteristics of disease in the individual.

4.5.3 Hypersensitivity Pneumonitis

Inhalation of spores from fungus-like bacteria (e.g., actinomycetes) and from molds can cause
the lung disease termed hypersensitivity pneumonitis, which may develop following either short-
term (acute) or long-term (chronic) exposure to molds. The disease resembles bacterial pneumonia.
Hypersensitivity pneumonitis is often associated with specific occupations and develops in people
who live or work in environments with high concentrations of aerosolized fungus and bacteria.
Symptomatically, hypersensitivity pneumonitis resembles bacterial or viral infections such as the
flu or pneumonia and may lead to serious heart and lung problems.

4.5.4 Irritant Effects

Exposure to irritant substances can cause irritation of the mucous membrane in the eyes and
respiratory system or irritation of the nerve endings, resulting in strange sensations and cognitive
and other central nervous system changes (described more fully in Chapter 5). Microbial volatile
organic compounds (mVOCs) are compounds produced by molds; they are vaporous and are
released directly into the air. Because these compounds often have strong and/or unpleasant odors,
they can be the source of odors and irritants associated with molds. Exposure to VOCs has been
linked to symptoms such as headaches, nasal irritation, dizziness, fatigue, and nausea. Measurement
of mVOC:s is considered by some researchers to be a diagnostic tool for determining mold growth
in a building.
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4.6 TOXICITY

Both bacteria and mold can produce biological poisons known as toxins.

4.6.1 Bacterial Endotoxins

Endotoxin is the name given to a group of heat stabile lipopolysaccharide molecules present
in the cell walls of Gram-negative bacteria that have a certain characteristic toxic effect. The lipid
portion of each molecule is responsible for the molecule’s toxicity and can vary among bacterial
species and even from cell to cell. Endotoxin is common in the environment due to the ubiquitous
nature of Gram-negative bacteria. Exposure to elevated levels of endotoxin primarily occurs through
exposure to aerosols from specific reservoirs such as cotton mills, metalworking fluids, wastewater
treatment facilities, indoor swimming pools, air washers, or humidifiers and in any other occupa-
tional settings where Gram-negative bacteria can flourish. When inhaled, endotoxins may create
an inflammatory response in humans that can result in fever, malaise, alterations in white blood
cell counts, headache, respiratory distress, and even death.

4.6.2 Bacterial Exotoxins

Bacteria can produce exotoxins that invade host cells and cause the adverse effects recognized
as disease symptoms. For instance, Bacillus anthracis produces exotoxins that cause the disease
anthrax. Other soil bacteria such as Clostridium botulinum and Clostridium tetanii can also produce
toxins and secrete these toxins into the environment. Such bacteria are generally associated with
exposure through contact with soil and ingestion or skin penetration exposures and not with
inhalation exposures in indoor environments. Unusual exposures could result from bioterrorism
exposures, as the spores of some of these bacteria have been developed for use as weapons. These
spores can be genetically altered or chemically treated to concentrate the toxins or ground to a size
effective for air dispersion. Effective air dispersion is defined as long float time in airstreams and/or
resuspension potential. The intent of particulate size alteration is ultimately to make the spore more
available over a given time frame for potential inhalation.

4.6.3 Fungal Toxins

Molds can produce potentially toxic substances called mycotoxins. Many common environ-
mental fungi produce secondary metabolites that are potentially toxic to eukaryotic cells. The term
mycotoxin is commonly used to refer to these compounds. Some mycotoxins cling to the surface
of mold spores or are found in dust. More than 200 mycotoxins have been identified from common
molds, and many more remain to be identified. Some of the molds that are known to produce
mycotoxins are commonly found in moisture-damaged buildings. Exposure pathways for mycotox-
ins can include inhalation, ingestion, or skin contact. Although some mycotoxins are well known
to affect humans and have been shown to be responsible for human health effects, little information
is available for many mycotoxins.

Aflatoxin B, is perhaps the most well known and studied mycotoxin. Aflatoxin B, can be
produced by the molds Aspergillus flavus and A. parasiticus and is one of the most potent carcin-
ogens known. Ingestion of aflatoxin B, can cause liver cancer, and some evidence exists that
inhalation of aflatoxin B, can cause lung cancer. Aflatoxin B, has been found on contaminated
grains, peanuts, and other human and animal foodstuffs; however, A. flavus and A. parasiticus are
not commonly found on building materials or in indoor environments.

Many symptoms and human health effects attributed to inhalation of mycotoxins have been
reported, including mucous membrane irritation, skin rash, nausea, immune system suppression,
acute or chronic liver damage, acute or chronic central nervous system damage, endocrine effects,
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and cancer. More studies are needed to obtain a clear picture of the health effects related to most
mycotoxins.

The production of mycotoxins by fungi and the accumulation of mycotoxins in fungal spores
are dependent upon environmental conditions (e.g., substrate, temperature, and humidity) and the
species and strains of fungi and the presence of competitive organisms. Detection of a fungal species
known to be toxigenic does not imply mycotoxin exposure.

Much of the information on the human health effects of inhalation exposure to mycotoxins
comes from studies done in the workplace and some case studies. These studies have revealed such
mycotoxin effects as immunosuppression, carcinogenesis, cytotoxicity, neurotoxicity (including
acute or chronic central nervous system damage), mucous membrane irritation, skin rash, nausea,
acute or chronic liver damage, and endocrine effects. These effects may be independent of infection
or stimulation of antibodies (in contrast to the mycobacterial mycotoxins).

Some molds can produce several compounds of toxicological importance. Molds such as
Aspergillus versicolor and Stachybotrys chartarum (formerly S. atra) are known to produce potent
toxins under certain circumstances. In addition, preliminary reports from an investigation of an
outbreak of pulmonary hemorrhage in infants suggest an association between pulmonary hemor-
rhage and exposure to S. chartarum.

Information on ingestion exposure, for both humans and animals, is more abundant than for
inhalation. A wide range of health effects has been reported following ingestion of moldy foods,
including liver damage, nervous system damage, and immunological effects.

4.7 MYCOTOXIN TYPES (INDOORS)

Over 20 mycotoxins have been detected in indoor environments, but some of the more common
and relevant mycotoxins include trichothecenes, produced by certain species of Stachybotrys, Tricho-
derma, and Fusarium; aflatoxin and sterigmatocystin, produced by a number of species of Aspergillus;
ochratoxin, produced by various species of Aspergillus and Penicillium; and griseo-fulvins, produced
by certain species of Memnoniella and Penicillium (Macher et al., 1999; Jacobsen et al., 1993). Recent
advances in technology have given laboratories the ability to test for specific mycotoxins without
employing cost-prohibitive gas chromatography or high-performance liquid chromatography tech-
niques. Currently, surface, bulk, food and feeds, and air samples can be analyzed for the mycotoxins
given in Table 4.2. Other mycotoxins of clinical significance are also provided in the table.

More research is needed on other mycotoxins, including penicillic acid, roquefortine, cyclo-
piazoic acid, verrucosidin, rubratoxins A and B, PR toxin, luteoskyrin, cyclochlorotine, rugulosin,
erythroskyrine, secalonic acid D, viridicatumtoxin, kojic acid, xanthomegnin, viomellein, chaeto-
globosin C, echinulin, flavoglaucin, versicolorin A, austamide, maltoyzine, aspergillic acid, pas-
paline, aflatrem, fumagillin nigragillin chlamydosporol, and isotrichodermin, among others. More
research is required in this field to better understand the relationships of fungal contamination,
mycotoxin production on building substrates, and building-related disease.

4.8 RESEARCH NEEDS

Essential dose-response information is needed to correlate numbers of fungal spores with a
particular chemical composition to health effects in humans. Acceptable dose information would
doubtless be arduous to acquire even if laboratory tests could be devised. Surrogate tests such as
tests for the responses in vitro of human cells (e.g., alveolar macrophages) are in their infancy, and
animals lack the ability to corroborate or deny the persistent, subjective symptoms commonly
reported in cases of indoor mold proliferation. The need for objective measures of adverse responses
to mold inhalation is great, and devising such measures would be an important step in developing
scientific correlates between spore counts and the need for remediation of buildings.
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Table 4.2 Mycotoxins Produced by Some Fungi

Aflatoxin

Alternariol
Citrinin

Fumonisin

Gliotoxin

Ochratoxin

Patulin

Satratoxin H

Sterigmatocystin

T-2 toxin

Vomitoxin or deoxynivalenol
(DON)

Zearalenone

Aflatoxin is a potent carcinogen and has been associated with a wide
variety of human health problems. The FDA has established maximum
allowable levels of total aflatoxin in food commodities at 20 parts per
billion. The maximum level for milk products is even lower at 0.5 parts
per billion. Primarily Aspergillus species produce aflatoxin.

Alternariol is a cytotoxic compound derived from Alternaria alternata.

Citrinin is a nephrotoxin produced by Penicillium and Aspergillus
species. Renal damage, vasodilatation, and bronchial constriction are
some of the health effects associated with this toxin.

Fumonisin is a toxin associated with species of Fusarium. Fumonisin
is commonly found in corn and corn-based products, with recent
outbreaks of veterinary mycotoxicosis occurring in Arizona, Indiana,
Kentucky, North Carolina, South Carolina, Texas, and Virginia. The
animals most affected were horses and swine, resulting in dozens of
deaths. Fumonisin toxin causes “crazy horse disease,” or
leukoencephalomalacia, a liquefaction of the brain. Chronic low-level
exposure in humans has been linked to esophageal cancer. The
American Association of Veterinary Laboratory Diagnosticians
(AAVLD) advisory levels for fumonisin in horse feed is 5 ppm.

Gliotoxin is an immunosuppressive toxin produced by species of
Alternaria, Penicillium, Aspergillus, and Stachybotrys.

Ochratoxin is primarily produced by species of Penicillium and
Aspergillus. Ochratoxin damages the kidneys and liver and is also a
suspected carcinogen. Ochratoxin may impair the immune system.

Patulin is a mycotoxin produced by Penicillium, Aspergillus, and a
number of other genera of fungi. Patulin is believed to cause
hemorrhaging in the brain and lungs and is usually associated with
apple and grape spoilage.

Satratoxin H is a macrocyclic trichothecene produced by Stachybotrys
chartarum, Trichoderma viridi, and other fungi. High doses or chronic
low doses are lethal. This toxin is abortogenic in animals and is believed
to alter immune system function; it makes affected individuals more
susceptible to opportunistic infection.

Sterigmatocystin is a nephrotoxin and a hepatotoxin produced by
Aspergillus versicolor. This toxin is also considered to be carcinogenic,
especially in the liver.

T-2 toxin is a trichothecene produced by species of Fusarium and is
relatively potent. If ingested in sufficient quantity, T-2 toxin can severely
damage the entire digestive tract and cause rapid death due to internal
hemorrhage. T-2 has been implicated in the human diseases
alimentary toxic aleukia and pulmonary hemosiderosis. Damage
caused by T-2 toxin is often permanent.

Vomitoxin, chemically known as deoxynivalenol, a trichothecene
mycotoxin, is produced by several species of Fusarium. Vomitoxin has
been associated with outbreaks of acute gastrointestinal illness in
humans. The FDA advisory level for vomitoxin for human consumption
is 1 ppm.

Zearalenone is also a mycotoxin produced by Fusarium molds.
Zearalenone toxin is similar in chemical structure to the female sex
hormone estrogen and targets the reproductive organs.

Tolerance to molds appears to vary biologically among individuals and appears to relate at least
partially to the vagaries of allergic sensitization. In the absence of any direct indicators of mold
bioaerosol numbers exceeding human tolerance levels, a reasonable indicator of potentially signif-
icant problems would seem to be the coincidence of (1) symptoms attributed to building air quality
and compatible with mold exposure (nonspecific upper respiratory or flu-like symptoms, mucous
membrane irritation, exacerbation of asthma, wheezing, and shortness of breath, with remission
within hours of leaving building and recurrence upon reentry into building), and (2) evaluation of
levels of toxigenic or allergenic species measured indoors and outdoors in a suspect building where,
after adequate study, significant indoor mold amplifiers are not thought to exist.
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Ideally, standards for fungi in indoor air should be based on the health effects of such exposure.
Information on human dose-response relationships for fungi in air, however, is currently not readily
available.
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This chapter discusses general concepts of exposure and risk assessment, their applications and
shortcomings for indoor environments, and some evolving or alternative concepts that may aid in
assessing the potential health consequences of exposure to contaminants in indoor environments.

5.1 EXPOSURE AND RISK ASSESSMENT

The assessment of biological and chemical exposure is a central component to any health
evaluation involving an environmental contaminant. Industrial hygienists and toxicologists have
extensively studied the health effects of acute or short-term exposure to a number of chemicals
(and chronic effects for a few), primarily in industrial occupational situations. As a result, permis-
sible exposure levels for workers in the industrial workplace have been established that are based
on the statistical adverse response of the majority of individuals to the contaminant. However, in
1999, the American Conference of Governmental Industrial Hygienists (ACGIH) determined that
threshold limit values (TLVs) for biological contaminants could not be recommended because:

* The mixture of biological contaminants is very complex and varies from setting to setting.

* The methods of measuring components (viable and nonviable) of biological contaminant mixtures
do not translate to meaningful numbers that can be used for exposure assessment.

» The susceptibility of exposed persons varies too much to be able to set a safe level for most workers
(the definition of a TLV).

The ACGIH determined therefore that assessment of exposure to biological contaminants depends on:

* The judgment of professionals, including industrial hygienists, building scientists, toxicologists,
epidemiologists, medical personnel, and others with profound knowledge regarding buildings,
exposures and effects after a careful analysis

¢ The use of common sense in investigating problem buildings

Hampering quantitative risk assessment are the difficulties of sampling bioaerosols (i.e., air sus-
pensions of spores, bacteria, payments, and products), lack of knowledge about the specific health
effects of individual toxic and irritative substances produced by microorganisms that grow in damp
indoor spaces, and the effects of exposure to the organisms themselves.

The lack of knowledge about interactions among all the agents that comprise exposure within
indoor spaces makes quantitative assessment of risk even more problematic. Such agents include
not only toxic substances such as mycotoxins (produced by fungi) and bacterial endotoxins (that
have at least limited dose—response information from animal experiments and occupational studies)
but also infective and allergenic substances and chemical air pollutants that are often found in
higher concentrations indoors than outside. This complex exposure to the indoor mixture compli-
cates the analysis of effect from any one agent.

Indoor environments pose a particularly complex system, with chemicals and biological agents
originating from both external and internal sources. Exposure and risk assessments in these envi-
ronments are further complicated by these facts:

* Individual contaminants may not reach acute toxicological thresholds.
* Complex mixtures of contaminants with diverse endpoints are formed.
* Some long-term or chronic exposures have not been well studied.
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5.2 RISK

Risk is the probability that harm, injury, or disease will occur as a consequence of exposure to
a particular hazard. Risk, in human health terms, is comprised of the evaluation of:

¢ Information on the hazardous properties of substance(s)

* Quantification of hazard through dose-response assessment

» Evaluation of the extent and duration of human exposure

¢ Characterization of the possible consequences resulting from such exposure

To accomplish this, a systematic approach must be taken to organize and analyze scientific
information to evaluate the hazard potential from specified exposures (National Academy of
Science, 1994); however, the process requires that many assumptions be made due to lack of
specific knowledge about either basic toxicological or pathogenic mechanisms or specificity of
exposure. Quantitative assessments are attempted when some degree of knowledge is available
about the toxicity, dose—response relationship, or pathogenicity of the specific agent and extent
of exposure.

Assessments are limited to qualitative descriptions without such data; however, in both quan-
titative and qualitative risk assessments, default values that can introduce large uncertainties into
the estimate are often necessary. Because the numbers that result from risk assessment, particularly
quantitative risk assessment, give the appearance of certainty, assumptions and defaults must be
clearly defined. Both quantitative uncertainty analysis, where possible, and qualitative uncertainty
analysis, when numerical estimates are not possible, should be included in risk assessments so that
the process is transparent to the reader. The limitations of the assessment and a description of the
analysis must be provided.

5.3 QUANTITATIVE PARADIGMS

Standard methods are available for the measurement of many chemicals, and exposure para-
digms have been developed. Some chemicals have good toxicological information, and
dose—response relationships have been worked out for at least one of the three general pathways
of exposure: inhalation, oral, and dermal, and some indirect pathways. The principles developed
for risk assessment of chemical substances can, to a large degree, be applied to biological contam-
inants if sufficient toxicological and/or pathological and exposure information has been obtained.
That is:

¢ Known hazards described in the scientific literature can be evaluated.
* Exposures can be estimated or modeled.
¢ Risk can be characterized.

Dose-response relationships form the quantitative portion of hazard assessment. Generally,
observing measurable effects in any of the following has elucidated these relationships:

* Laboratory experiments involving controlled exposures of animals
¢ Controlled exposure of humans

* Occupational case studies

* Epidemiological studies of humans

As a result, a dose-response curve can be drawn that allows limited extrapolation or interpolation
to exposures not included in the analysis and extrapolation to organisms (i.e., humans) that were
not experimentally exposed.
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Controlled human exposures are limited to low-level exposures that are not thought to do
permanent harm and are limited by ethical considerations. Epidemiological investigations (i.e.,
animal exposures) are limited in their power of effect detection by the size of the population being
exposed and analyzed. The smaller the population analyzed, the smaller the power of the analysis
to detect effect.

Underlying such analyses are assumptions that what is true for the experimental animal is true
for humans, and that what is true of the exposed human population being studied is true for other
human populations. Paradigms for assessing chemical exposures have been developed for those
chemicals that have been studied. Many of these have resulted in the establishment of threshold
limits by ACGIH, NIOSH, OSHA, EPA, and AIHA (ACGIH, 2001; AIHA, 2001; Hammond and
Coppock, 1990; NRC, 1983; USEPA, 1992). These paradigms are based on dose-response curves
developed for animals and extrapolated to humans or on human occupational studies.

Another basis for standards could be the concentration required to induce a specific physiolog-
ical dysfunction, such as reduced pulmonary function, into a certain percentage (often 10%) of a
test population. In general, these paradigms follow the general dose equation (USEPA, 1992):

Potential dosage = XC;- E; - D,

where C, is the concentration of organism or chemical (e.g., toxin) at time #; E; is the exposure
concentration by ingestion, surface contact, or inhalation rate at time i; and D, is the duration of
exposure in hours at time i. An estimated dosage can then be derived by substituting in the:

* Average concentration (C,,,)
* Exposure rate (ER,,,)
¢ Total duration (ED)

Resulting in the following equation:

Potential dosage =C,,, - ER,, - ED

e ave

The Environmental Protection Agency (EPA) developed a risk paradigm for inhalation that
incorporates more information about variables that influence risk. In developing their reference
concentrations (RfCs), the EPA has incorporated information that addresses some of the uncertain-
ties that arise due to differences between experimental animal species and humans (USEPA, 1994).

No observed adverse effect levels (NOAELs) and lowest observed adverse effect levels
(LOAELS) are extracted from the best chronic animal exposure study available and converted to
human equivalent concentrations (HECs). For gases, concentration units must be converted from
ppm to mg/m3. Human equivalent concentrations are calculated by converting experimental expo-
sure durations to 24-hour equivalents, taking into account the breathing rate and respiratory surface
area impacted in the experimental animal relative to that of humans.

An RfC is then calculated by incorporating uncertainty and modifying factors into the
NOAEL (. A reference concentration is defined as an estimate (with uncertainty spanning perhaps
an order of magnitude) of a daily exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious effect during a lifetime (USEPA, 1994):

RfC = NOAEL;.,(mg/m*)/(UF x MF)

where UF is the uncertainty factor and MF is the modifying factor. The uncertainty factor usually
is a tenfold factor intended to account for the uncertainties due to variation in susceptibility within
the human population, uncertainty in extrapolation from experimental animal data to human effect,
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uncertainty in converting extrapolation data from less than lifetime to lifetime exposures, and the
inability of any single study to address all adverse outcomes in humans.

Reference concentrations can also be calculated for particulate contaminants, such as fine
particles from combustion. Because of differential deposition throughout the lung, deposition
depends on particle size and behavior, expressed as mean aerodynamic diameter. Particles deposit
in the upper portion of the bronchial tree by impaction, farther down in the tree by sedimentation,
and in the terminal bronchioles and alveoli by diffusion. A term for regional deposition must be
included when calculating effects from particles.

Modifying factors are greater than O and less than or equal to 10; they have a default value
of 1 (one). Modifying factors allow the incorporation of evaluations of scientific uncertainties,
such as the number of animals tested or endpoints accounted for, but not incorporated, in the
risk equation.

Other EPA risk paradigms are taken from the risk assessment guidelines for Superfund (USEPA,
1989). The inhalation exposure paradigm for airborne chemicals is:

CA x IR x ET x EF

Intake (mg/kg -day) =

BW x AT
where:
CA = Contaminant concentration in air (mg/m?); a site-specific or modeled value
IR = Inhalation rate (m3/hour), with an adult average of 20 m?/day; other values can be

obtained from the Exposure Factors Handbook (USEPA, 1992)
ET = Exposure time (hours/day) specific to the individual (e.g., work day)
EF = Exposure frequency (days/year) specific to the individual

ED = Exposure duration; 70-year lifetime by convention
BW = Body weight (kg); 70-kg adult, average
AT = Averaging time (period over which exposure is averaged, in days) calculated for

noncarcinogenic effects by ED X 365 days per year; for carcinogenic effects, by 70-
year lifetime x 365 days per year

Note that individual variations or susceptibilities are not very well addressed in the above
paradigms.

Risk assessment is most frequently performed for assessing the effects from exposure to
individual agents, with the realization that humans are not exposed to compounds one at a time or
in isolation from other routes of exposures. The risk assessment of chemical mixtures is still
problematic for many reasons, including the fact that the composition of mixtures changes in real-
life exposures. Effects of mixtures are often addressed by assuming that effects of the mixture
components are additive (at least across similar endpoints) or that synergism can occur among the
components.

5.4 QUALITATIVE PARADIGMS

For the majority of chemicals and biological contaminants, thorough systematic analyses of
toxicological and/or pathological effects simply have not been done. This fact leads to a major risk
assessment limitation in that the analyses are reduced to qualitative analyses. A qualitative assess-
ment is, by definition, more uncertain for agents that have inadequate information available or for
mixture components that are not measured (this is also true for quantitative assessments).
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5.5 HAZARD IDENTIFICATION
5.5.1 Medical Evaluation and Surveillance

The first step in attempting to characterize risk for indoor exposures is the evaluation of adverse
effects in potentially exposed individuals. Such an evaluation includes an analysis of complaints, as
documented through a differential diagnosis by a physician or other medical professional (Hodgson,
1995). Diagnoses result from reviewing the patient’s history, the patient’s symptoms, and a medical
evaluation that records the signs and symptoms. This evaluation may be based on the actual signs
and symptoms observed or on test results (e.g., physical or biochemical laboratory tests).

Many differing medical conditions and exposures can share both signs and symptoms. Symp-
toms are not so much nonspecific as common to different exposures or underlying pathologies.
The history and differential diagnosis can assist in distinguishing symptom causation. For example,
a headache can result from mechanical injury to the head, tension, sinus obstruction, or carbon
monoxide or other toxic exposure, such as solvents or mycotoxins, among many others.

Without a careful patient history, the causality cannot be ascertained with medical certainty. As
a result, many of the routine clinical screening tests such as blood chemistries alone are often of
little value in the medical assessment (Rose et al., 1999). Surveillance of persons exposed under
similar circumstances may be necessary to determine associations with environmental conditions.
An environmental appraisal may be crucial to the medical evaluation. This appraisal must encom-
pass the suspect building, any other buildings (e.g., residence or workplace) frequented by affected
individuals, and other exposures from occupations, hobbies, or avocations.

The appraisal must be structured to identify exposures that may cause and/or exacerbate the
health effects noted in the medical evaluation. Regrettably, most physicians do not make environ-
ment assessment house calls nor are they trained to do so; therefore, good medically based
environmental appraisals are usually lacking, particularly for private residences. In addition, com-
plete environmental investigations of all the indoor environments to which affected individuals are
exposed (which includes a careful building walk-through to identify potential sources and judicious
use of sampling and analyses for both chemical and biological contaminants) are costly and often
neglected.

5.5.2 Hazards in Indoor Air

All air breathed under natural conditions is composed of mixtures of chemical compounds. In
the ambient air, the nature of the mixture depends on proximity to sources of various contaminants,
such as industrial or mobile sources. Some contaminants are thought to be ubiquitous throughout
the country and are addressed by National Ambient Air Quality Standards (NAAQS) which, by
law, are health-based standards. These standards regulate particulate matter, sulfur and nitrogen
dioxides, carbon monoxide, ozone, and lead. At present, all other toxic ambient air pollutants are
regulated by source control. Chemicals breathed by human beings indoors are not regulated except
in the industrial workplace, where the acute exposure of some is limited through the Occupational
Safety and Health Administration (OSHA). Other indoor exposures to chemicals are not regulated.

5.5.3 Chemicals (of Nonbiological Origin)

Chemicals breathed indoors can be divided into several large categories: combustion products,
volatile organic compounds, and irritant compounds.

5.5.3.1 Combustion Products

Combustion produces thousands of compounds, the highest concentrations of which are fine
particles (less than 1 pm in aerodynamic diameter), carbon monoxide, oxides of sulfur, and nitrogen
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oxides. All of these have been extensively studied and health criteria have been developed for them.
Specific information regarding the components of other combustion mixture components has not
been extensively developed. Many toxic compounds generated during combustion are known to
adsorb to the surface of fine particles and are available to be carried deep into the lung. One
hypothesis put forward to explain the toxicity of fine particles to the lung and heart, and for their
role in lung cancer, is that such adsorbed toxins rather than the pesticides themselves play a large
role in these disease processes.

Carbon monoxide (CO) prevents blood from carrying sufficient oxygen to cells to maintain
adequate metabolism. High oxygen demand on organs such as the heart and lung is most quickly
and severely affected by CO. The NAAQS for CO is based on this effect of CO on the most sensitive
human population, cardiac patients.

Both nitrogen oxides and sulfur oxides are upper airway irritants. Sulfur dioxide (SO,) adsorbs
to particulate co-pollutants that carry the compound deep into the lung, where the SO, becomes a
lower airway irritant that can initiate and exacerbate asthma. Nitrogen oxide effects decrease both
the physical and immunological defenses of the lung, making some populations, especially children,
more susceptible to infectious organisms.

Combustion sources indoors are room-vented appliances (gas stoves, ovens, and heaters);
backdrafting vents for stoves, fireplaces, or gas water heaters; outside sources such as attached
garages, indoor parking areas that vent to occupied spaces through elevator shafts, and other stack-
effect pathways, and improperly placed air intakes.

5.5.3.2 \Volatile Organic Compounds

Many volatile organic compounds (VOCs) are found in indoor spaces in higher concentrations
than in the ambient air, even in that of industrial areas (USEPA, 1987). These higher concentrations
are due to tightening of buildings for purposes of energy conservation without providing for
adequate ventilation. Prominent indoor sources include emissions from paints, varnishes, plastics,
cleaning solvents, office products, and construction materials.

Many VOCs are toxic to the nervous system and are respiratory and eye mucous membrane
irritants. When considered as singular chemical constituents, the concentrations of most individual
VOC:s indoors may be higher than in the ambient air but usually not at levels that exceed individual
industrial workplace standards for the VOCs that have such standards.

Work performed by the EPA and Danish colleagues (Otto et al., 1990) has shown that the
aggregate VOC concentration of all mixture components may result in both neurotoxic and irritative
effects, even when the individual components are not at sufficient levels to cause measurable toxic
effects. In other words, the additive or synergistic toxic effect of chemical mixtures often exceeds
the effect of any singular chemical component of the mixture.

Many of the VOCs used for cleaning (e.g., alcohols, ammonia, and complex solvents such as
limonene and pinene) are also produced by certain molds. The presence of molds and bacteria can
complicate the question of exposure to VOCs because primary and secondary metabolites from
these organisms can contribute to the total VOC burden to the occupant.

The neurotoxic endpoints that seem to be most affected at low exposure levels are those that affect
the olfactory sense and the common chemical sense (neurasthenic sense) that responds to pungency
(Schiffman et al., 2000). The common chemical sense resides in the trigeminal, vagus, and glossopha-
ryngeal spinal nerves. The sensory nerve endings respond to irritative stimuli, while the motor portion
responds by smooth muscle contraction, secretion from excretory glands, and central nervous system
effects that can include impairment of attention and memory and a variety of fight or flight responses.

5.5.3.3 Irritants

In addition to the mucous membrane and nerve irritation brought about by exposure to VOCs,
other irritant compounds (including aldehydes, ketones, and other semivolatiles) can lead to mucous
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membrane irritation, resulting in inflammation, and can then involve sinus blockage and drainage,
sore throats, irritated eyes, and respiratory symptoms. Such compounds (for example, formalde-
hyde) can originate with combustion; can off-gas from building materials such as particle board,
oriented-strand board, plywood, glues, and adhesives; or can off-gas from finished fabrics in curtains
and upholstery.

5.6 BIOLOGICAL CONTAMINANTS (BIOAEROSOLS)

Biological contaminants, depending on their amount and potency, can have effects on health
singly or in concert. Biological contaminants can include:

* Organisms such as bacteria, algae, protozoa, fungi (as molds), which may be allergenic or infectious
¢ Nonorganismal infectious particles such as viruses

¢ Products from animals, such as cat dander, dust mite feces, cockroach effluvia, plants (pollens)
* Enzymes and metabolic products from microorganisms

* Bacterial endotoxins

* Fungal exotoxins (mycotoxins)

¢ Microbial VOCs (mVOCs)

Depending on their manner of dispersion, many biological contaminants may also be classified
as bioaerosols. The effects of infection and allergy caused by biological contaminants may exac-
erbate the irritative and toxic effects of other agents because of additive or synergistic effects.
Additive effects occur when the effects of two or more agents result in the numerical sum of the
agents acting on a particular system alone. Synergistic effects occur when the sum of agents acting
on a particular system or organ is greater than the numerical sum and may in fact result in multiples
of the individual effects.

5.6.1 Bacteria

While bacteria are generally known for their infectious qualities, bacteria can produce toxins
as a part of their infectious processes (e.g., the toxins produced by Bacillus anthracis that allow
the bacteria to invade animal cells). Such bacterial exotoxins also can be the agents of detrimental
effects that constitute the disease (e.g., other Bacillus anthracis toxins, and Diphtheria toxins).
Gram-negative, rod-shaped bacteria also have toxins that are part of their cell wall that are released
into the environment when the bacterial cell is disrupted. These toxins are known as bacterial
endotoxins and have been implicated in respiratory diseases of workers, including hypersensitivity
pneumonitis, which is a serious disease of the lung that causes progressive loss of lung function
with continuing exposure to the etiologic agent.

5.6.2 Molds

Molds can have an impact on human health, depending on:

¢ Species involved

* Infectious or allergenic nature of the mold species

¢ Metabolic products being produced by these species

* Amount and duration of the individual’s exposure to mold parts or products
* Specific susceptibility of the individuals exposed

Health effects generally fall into four categories:
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e Allergy

¢ Infection

e Irritation (mucous membrane and sensory)
» Toxicity

Allergy is the most common effect from mold exposure. Infection is a hazard for some mold
species found indoors, for certain sensitive populations. Irritation and toxicity are other potential
effects. The potential of the agent to induce toxic effect depends on:

* Species involved

¢ Strain of the species (which can determine its metabolic products)
* Environmental conditions

* Presence of competitive organisms

5.6.3 Viruses

Airborne or droplet-borne viruses cause influenza, colds, measles, rubella, encephalomyelitis,
parotitis (mumps), pneumonia, varicella (chickenpox), and Hanta virus syndrome (Otten and Burge,
1999). Most of these diseases are associated with specific buildings and spread within building
systems by nonmechanical transmission. Properly operated HVAC systems and dry surfaces are
not considered the primary method of transmission, although a study indicating HVAC system
transmission of measles has been published (Riley et al., 1978). Most of these viruses are transmitted
through short-distance droplet spread originating from the infected individual or direct contact with
an infected human or animal. Poor ventilation, however, leads to increased aerosol concentrations,
indirectly resulting in increased disease incidence.

5.7 ALLERGY

One of the most common responses to exposure to biological pollutants is allergy. Several
indoor allergens, including other microorganisms, dust mites, cockroaches, and effluvia from
domestic pets (such as birds, rodents, dogs, and cats) and rodent pests, have been implicated
in allergic disease (Pope et al., 1993). Allergy symptoms can be exacerbated by exposure to
multiple allergens.

People who are atopic, that is, who are genetically capable of producing an allergic response,
can develop allergies to specific antigens (foreign proteins) with sufficient exposure. Clinical
responses to very low antigen exposure levels in the future may result from an original sensitizing
exposure that did not have an observable initial effect. This process is termed sensitization, and
the individuals are said to be sensitized. Allergy reactions can include skin reactions such as rashes
and hives; respiratory responses such as inflammation, with excess production of mucus from
affected membranes; allergic sinusitis; and severe diseases (e.g., asthma, hypersensitivity pneu-
monitis). Allergic reactions can range from mild, transitory responses to severe, chronic illnesses.

The Institute of Medicine (Pope et al., 1993) estimates that one in five Americans suffers from
allergic rhinitis (type I response), the single most common chronic disease experienced by humans.
Additionally, about 14% of the population suffers from allergy-related sinusitis, while 10 to 12%
of Americans have allergy-related asthma. About 9% experience allergic dermatitis (type IV
response). A much smaller number, less than 1%, suffers serious chronic diseases such as allergic
bronchopulmonary aspergillosis (ABPA) or hypersensitivity pneumonitis (type III response).

As an aside, along with allergies, allergic fungal sinusitis is not uncommon among individuals
residing or working in moldy environments (Ponikau et al., 1999). Debate continues as to whether
this fungal sinusitis is solely an allergic reaction or if it has an infectious component.
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5.8 INFECTION

Some molds found growing indoors as the result of moisture problems; for instance, Aspergillus
parasiticus and A. fumigatus can cause infections of the lung and other systems in susceptible
people. Asthmatics can develop allergic bronchopulmonary aspergillosis, which has elements of
both allergy and infection. Immunocompromised individuals or those with massive exposures can
develop aspergillosis, an infection of the lung or other systems, as well as aspergilloma (fungus
ball of the lung). Other infectious fungi include Coccidioides, Geotrichum, Cryptococcus, Nocardia
blastomyces, and Histoplasma (Mandel et al., 1996). These organisms are generally found in soil
or bird and bat droppings and can be a problem in buildings where soil or guano contamination
occurs; they do not grow (amplify) indoors due to excess moisture.

Coccidioidomycosis is a dustborne fungal disease affecting many inhabitants of arid regions in
the southwestern United States, especially the San Joaquin Valley of California, hence its common
name of Valley Fever. The causative organism is Coccidioides immitis. Almost two thirds of
infections are without symptoms, and one third manifest as severe respiratory infections including
inflammation of the lung. The disseminated form of the disease can be fatal. A rash, thought to be
a hypersensitivity reaction to the infecting organism, often accompanies respiratory infections.

Histoplasmosis is caused by Histoplasma capsulatum. Histoplasmosis infects up to 90% of
persons in the midwestern United States in its benign form; the chronic pulmonary disease has
about a 30% mortality rate if untreated. Histoplasma is carried by birds and bats and can be found
indoors in buildings that have accumulated bird and bat guano.

North America blastomycosis is caused by Blastomyces dermatitis, which is found in soil.
Blastomycosis can be localized in the skin or can be systemic. It has a high mortality rate without
treatment.

Geotrichum, Nocardia, and Cryptococcus can all cause primary pulmonary and other systemic
infections. Cryptococcus can infect any system, including the skin, and usually enters the body through
the respiratory tract. Cryptococcus has particular affinity for the central nervous system, causing
meningitis. Nocardia can enter through abrasions in the skin (usually of the feet) or through the
respiratory system, and can also metastasize to the brain, causing abscesses. These are soil organisms.

5.9 IRRITATION

Volatile and semivolatile products produced by molds, either alone or together with VOCs
produced by building materials, paints, solvents, and combustion can irritate the mucous membranes
of the eyes and respiratory tract and the nerve endings of the common chemical or neurasthenic
sense, as previously discussed. Some of these VOCs (e.g., alcohols and aldehydes and ketones) are
products of primary metabolism and are produced throughout the life of the microbe. Others, which
tend to be more complex molecules, have a characteristic moldy or musty odor and are produced
through secondary metabolism.

5.10 TOXICITY

Molds produce some compounds that are toxic to other organisms; the compounds that are
toxic to other microorganisms are generally called antibiotics. Toxic substances called mycotoxins
are mold poisons that are toxic to plants and animals, including humans. Metabolism is either
primary or secondary.

5.10.1 Primary Metabolism

Primary metabolism is the day-to-day metabolic activity that uses enzymes excreted into the
environment to digest nutrients. These nutrients are reabsorbed and converted to energy building
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blocks to make proteins, nucleic acids, fats, and other cellular building blocks. In addition to these
nutrients, water is essential to the growth of microbial organisms.

5.10.2 Secondary Metabolism, Antibiotics, and Mycotoxins

Secondary metabolites are complex molecules of various kinds that are produced only as needed
by the organism to compete for ecological niches shared with other microbes or more complex
animals and plants. Many fungi produce secondary metabolites that are directly toxic to eukaryotic
cells such as those of plants and animals (and other fungi). The term mycotoxin is commonly used
to refer to these compounds. The production of mycotoxins by fungi and accumulation of myc-
otoxins in fungal spores are dependent upon environmental conditions (e.g., substrate, temperature,
and humidity) and the species and strains of fungi. Some molds can produce several toxins.
Secondary metabolism costs the cell extra energy and is used only as needed. Mycotoxins are not
produced throughout the life of the organism, but tend to be produced around the time of sporulation,
at least in aspergilli and penicillia (Larson and Frisvad, 1994). Both antibiotics and mycotoxins
are substances produced through secondary metabolism. Mycotoxins can be found in the substrate
on which molds grow, and in dust.

5.11 SOURCE DISCOVERY AND RISK ASSESSMENT

Most of the test methods currently employed for capturing bioaerosols were developed from
the early to middle 20th century and include source sampling (Martyny et al., 1999), air sampling
(Willeke and Macher, 1999), and spatial cavity sampling. Whether or not any of these sampling
techniques is applied depends entirely on the question being asked. Questions range from very
simple such as “Is it mold or not?” to very complex such as “Is there exposure to toxic mold?”
The first question is easily answered through a tape lift. The second question requires much more
information and much more complicated and expensive testing. At best, quantifying exposure may
not be possible, and an association between known symptoms and known toxic effects and the
potential for exposure may be the only conclusion that can be drawn. Determination of exposure
requires knowing the following about the toxic substance:

* Nature of the substance (effect and toxic impact)
* Extent of dispersal within an environment
* Duration and availability for exposure occurrence

Thus, the sampling methodology and other analyses must determine the nature, extent, and duration
of exposures.

Focusing on a particular species such as Stachybotrys or Aspergillus alone does not allow for
a sufficient analysis of bioaerosols that might be impacting occupants’ health. Similarly, presence
of such an organism in bulk samples does not necessarily indicate exposure. Finding particular
species such as Stachybotrys chartarum, Aspergillus versicolor, or A. sydowii is an indicator of
long-term or severe moisture problems. Stachybotrys has a low nitrogen requirement and can grow
on cellulose materials such as hay, straw, and paper. Stachybotrys grows readily on wet straw or
hay in agricultural environments, but is rarely found in nonagricultural outdoor air samples. Stachy-
botrys grows readily on damp paper products and sheetrock indoors, but because this growth is
wet and slimy when growing Stachybotrys rarely aerosolizes unless it has dried and been disturbed.

Toxigenic, allergenic fungal genera (e.g., Penicillium and Aspergillus) are the agents associated
with some indoor air problems. Their small, nondescript conidia are difficult to assess accurately
with light microscopy. These devices tend to be biased toward the identification of larger, distinc-
tively shaped and/or dark-pigmented structures.
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Common fungi possessing such large or dark spores (e.g., Cladosporium, Alternaria, Pithomy-
ces, and Bipolaris) and conspicuous allergens (e.g., basidiospores of the bracket fungus Ganoderma
applanatum or Ustilaginaceous smut teliospores) may also be counted with accuracy. However,
these smuts are from outdoor sources and have little relevance to the major indoor air questions.

5.12 AIR SAMPLING AND RISK ASSESSMENT

Air always contains a mixture of contaminants. In damp buildings, multiple species of molds,
bacteria, other microbes and their metabolic products can be found in addition to sources of
chemical contaminants such as volatile compounds and particles. Molds that disseminate their
spores through the air do so in blooms. Blooms are episodic and their periodicity is not predict-
able. Commonly, samples are taken in a few locations in a building (and outdoors for comparison)
at one or more times during one day or, in some cases, over multiple days. Such strategies may
miss or hit blooms, which would give a skewed impression of the average exposure usually used
in risk assessments.

Timing of the sampling is a critical factor. The sampling event can easily miss a period of
bloom for one or more mold species. Other molds, such as Stachybotrys, are wet and slimy when
growing; yet when dry are easily aerosolizable and inhalable when disturbed through activity within
the building. Because moisture intrusion may be influenced by weather, many damp and moldy
buildings have periods of time when drying occurs. This drying affects the molds contaminant
levels and dispersion.

5.13 AGENTS AND AGENT MODE OF ACTION
5.13.1 Chemical Agents: Toxicity

Toxicity of chemical agents depends on the interruption of homeostatic mechanisms, which
are defined as the biochemical and physiological interactions that maintain life. A basic tenet of
the science of toxicology is that all things are toxic, depending on the degree of exposure. An
underlying principle of this concept is that organisms have defense mechanisms that work against
toxic exposures. Defense mechanisms include such physical barriers as the waterproof skin layer
or the mucociliary escalator in the respiratory system, which traps particles that impact the
branching walls of the bronchial tree. Mucus secreted in the bronchial tree traps these particles,
and cilia, with constant upward movement, push the particle-containing mucus out to the orophar-
ynx, where the mucus is swallowed. Other defense mechanisms include the blood-brain barrier
or biochemical defenses, such as chelating substances (for toxic metals), antibodies that bind
foreign proteins, and detoxifying metabolic pathways that make toxic molecules more soluble
to facilitate their excretion.

Such physical and chemical defense mechanisms ensure that the physiological function and
well-being of organisms can be maintained under environmental conditions of low exposures. When
the threshold for one or more defense mechanisms is overwhelmed, the physiological balance is
upset and systems become damaged. Damage to systems may not be detectable until an observable
threshold is reached. With increasing exposure, the imbalance becomes greater, and permanent
damage can ensue. The degree and permanence of the damage depend on which system is damaged,
the ability of the organism to heal, the nature of the contaminant, and the kind of damage caused
by the contaminant. Most noncarcinogenic chemicals have a threshold below which a normal adult
can recover without chemical insult. Some chemicals have low thresholds that, for practical pur-
poses, are virtually indistinguishable from chemicals that do not have threshold qualities. An
example of such a low threshold chemical is lead.
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5.13.2 Carcinogenicity

The Environmental Protection Agency and some other scientists think that chemicals that cause
cancer do not have a threshold. Risk assessment for chemicals that cause mutation in the DNA
molecule assumes that no threshold exists. Such an assumption is based on the one-hit hypothesis,
which states that a single mutation can result in a cell transformation that leads to cancer. Measuring
a single hit to a DNA molecule is not currently technically possible; consequently, risk measurement
at low dose exposures requires interpolation of a dose-response curve. This curve is developed
from measurable tumor incidence in animals responding to higher doses of exposure. The assump-
tion of one-hit makes the zero value a data point that affects the slope of the dose-response curve.
The probabilistic risk of cancer is determined by the slope of the dose-response curve and is
reported as a unit risk, which is defined as the concentration at which a lifetime daily exposure
will create a probability of cancer risk in an individual of one in a million, assuming a lifetime of
70 years.

Not all carcinogenic compounds cause mutations in DNA. Some have other mechanisms that
interact with receptors and initiate a cascade of events that results in tumor promotion. Other
substances, such as arsenic, cause cancers by mechanisms not yet understood. No animal model
exists to explain how arsenic acts, yet arsenic is a potent lung, skin, bladder, kidney, and liver
carcinogen.

Even though the human (and animal) body has defenses against many of the processes that
lead to tumor formation that could (and probably do) constitute a threshold effect, risk assessment
often uses the one-hit model. The purpose of such risk assessment is to prevent exposure, often
through regulatory or clean-up action. Risk estimation is used to provide a margin of safety for a
population that includes highly susceptible individuals.

5.13.3 lIrritation

Irritation is one form of noncarcinogenic effect caused by a large number of compounds of
nonbiologic and biologic origin. Irritation from environmental agents is generally separated into
mucous membrane irritation and irritation of nerve endings of the neurasthenic or common chemical
sense. Mucous membrane irritation of the eyes and respiratory and other membranes can lead to
inflammation, which is characterized by redness, pain, heat, and/or swelling.

Mucous membrane inflammation makes membranes leaky, resulting in excess fluid secretion
(and loss). Such leakiness also reduces the effectiveness of the membrane barrier. Contaminant
molecules, antigens, and infectious agents may have easier entry into the body when membranes
are inflamed. Chronic inflammation can lead to healing processes that involve the building of scar
tissue and lead to loss of function. For instance, in the lung, chronic inflammation can lead to
thickening or fibrosis that prevents effective gas exchange, leading to loss of lung function (Nielsen
etal., 1995).

Irritation of the common chemical sense that responds to pungency, not odor of chemicals,
occurs in the sensory nerve endings of the trigeminal, vagus, and glossopharyngeal nerves (Schiff-
man et al., 2000) when these nerves are exposed to a number of chemicals including VOCs and
semivolatile compounds. Impairment of cognitive function, paresthesias (weird sensations of tin-
gling, itching, formication), changes in reflexes and coordination, and alterations in mood (anxiety
and irritability) have been reported. Changes in breathing rate and depth and smooth muscle
contraction in the upper respiratory tract have also been measured. Such reactions are mediated
through the limbic system of the central nervous system (CNS) and are thought to be part of the
fight or flight protective reactions of the CNS.
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5.14 BIOLOGICAL AGENTS

Mycotoxins, endotoxins, and immunosuppressive compounds that are produced by organisms in
the contaminated indoor environment may work in concert to produce effects on health. Combinations
of various classes of mycotoxins and other bioaerosols present in a contaminated environment may
act in an antagonistic, an additive, or a synergistic manner to cause health effects (Burge and Ammann,
1999). Immunosuppressive and combined effects of mycotoxins and other bioaerosols may account
for the unexplained health effects reported by the individuals exposed to moldy environments.

5.14.1 Bacterial Endotoxins
5.14.1.1 Endotoxins

Endotoxin is the name given to a group of heat-stable lipopolysaccharide molecules present in
the cell walls of Gram-negative bacteria that have a certain characteristic toxic effect. The lipid
portion of each molecule is responsible for the molecule’s toxicity and can vary between bacterial
species and even from cell to cell. When inhaled, endotoxin creates an inflammatory response in
humans that may result in fever, malaise, alterations in white blood cell counts, headache, respiratory
distress, and even death. Endotoxin is common to the environment due to the ubiquitous nature of
Gram-negative bacteria. Exposure to elevated levels of endotoxin primarily occurs through exposure
to aerosols from specific reservoirs such as cotton mills, metalworking fluids, wastewater treatment
facilities, indoor swimming pools, air washers, humidifiers, and any other occupational settings
where Gram-negative bacteria can flourish.

5.14.2 Mycotoxins

Mycotoxins are toxic substances produced by molds. Mycotoxins cling to the surface of mold
spores and can be found within spores. They are produced as molds and fungi grow and are found
on environmental substrates where molds are growing and in the dust from such substrates. Molds
in indoor environments and their health effects have gained considerable attention in recent years.
Due to some well-publicized cases of mold exposure in which mycotoxins were thought to play a
role, much attention has centered on mycotoxins and the role that they may play in the symptoms
that have been reported by exposed individuals. More than 300 species of molds have been identified
as being able to produce mycotoxins. More than 200 mycotoxins have been identified from common
molds and many more remain to be identified. Some of the molds that are known to produce
mycotoxins are commonly found in moisture-damaged buildings.

Some molds can produce several toxins, and some molds produce mycotoxins only under certain
environmental conditions. The reason why molds produce toxins is that these poisons are useful
in inhibiting or killing off competitors that share the same ecological niche. Penicillin antibiotics
were first discovered by observing the rings of bacterial growth inhibition in the media on which
the bacteria were growing. Molds capable of producing mycotoxins do so when in a mixture of
microorganisms, as is often the case when molds and bacteria grow in damp indoor environments.
Molds isolated and grown in pure cultures (cultures containing only one species/strain of organisms)
will stop making toxins after a few generations. The current explanation for this is that, without
competition, the mold need not invest energy useful for survival in making poisons that have no
target. Aspergillus and Penicillium species are known to produce potent toxins under certain
circumstances associated with sporulation (Larson and Frisvad, 1994).

Toxins are composed of a variety of chemicals that vary depending on the species of the mold
capable of producing them. A single species can produce one or more toxic molecules, with some
producing as many as ten or more different chemicals. The molecules produced vary in toxic
potency, mechanism, target species, and target organs.
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Not all the toxins have been investigated to the same degree. For instance, some have only been
tested for cytoxicity, which is a relatively crude measure of effect involving testing the toxin against
isolated cells or tissues in culture (Gareis, 1995). Different strains of the same mold will make
differing amounts of a given mycotoxin, with some even making none. Certain strains may not
always produce mycotoxins in the field, making it impossible to predict mycotoxin levels based
solely on spore concentrations in air (Jarvis and Hinkley, 1999; Jarvis et al., 1998). Mycotoxins
comprise a diverse group of chemical compounds (Sorenson, 1993), including:

* FErgot alkaloids, from Claviceps purpurea and species of Aspergillus, Rhizopus, and Penicillium

* Substituted coumarins (aflatoxins), from Aspergillus flavus and A. parasiticus

¢ Ochratoxins, from several species of Aspergillus and Penicillium

* Quinones (citrinins), from several species of Aspergillus and Penicillium

* Anthoquinones (e.g., rugulosin), from Penicillium islandicum

 Trichothecenes (sesquiterpenes with a trichothecane skeleton, olefinic groups at C-9 and C-10,
and epoxies at C-12 and C-13; macrocyclic trichothecenes have a carbon chain between C-4 and
C-15 in an ester or ether linkage [e.g., T-2 toxin, DON, satratoxins G and H; verrucarins B and
J, trichoverrins A and B]) from Fusarium, Stachybotrys, and Trichoderma, among others

¢ Substituted furans (e.g., citreoviridin), from Penicillium citreo-viride

» Epipolythiodioxoperazines (gliotoxin), from at least six species of Aspergillus, Penicillium, and
Stachybotrys (Jarvis, 1995; Jarvis et al., 1998)

e Lactones, lactams (patulin), stachybotrylactones, stachybotrylactams (Jarvis, 1995; Jarvis et al.,
1998)

» Estrogenic compounds (e.g., zearalenone)

This list of chemical structures of mycotoxins is not exhaustive. The mycotoxins differ in their
absorption, toxicokinetics, toxicodynamics, target organs, metabolism, detoxification, and elimination
due to differences in chemical structure. They also differ in potency, ranging from a lethal dose 50%
(LDs,) in fractions of milligrams per kilogram to hundreds of milligrams per kilogram. Those mycotoxins
that have particularly great economic, pharmaceutical, medical, or military importance have been studied
to a greater degree than less potent ones. For these mycotoxins, potency has been established, mechanisms
are known, and/or target organs or systems have been established for individual toxins.

Toxins have been tested against specific animals (e.g., rats or guinea pigs) to determine lethal
potency. Such measures provide a crude way of comparing the relative potency and use the incidence
of death in a population that brings about 50% mortality (LD,,). For some mycotoxins, potency
investigations have compared the incidence of a particular effect over a range of doses and a
dose-response curve is available. A dose—response curve is particularly useful for risk assessment,
because the curve allows interpolation of doses to exposures encountered by humans indoors.

Because toxigenic molds do not produce mycotoxins all the time, the presence of mold in a
building does not necessarily mean that mycotoxins are present in large quantities. While mold
spores are routinely sampled from tape-lift, bulk, or even air samples, these samples are not routinely
analyzed for mycotoxins.

Recent work in Denmark and Finland has demonstrated that mold and spores may not be the
only exposure medium that needs to be taken into account to determine whether mycotoxin exposure
is occurring. The substrate on which the mold grows can contain mycotoxins, as the molds secrete
these exotoxins into their environment to inhibit others in their ecological niche. Gravesen et al.
(1999) and Tuomi et al. (2000) have found mycotoxins in building materials with mold growth and
in dust derived from such substrates as sheet rock.

Many of these toxins have pharmaceutical value, and fungi are being actively investigated for
their ability to make such substances; consequently, new toxins and physiologically active molecules
are frequently being isolated. The U.S. Army Medical Research Institute for Infectious Disease
(USAMRIID) has investigated a number of toxins for their potential to be used as weapons. Other
toxins have been investigated because of their large economic impact on agricultural animals and crops.
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Specific limits in food have been set for aflatoxins (produced by Aspergillus flavus) by the U.S.
Food and Drug Administration (FDA) and for zearalenone (from Fusarium and some other molds)
by Health Canada (Kuiper-Goodman et al., 1987).

5.14.2.1 Microbial Volatile Organic Compounds

Molds and bacteria produce gaseous metabolic products collectively referred to as microbial
volatile organic compounds (mVOCs). Some of the mVOCs are volatile intermediates of primary
energy metabolism and are primary solvents. Many of these emitted chemicals are identical to
those originating from solvent-based building materials and cleaning supplies, including alcohols,
aldehydes, ketones, hexane, methylene chloride, benzene, and acetone. Some microorganisms can
also produce ammonia and other nitrogen-containing compounds (amines) and organic acids such
as butyric acid. Molds produce more complex products of secondary metabolism, including terpe-
nes. These secondary metabolites are generally the molecules that give wet buildings their charac-
teristic moldy, mildewy, or earthy odors. Their production has been studied in penicillia and
aspergilli and is associated with active growth and sporulation (Larson and Frisvad, 1994). Health
effects from mVOCs have not been specifically studied but are implicated in health effects associated
with trigeminal nerve irritation and odor-related health complaints.

5.14.2.2 Exposure Pathways

Exposure pathways for mycotoxins can include inhalation, ingestion, or skin contact. Although
some mycotoxins are well known to affect humans and have been shown to be responsible for
human health effects, little health information is available for many mycotoxins. Studies have
included the effects from various exposure routes, including intravenous (i.v.), intradermal (i.d.),
intramuscular (i.m.), and intraperitoneal (i.p.) routes, as well as more natural dermal, ingestion, or
inhalation routes.

Effect often varies, depending on the degree of access of the exposure route to blood or lymph
pathways. These pathways provide a means of distribution to target tissues for the specific poisons.
With the exception of mycotoxins examined for military use, the bulk of research with animals has
focused on the ingestion route. Ingestion of mycotoxin-contaminated feed and fodder presents
ongoing problems for livestock health in agriculture and has a huge economic impact on the
agriculture industry. The U.S. Department of Agriculture and agriculture-related regulatory agencies
in other countries fund and conduct studies on mycotoxins in food. The World Health Organization
has also focused its efforts at investigating and helping to control mycotoxin exposure to humans,
particularly in developing countries where grain and other food storage does not prevent mold
contamination (WHO, 1990).

A few studies have investigated inhalation of mold and products and have found that inhalation
produces more potent effects than ingestion (Cresia et al., 1985, 1986, 1987, 1990) and effects as
potent as i.v. administration (Pang et al., 1988a,b). Such research is particularly important to the
examination of indoor molds because inhalation and dermal exposures are most likely in such
environments. Those mycotoxins that have particularly great economic, pharmaceutical, medical,
or military importance have been studied to a greater degree than less potent ones. For these
mycotoxins, potency has been established, mechanisms of action have been explained, and particular
cellular or tissue targets have been identified.

5.14.2.3 Effects of Dose

The doses necessary to establish effect levels for various symptoms reported by individuals in
damp and moldy buildings have not been established. Epidemiological studies capable of identifying
a causal or even a strong relationship between exposure and effect have not yet been designed.
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Epidemiological studies in buildings are also greatly limited by the small populations present in
the buildings, by variable exposure for individuals in any given building, and by confounding
exposure routes found when comparing damp with dry buildings. Risk assessment for exposure to
mycotoxins in damp buildings is hindered by the inability to describe the effects of mixtures of
toxins and other physiologically active molecules found in contaminated buildings and by the
difficulty encountered in defining what people are exposed to in damp buildings and in accurately
measuring exposure to occupants.

Animal experiments are unlikely to detect the incidence of such effects because of the low
power of such studies. Low power is defined herein as investigations involving a small number of
animals and animal homogeneity. This resultant small degree of test population variability requires
that fairly high doses be administered to observe an effect (e.g., ten animals per dose group).

5.14.2.4 Assessment

Methodology is currently available only for detecting aflatoxins in human tissues or bodily
fluids. The remainder of the mycotoxins can only be assessed in the body by indirect methods of
detecting antibodies to the toxins, which only indicate recent exposure, not effect. Assessment
depends on whether or not any of the toxins from the mold spore mixture are detected. Such
assessment assumes that the investigator has properly characterized the mixture of molds growing,
airborne, and producing toxins. Spore capture and isolation is not the only part of exposure that
needs to be measured. Recent research has shown that building materials and dust resulting from
such materials can contain toxins in the absence of spores. Spore sampling alone, therefore, may
not be sufficient to characterize mycotoxin exposure (Gravesen et al., 1999; Tuomi et al., 2000).

5.14.2.5 Mycotoxin Types Indoors

Over 20 mycotoxins have been detected in indoor environments but some of the more common
and relevant mycotoxins include trichothecenes, produced by certain species of Stachybotrys,
Trichoderma, and Fusarium; aflatoxin and sterigmatocystin, by a number of species of Aspergillus;
ochratoxin, by various species of Aspergillus and Penicillium; and tremorgens and griseofulvins,
by certain species of Memnoniella and Penicillium (Burge and Ammann, 1999; Jacobsen et al.,
1993). Recent advances in technology have given laboratories the ability to test for specific
mycotoxins without employing cost-prohibitive gas chromatography or high-performance liquid
chromatography (HPLC) techniques. Currently, surface, bulk, food and feeds, and air samples can
be analyzed relatively inexpensively for the following mycotoxins: aflatoxin; ochratoxin; tricho-
thecenes, including T-2 toxin, fumonisins, deoxynivalenol (DON, vomitoxin), satratoxins, and
verrucarins; zearalenone; citrinin; alternariol; gliotoxin; patulin; and sterigmatocystin. Other myco-
toxins include penicillic acid, roquefortine, and cyclopiazoic acid. Verrucosidin, rubratoxins A and
B, PR toxin, luteoskyrin, erythroskyrine, secalonic acid D, viridicatumtoxin, kojic acid, xanthomeg-
nin, viomellein, chaetoglobosin C, echinulin, flavoglaucin, versicolorin A, austamide, maltyzine,
aspergillic acid, paspaline, aflatrem, fumagillin, fumitrems A and B, nigragillin, chlamydosporol,
isotrichodermin, anguidine, and many more. More research is required to understand the relationship
among fungal contamination, mycotoxin production, and exposure, and building-related disease.

5.14.2.6 Stachybotrys

The apparent association of pulmonary bleeding and deaths of infants with Stachybotrys char-
tarum (Etzel and Dearborn, 1999; Fung et al., 1998) stimulated much of the current public attention
being paid to mycotoxins. Intense controversy exists as to whether sufficient mycotoxin exposure
occurs in contaminated indoor environments to cause health effects (Auger et al., 1999; Gordon et
al., 1999; Robbins et al., 2000; Rylander, 1999). Regarding the studies to date, only a very few
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acute-effect inhalation studies have been conducted. Several of the acute-effect inhalation studies
indicate elevated toxicity compared to toxicity by ingestion of mycotoxins. Other studies show
inhalation potency to be equivalent to that of intravenous injection. Results from acute-effect
inhalation studies cannot be extrapolated to predict the health effects of the chronic long-term
exposures experienced by individuals in contaminated indoor environments. Studies indoors have
been hampered by having to reconstruct past exposures (as these studies have been performed after
people are already sick) and not being able to completely characterize the extent of exposure. Lack
of knowledge of the effect of exposures to mixtures has also played a role.

5.15 EXPOSURE ASSESSMENT
5.15.1 Models

Models are used to attempt to estimate exposures when measurement in media characterizes
exposure incompletely and biomarkers for exposure are lacking.

5.15.2 Contact-Point Model

Exposure to mold in indoor environments has been linked to a number of adverse health effects.
Some researchers have suggested that some effects may be due to mycotoxin exposure, but the
role of mycotoxins in these situations remains highly controversial. Unfortunately, most knowledge
on mycotoxins has been obtained following acute rather than chronic exposures.

Recently, a novel risk assessment model was proposed that is based on localized effects at the
initial site of exposure, the lungs (Miller et al., 2000). The model factors in inhalation rates, lung
capacity, exposure time, and deposition, based on the aerodynamics and particle size of the spore.
Assumptions of the model involve:

* Daily inhalation rates determined empirically for the affected individual

* Rough inhalation rate estimates using inhalation rate models developed by the EPA (USEPA, 1997)

» Utilization of sedentary rates that are probably closer to the average inhalation rate (unless heavy
physical labor is occurring)

Lung surface areas should be determined empirically for the affected individual. The assumption
is that lung surface area averages from 28 m?at rest to 93 m? at deepest inspiration for an adult,
and 6 m? at rest to 19 m? at deepest inspiration for an infant (Benjamin, 1996).

Mold spores, as with any particulate, are preferentially deposited (or excluded) in the thoracic
or respirable (gas-exchange) regions based on the size of the particle (Nardell and Macher, 1999).
Refer to Figure 5.2 for the predicted depositions of various mold spores into the lower recesses of
the lung. Using the assumptions given above, the potential inhalation dose of spores or toxin can
be estimated using equations provided in the Guidelines for Exposure Assessment (USEPA, 1997)
amended to take into account the amount of expected deposition based on particle size.

5.16 MEDICAL ASPECTS

Medical evaluation of environmental exposures in general tends to be the purview of occupa-
tional physicians. Allergists and some other medical specialists, as well as a growing number of
physicians, have begun to take an interest in evaluating environmental exposures and are moving
to include environmental exposure questions in their patient histories and differential diagnoses.
In general, however, few medical practitioners ask questions pertaining to occupation, hobbies,
living conditions, or other sources of potential exposures to any chemical including metals, com-
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Figure 5.2  Spore deposition coefficients of fungal genera found in indoor environments.

bustion products such as carbon monoxide, and even more rarely to damp indoor environments
that can grow molds or bacteria.

In 1993, the Institute of Medicine (IOM), part of the National Academies of Sciences, queried
medical schools that had occupational health training programs as to how much instruction their
medical students received regarding environmental exposures. On the average, in such schools across
the country, the amount of time was 4 hours. Given this lack of emphasis in medical training, medical
professionals may not know how to use environmental exposure questions in their diagnoses. The
1993 IOM publication Indoor Allergens examined the role of exposures to common allergens indoors
but put little emphasis on molds as allergens. In 2000, the IOM released Clearing the Air, which deals
with allergic disease (primarily asthma) and discusses mold exposure from this perspective. Aside
from that, only a limited number of investigations have focused on mold exposure indoors. Difficulties
with characterizing in any quantitative way the exposures of people having health effects have limited
the ability of medical practitioners to gain specific diagnostic parameters (such as laboratory tests) to
elucidate what causes illness in people with mold exposures in indoor environments.

5.16.1 Medical Assessments

5.16.1.1 Infection

The presence of fungi in lavage fluids from lungs or sinuses, together with characteristic
symptoms of lung or sinus involvement, is to a large degree pathognomonic for aspergillosis and
fungal sinusitis. Human systemic fungal infection (histoplasmosis, blastomycosis, or coccidio-
mycosis) have diagnostic criteria and are more likely to be recognized as fungal infections in those
areas where such infections are endemic. In areas where they are not frequently seen they may
simply be acknowledged as pneumonia (with lung involvement). Diagnoses may be entirely missed
if the attending practitioner has no experience with these diseases. Much depends on the practitioner
having knowledge of the disease and asking the right questions when taking the patient’s history.

5.16.1.2 Fungal Syndrome

Other diagnoses such as fungal syndrome take into account the spectrum of symptoms —
respiratory, neurologic, immune and others — reported in published case and epidemiological
studies and the clinical experience of those who have treated patients exposed to fungal mixtures
indoors. Aside from drawing inferences about exposure from limited environmental data and
characteristic symptoms and ascertaining that respiratory and fatigue symptoms are not due to
allergy, the finding of this constellation of symptoms depends on clinical experience.
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5.16.1.3 Allergy

Diagnostic tools are available to detect allergy. Being able to distinguish allergic from irritative
or toxic reactions is important because allergy symptoms are treatable and, if specific allergens are
known, triggers can be avoided. Tests for allergy are limited by the availability of test sera that reflect
the spectrum of molds likely to be encountered indoors. However, allergy tests can often determine
atopy, and some presumption can be made if a patient is allergic to any test substance. The patient
may also be allergic to molds from previous exposures, even if mold allergy tests are negative. The
mold allergy tests may show negative results due to the limitation of available mold sera.

5.16.1.4 Markers for Exposure

Immunoglobulin E (IgE) antibody serological tests have limited value in diagnosis but can
determine whether the subject has recently been exposed to specific molds. Unfortunately, only
exposure can be determined, not etiology of any health effect, with the current state of the art.
While mycotoxins can be readily detected in environmental samples, they cannot as yet be detected
in bodily fluids, except for aflatoxin adducts. Finding such DNA, RNA or protein adducts in blood
or urine is a marker of exposure to aflatoxin and to some degree an indicator that damage is being
done, but such a finding does not give a quantifiable estimate of damage due to this mycotoxin.

5.16.1.5 Mycotoxin Effects

Information regarding human health consequences from exposure to individual mycotoxins is
not known except from extrapolation of controlled animal exposure experiments. Exposure to toxins
in the field (whether in agriculture or indoor exposures) is usually to multiple toxins for which the
combined exposures or concomitant exposures to other air contaminants have not been character-
ized. A number of sources report that exposure to combinations of mycotoxins (i.e., citrinin and
penicillic acid) can act synergistically (Sorensen, 1993). Single toxins can mistakenly be empha-
sized, even though exposure to multiple toxins from a single mold species capable of making
multiple toxins, or to a mixture of molds making multiple toxins, is far more likely in environments
where multiple molds are growing. Other effects (allergy or irritation) can also complicate the
disease picture.

Information from field exposures of animals indicates that immune suppression is a character-
istic LOAE outcome from mycotoxin exposure (Smith and Moss, 1985). This immune suppression
manifests as a decreased resistance to infectious disease and a failure to thrive. Observations in
studies of office workers (Johanning et al., 1996; Hodgson et al., 1988) show that the incidence,
severity, and time course of infectious disease are greater in offices with toxigenic mold contami-
nation than in buildings without mold. Exposure to one or more trichothecene toxins, which are
among the most potent natural product inhibitors of protein syntheses (antibodies are proteins)
known, or to lactams and lactones, which specifically target the immune system, could produce
such effects.

5.16.2 At-Risk Groups

People vary in their susceptibility to environmental insult due to:

o Age

* Genetic predisposition

* State of health

* Nutrition

* Gender

¢ Amount and kinds of exposure
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Whether or not an individual is at risk from environmental exposure depends on individual
susceptibility and the amount, kind, and duration of exposure to contaminants. For example, the
young and old differ from healthy adults in potential risk. Fetuses and children are more susceptible
to toxins and to many infectious agents because their systems are growing rapidly, and their defense
mechanisms are incompletely developed. Children also breathe more air per body weight than
adults do, so in effect they are exposed to more air contaminants. In general, children are more
active than adults, and because lung ventilation increases with exercise they may also breathe more
on that account. Children are also more likely to come in contact with sources of mold in carpets,
from which spores and dust can be aerosolized and breathed, but they also tend to touch many
surfaces and put dirty hands into their mouths. Because young children crawl and get dirty, they
are also likely to have more skin exposure. Older adults may be more susceptible due to loss of
defense mechanisms, the ravages of survived diseases, a lack of exercise, or poor nutrition.
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In order to understand biological hazard mitigation, basic ventilation concepts and equipment
usage must be understood. These concepts are presented in general terms here, and in more specific
terms in Chapter 14.

6.1 INDOOR AIR QUALITY IMPROVEMENT METHODS

The three most common means for improving indoor air quality (IAQ), in order of effectiveness, are:

Source control: Eliminating or controlling the sources of pollution
Ventilation: Diluting and exhausting pollutants through outdoor air ventilation
Air cleaning: Removing pollutants through proven air cleaning methods

Of the three, the first approach, source control, is the most effective. This involves minimizing
the use of products and materials that cause indoor pollution, employing good hygiene practices
to minimize biological contaminants (including the control of humidity and moisture and occasional
cleaning and disinfection of wet or moist surfaces), and using good housekeeping practices to
control particulates.

The second approach, outdoor air ventilation, is also effective and is commonly employed.
Ventilation methods include installing an exhaust fan close to the source of contaminants, increasing
outdoor airflows in mechanical ventilation systems, and opening windows, especially when pollutant
sources are in use.

The third approach, air cleaning, is not generally regarded as sufficient by itself but is sometimes
used to supplement source control and ventilation. Air filters, electronic particle air cleaners, and
ionizers are often used to remove airborne particles, and gas adsorbing material is sometimes used
to remove gaseous contaminants when source control and ventilation are inadequate.

6.2 SOURCE CONTROL

Source control or reduction may involve adding additional ventilation systems and enclosing the
areas where contaminant generation is occurring. One of the initial advantages of any closed-duct or
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closed-area ventilation system is that the heating and cooling mechanisms may be located separate
from the living spaces. Given the limitations of the human sensory system, source reduction devices
must be monitored by more than just sensory input (i.e., seeing or smelling the contaminant or
experiencing skin irritation). Modern logic control systems and contaminant detection systems serve
to monitor the day-to-day operation of more sophisticated systems. All too often, however, these systems
are juxtaposed with the in-place older systems and adequate monitoring does not occur. In-place
monitors are also subject to degradation, and not all chemicals can be monitored via in-place systems.

6.3 VENTILATION HOODS

If hoods are used as a means of source control, hood placement must be close to the emission
source to be effective. The design elements discussed here are general design practices; site-specific
ventilation design by a qualified professional is required to ensure ventilation system efficacy.

The maximum distance from the emission source should not exceed 1.5 duct diameters. The
approximate relationship of capture velocity (V,) to duct velocity (V,) for a simple plain or narrow
flanged hood should be calculated as follows.

* If an emission source is one duct diameter in front of the hood and the duct velocity (V,) = 3000
feet per minute (fpm), then the expected capture velocity (V,) is 300 fpm. At two duct diameters
from the hood opening, V, decreases by a factor of 10. Varying hood conformations and air entry
designs will alter this calculation.

* For simple capture hoods, if the duct diameter (D) is 6 in., then the maximum emission source
distance from the hood should not exceed 9 in. Similarly, the minimum capture velocity should
not be less than 50 fpm.

System effect loss, which occurs at the fan, can be avoided if properly designed or sized
ductwork is in place. Use of the six-and-three rule ensures better design by providing for a minimum
loss at six diameters of straight duct at the fan inlet and a minimum loss at three diameters of
straight duct at the fan outlet. System effect loss is significant if any elbows are connected to the
fan at the inlet or the outlet. For each 2.5 diameters of straight duct between the fan inlet and any
elbow, the loss (measured in cubic feet per minute, or cfm) will be 20%. Stack height should be
10 ft higher than any roof line or air intake located within 50 ft of the stack. For example, a stack
placed 30 ft away from an air intake should be at least 10 ft higher than the center of the intake.

Ventilation system drawings and specifications generally use standard forms and symbols, such
as those described in the Uniform Construction Index (UCI). Plan sections include electrical,
plumbing, structural, or mechanical drawings (UCI, Section 15). The drawings come in several
views: plan (top), elevation (side and front), isometric, and section. Elevations (side and front views)
give the most detail. An isometric drawing is one that illustrates the system in three dimensions.
A sectional drawing provides duct or component detail by showing a component cross-section.
Drawings are usually drawn to scale (check dimensions and lengths with a ruler or a scale to be
sure that this is the case); for example, 1/8 inch on the sheet may represent one foot on the ground.

6.4 DESIGN ALTERNATIVES

Professional engineers and equipment manufacturers offer many design alternatives to achieve
ventilation goals. When reviewing the design scope of work and ultimately the design drawings
and specifications, consider the project background and objectives and project scope (what is to
be included and why). Look for conciseness and precision. Mark ambiguous phrases, legalese, and
repetition. Ask these questions and document the answers:
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* Do the specifications spell out exactly what is wanted and what is expected?

* Do plans and specifications adhere to appropriate codes, standards, requirements, and policies?

* Do plans and specifications recommend good practice as established by the industry?

» Will the designer be able to design, or the contractor build, the system from the initial plans and
specifications?

« Will the project meet requirements of the Occupational Safety and Health Administration (OSHA)
and guidelines of the American National Standards Institute (ANS]) if built as proposed?

* Will maintenance personnel be able to access equipment to ensure proper operation and to perform
required cleaning and, if needed, decontamination?

Maintain a project file that includes the answers to these questions and the design documents.
Require that designers and/or contractors mark up a set of design drawings to illustrate any changes
that occur during construction. Require that the system be empirically tested to determine airflow
rates, structural integrity, and humidity variations. Also ensure that as-built drawings are prepared
and request a copy. This copy should be kept on file both at the building and in the engineering
and/or environmental health and safety office.

6.5 POTENTIAL BIOLOGICAL CONTAMINANTS

Biological exposures that contaminate building interiors have a potential additional hazard in
that the biological risk can amplify through reproduction in our homes, industries, and in our bodies.
The same heating, ventilation, and air conditioning (HVAC) system that distributes conditioned air
throughout a building can distribute dust and other pollutants, including biological contaminants.
Dirt or dust accumulation on any air-handling system component (cooling coils, plenums, ducts,
or equipment housing) may lead to air supply contamination.

Indoor air contaminants include but are not limited to particulates, pollen, microbial agents,
and organic toxins. These contaminants can be transported by the ventilation system or originate
in the following ventilation system parts: wet filters; wet insulation; wet undercoil pans; cooling
towers; and evaporative humidifiers. People exposed to these agents may develop signs and symp-
toms related to humidifier fever, humidifier lung, or air conditioner lung. In some cases, indoor air
quality contaminants cause clinically identifiable conditions such as occupational asthma, reversible
airway disease, and hypersensitivity pneumonitis.

6.6 AIR INTAKE

During the past 25 years, interest in constructing energy-efficient buildings has increased. Some
current construction practices can trap pollutants that normally form inside the building with those
brought inside with everyday traffic. The combination of heating, cooling, and ventilation systems
that recycle existing indoor air and windows that do not open can result in greater concentrations
of indoor pollutants because fresh outside air, which serves to dilute the trapped pollutants, is not
admitted.

To provide replacement or make-up air, a variety of systems are used to move air into and
out of a facility. The basic systems rely on the creation of pressure differentials to move air. A
suction fan system is often used to create a partial vacuum. Through various intakes, air rushes
in toward the lower pressure area. The side where the partial vacuum was created in an air-
handling system is the suction or return side; the side where the air is being forced into the
facility is the supply side.

Various devices are used to provide equalization and appropriate airflow. The American
Society of Heating, Refrigeration, and Air Conditioning Engineers (ASHRAE) requirements
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specify minimum fresh air exchanges per hour for normal office-type occupancy. When interior
sources of industrial or commercial air pollutants are present, source reduction is usually the
remedy of choice vs. general ventilation to dilute both the source and source receiving areas.

Designs are often complicated by the need to conserve energy and reuse interior air streams
that have already been tempered (heated or cooled) and may have been humidified. Heat recovery
may include systems to channel heat from HVAC systems and service water heating, use of
economizer cycles, mixing of reusable air with fresh air, and various forms of insulation. Advanced
designs of new homes are starting to feature mechanical systems that bring outdoor air into the
home. Some of these designs include energy-efficient heat recovery ventilators (also known as air-
to-air heat exchangers).

The rate at which outdoor air replaces indoor air is the exchange rate, which measures how
many times the complete volume of air inside the house is replaced with fresh outside air. In typical
U.S. homes, the average exchange rate is 0.7 to 1 complete air exchanges per hour. In tight homes,
the exchange rate can be as low as 0.02 complete air exchanges per hour.

Unfortunately, in an effort to reduce energy costs during the 1970s and thereafter, nonstandard
methods of energy conservation were used. The first step after identifying indoor air quality issues
should be to conduct a joint air quality study and HVAC system evaluation. Indoor air quality
studies should be conducted in parallel with an evaluation of the current mechanical system usage,
operation, and maintenance.

6.7 TURNKEY ISSUES: BIOSAFE BUILDINGS

The following general principles will help ensure biosafe buildings:

* Install and use exhaust fans that are vented to the outdoors in kitchens and bathrooms. Vent clothes
dryers outdoors. These actions can eliminate moisture that builds up from everyday activities.
Another benefit to using kitchen and bathroom exhaust fans is that these fans can reduce organic
pollutant levels that vaporize from hot water used in dishwashers and showers.

¢ Ventilate the attic and crawl spaces to prevent moisture build-up. Keeping humidity levels in these
areas below 50% can help prevent water condensation on building materials.

* If cool mist or ultrasonic humidifiers are used, clean the appliances according to manufacturers’
instructions and refill with fresh water daily. Because these humidifiers can become breeding
grounds for biological contaminants, these humidifiers have the potential for spreading biological
contaminants that cause such diseases as hypersensitivity pneumonitis and humidifier fever. Evap-
oration trays in air conditioners, dehumidifiers, and refrigerators should also be cleaned frequently.

e Thoroughly clean and dry water-damaged carpet and building materials (within 24 hours) or
consider removal and replacement. Water-damaged carpets and building materials can harbor mold
and bacteria, and ridding such materials of biological contaminants may be very difficult. Also,
be sure to thoroughly dry carpet and building materials that have been cleaned with water or steam.

¢ Keep the building clean. Dust mites, pollens, animal dander, and other allergy-causing agents can
be reduced, although not eliminated, through regular cleaning.

* Use allergen-proof mattress encasements, wash bedding in hot (130°F) water, and avoid room
furnishings that accumulate dust, especially if these furnishings cannot be washed in hot water.

» Use central vacuum systems that are vented to the outdoors or vacuums with HEPA filters. Allergic
individuals should also leave the house while it is being vacuumed because vacuuming can actually
increase airborne mite allergens and other biological contaminant levels.

» Take steps to minimize biological pollutants in basements. Clean and disinfect the basement floor
drain regularly. Do not finish a basement below ground level unless all water leaks are patched
and outdoor ventilation and adequate heat are provided to prevent condensation. Operate a dehu-
midifier in the basement if needed to keep relative humidity levels between 30 and 50%.
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6.8 HUMIDITY AND CONDENSATE EFFECTS: MANAGEMENT AND CONTROL

Molds and mildew are fungi that grow on object surfaces, within pores, and in deteriorated
materials. These molds can cause discoloration and odor problems, deteriorate building materials,
and lead to health problems. The following conditions are necessary for mold growth to occur on
building surfaces:

* Temperature range above 40°F and below 100°F
* Mold spores

¢ Nutrient base (most surfaces contain nutrients)

* Moisture

Spores are almost always present in outdoor and indoor air, and almost all commonly used
construction materials and furnishings can provide nutrients to support mold growth. Dirt on
surfaces provides additional nutrients. Mold growth hot spots include damp basements and closets,
bathrooms (especially shower stalls), places where fresh food is stored, refrigerator drip trays,
house plants, air conditioners, humidifiers, garbage pails, mattresses, upholstered furniture, and old
foam rubber pillows. Mold growth does not require standing water. Mold growth can occur when
high relative humidity occurs or if the hygroscopic properties (the tendency to absorb and retain
moisture) of building surfaces allow sufficient moisture to accumulate.

6.8.1 Relative Humidity, Vapor Pressure, and Condensation

Water enters buildings both as a liquid and as a gas (water vapor). Water, in liquid form, is
introduced intentionally in bathrooms, kitchens, and laundries and accidentally via leaks and spills.
Some of that water evaporates and joins the water vapor that is inhaled by building occupants or
that is introduced by humidifiers. Water vapor also moves in and out of the building as part of the
air that is mechanically introduced or that infiltrates and exfiltrates through openings in the building
shell. A lesser amount of water vapor diffuses into and out of the building through the building
materials themselves.

The ability of air to hold water vapor decreases as the air temperature is lowered. If an air unit
contains half of the water vapor the air can hold, then 50% relative humidity (RH) is present. As
the air cools, the relative humidity increases. If the air contains all of the water vapor the air can
hold, then 100% RH is present, and the water vapor condenses, changing from a gas to a liquid.
An RH of 100% can be reached without changing the water vapor amount in the air (its vapor
pressure or absolute humidity). All that is required is for the air temperature to drop to the dew point.

Relative humidity and temperature often vary within a room, while the absolute humidity in
the room air can usually be assumed to be uniform; therefore, if one side of the room is warm
and the other side cool, the cool side has a higher RH than the warm side. The highest RH in a
room is always next to the coldest surface. This is referred as the first condensing surface, as it
will be the location where condensation first occurs if the relative humidity at the surface reaches
100%. When trying to understand why mold is growing on one patch of wall or only along the
wall—ceiling joint, the condensing surfaces must be considered. The wall surface is probably
cooler than the room air because a void exists in the insulation or because wind is blowing
through cracks in the building exterior.

6.8.2 Taking Steps to Reduce Moisture

Mold and mildew growth can be reduced where relative humidity near surfaces can be main-
tained below the dew point. This can be accomplished by reducing the air moisture content (vapor
pressure), increasing air movement at the surface, or increasing the air temperature (either the



VENTILATION SYSTEMS 141

general space temperature or the temperature at building surfaces). Either surface temperature or
vapor pressure can be the dominant factor in causing a mold problem. A surface-temperature-related
mold problem may not respond very well to increasing ventilation, whereas a vapor-pressure-related
mold problem may not respond well to increasing temperatures. Understanding which factor
dominates will help in selecting an effective control strategy.

Consider an old, leaky, poorly insulated building. This building is in a heating climate and
shows evidence of mold and mildew. Because the building is leaky, its high natural air exchange
rate dilutes interior airborne moisture levels, maintaining a low absolute humidity during the heating
season. Providing mechanical ventilation in this building in an attempt to control interior mold and
mildew probably will not be effective in this case. Increasing surface temperatures by insulating
the exterior walls and thereby reducing relative humidity next to the wall surfaces would be a better
strategy to control mold and mildew.

Reduction of surface-temperature-dominated mold and mildew is best accomplished by increas-
ing the surface temperature through either or both of the following approaches:

* Increase the air temperature near room surfaces either by raising the thermostat setting or by
improving air circulation so that supply air is more effective at heating the room surface.

* Decrease the heat loss from room surfaces either by adding insulation or by closing cracks in the
exterior wall to prevent wind-washing (air that enters a wall at one exterior location and exits
through another exterior location without penetrating into the building).

Vapor-pressure-dominated mold and mildew can be reduced by one or more of the following
strategies:

* Source control (e.g., direct venting of moisture generating activities such as showers) to the exterior
* Dilution of moisture-laden indoor air with outdoor air that is at a lower absolute humidity
* Dehumidification

Note that dilution is only useful as a control strategy during heating periods, when cold outdoor
air tends to contain less moisture. During cooling periods, outdoor air often contains as much
moisture as indoor air.

6.9 COMMON MOLD AND MILDEW AMPLIFICATION AREAS
6.9.1 Exterior Corners

Mold and mildew are commonly found on the exterior wall surfaces of corner rooms in heating
climate locations. An exposed corner room is likely to be significantly colder than adjoining rooms.
Exterior corners are common locations for mold and mildew growth in heating climates and in
poorly insulated buildings in cooling climates. These corners tend to be closer to the outdoor
temperature than other building surface parts for one or more of the following reasons:

¢ Poor air circulation (interior)

* Wind-washing (exterior)

¢ Low insulation levels

¢ Greater surface area of heat loss

Sometimes mold and mildew growth can be reduced by removing obstructions to airflow
(e.g., rearranging furniture). Buildings with forced-air heating systems and/or room ceiling fans
tend to have fewer mold and mildew problems than buildings with less air movement, other
factors being equal.
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A balance between the RH and the room temperature must be achieved. The essential question
to be considered is “Is the RH above 70% at the surfaces because the room is too cold or because
too much moisture is present (high water vapor pressure)?” The moisture in the room can be
estimated by measuring temperature and RH at the same location and at the same time. For example,
the following two cases illustrate rooms where correction must be made due to measured RH and
temperature that are out of balance.

1. Assume that the RH is 30% and the temperature is 70°F in the middle of the room. The low RH
at that temperature indicates that the water vapor pressure (or absolute humidity) is low. The high
surface RH is probably due to room surfaces that are too cold. Temperature is the dominating
factor, and control strategies should involve increasing the temperature at cold room surfaces.

2. Assume that the RH is 50% and the temperature is 70°F in the middle of the room. The higher
RH at that temperature indicates that the water vapor pressure is high and a relatively large amount
of moisture is present in the air. The high surface RH is probably due to air that is too moist.
Humidity is the dominating factor, and control strategies should involve decreasing the indoor air
moisture content.

6.9.2 Setback Thermostats

Mold and mildew can often be controlled in heating climate locations by increasing interior
temperatures during heating periods. Unfortunately, this heating also increases energy consumption
and reduces relative humidity in the breathing zone, which can create discomfort. Setback thermo-
stats are used to reduce energy consumption during the heating season. Mold and mildew growth
can occur when building temperatures are lowered during unoccupied periods. (Note: Maintaining
a room at too low a temperature can have the same effect as a setback thermostat.)

6.9.3 Air Conditioned Spaces

Mold and mildew problems can be as extensive in cooling climates as in heating climates. The
same principles apply: Either surfaces are too cold or moisture levels are too high, or both. A
common mold growth example in cooling climates can be found in rooms where conditioned cold
air blows against the interior surface of an exterior wall. This condition may be due to poor duct
design, diffuser location, or diffuser performance; the cold air creates a cold spot on interior finish
surfaces.

Rooms decorated with low-maintenance interior finishes such as impermeable wall coverings
(vinyl wallpaper) can trap moisture between the interior finish and the gypsum board. Mold growth
can be rampant when these interior finishes are coupled with cold spots and exterior moisture.
Possible solutions for this problem include:

e Preventing hot, humid exterior air from contacting the cold interior finish (i.e., controlling the
vapor pressure at the surface)

» Eliminating the cold spots (elevate the surface temperature) by relocating ducts and diffusers

* Ensuring that vapor barriers, facing sealants, and insulation are properly specified, installed, and
maintained

¢ Increasing the room temperature to avoid overcooling

6.9.4 Concealed Condensation

A mold problem can occur within the wall cavity as outdoor air comes in contact with the
cavity side of the cooled interior surface. The use of thermal insulation in wall cavities increases
interior surface temperatures in heating climates, reducing the likelihood of interior surface mold,
mildew, and condensation, and it reduces the heat loss from the conditioned space into the wall
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cavities, thus decreasing the temperature in the wall cavities and increasing the likelihood of
concealed condensation.

The first condensing surface in a wall cavity in a heating climate is typically the inner surface
of the exterior sheathing (i.e., the plywood or fiberboard backside). As the insulation value is
increased in the wall cavities, so, too, is the potential for hidden condensation. Concealed conden-
sation can be controlled by either or both of the following strategies:

1. Reduce the entry of moisture into the wall cavities (e.g., by controlling infiltration and/or exfiltration
of moisture-laden air).
2. Elevate the first condensing surface temperature.

These changes can be made:

* In heating climate locations, by installing exterior insulation, assuming that no significant wind-
washing is occurring

* In cooling climate locations, by installing insulating sheathing to the wall-framing interior and
between the wall framing and interior gypsum board

6.9.5 Thermal Bridges

Localized surface cooling commonly occurs as a result of thermal bridges. Thermal bridges
are building structure elements that are highly conductive of heat (e.g., steel studs in exterior frame
walls, uninsulated window lintels, and the edges of concrete floor slabs). Dust particles sometimes
mark the locations of thermal bridges, because dust tends to adhere to cold spots. The use of
insulating sheathings significantly reduces the thermal bridge impacts in building envelopes.

6.9.6 Windows

In winter, windows are typically the coldest surfaces in a room, and the interior window surface
is often the first condensing surface in a room. Condensation on window surfaces has historically
been controlled by using storm windows or insulated glass (e.g., double-glazed windows or selective
surface gas-filled windows) to raise interior window surface temperatures. Higher performance
glazing systems have led to a greater incidence of moisture problems in heating climate building
enclosures. The buildings can now be operated at higher interior vapor pressures (moisture levels)
without visible surface condensation on windows. In older building enclosures with less advanced
glazing systems, visible condensation on the windows often alerts occupants to the need for
ventilation to flush out interior moisture (i.e., opening the windows).

6.10 INTERIOR ZONING

Buildings require outdoor air as make-up air. Often, heating or cooling of make-up air in
association with the air currently within the building is also required. As outdoor air is drawn into
the building, indoor air is exhausted or allowed to escape (passive relief), thus removing air
contaminants. The term HVAC system is used to refer to the equipment that can provide heating,
cooling, filtered outdoor air, and humidity control to maintain comfort conditions in a building.
Not all HVAC systems are designed to accomplish all of these functions. Some buildings rely on
only natural ventilation. Others lack mechanical air cooling (AC) equipment, and many function
with little or no humidity control. The HVAC system features in a given building will depend on
several variables, including:
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* Design age

¢ Climate

* Building codes in effect

* Budget

* Planned use

e Owners’ and designers’ preferences
* Subsequent modifications

HVAC systems range in complexity from stand-alone units that serve individual rooms to large,
centrally controlled systems serving multiple zones in a building. In large modern office buildings
with heat gains from lighting, people, and equipment, interior spaces often require year-round
cooling. Rooms at the perimeter of the same building (i.e., rooms with exterior walls, floors, or
roof surfaces) may require variable heating and/or cooling as hourly or daily outdoor weather
conditions change. In buildings over one story in height, perimeter areas at the lower levels also
tend to experience the greatest uncontrolled air infiltration.

Some buildings use only natural ventilation or exhaust fans to remove odors and contaminants.
In these buildings, thermal discomfort and unacceptable indoor air quality may occur if occupants
keep the windows closed because of extreme hot or cold temperatures. Problems related to under-
ventilation are also likely when infiltration forces are weakest (i.e., during the swing seasons and
summer months).

Modern public and commercial buildings generally use mechanical ventilation systems to
introduce outdoor air during the occupied mode. Thermal comfort is maintained by mechanically
distributing conditioned (heated or cooled) air throughout the building. In some designs, air systems
are supplemented by piping systems that carry steam or water to the building perimeter zones.
Areas regulated by a common control (e.g., a single thermostat) are referred to as zones.

6.10.1 Single-Zone HVAC Systems

A single air-handling unit can serve more than one building area if the areas served have similar
heating, cooling, and ventilation requirements or if control systems compensate for differences in
heating, cooling, and ventilation needs among the spaces served. Thermal comfort problems can
result if the design does not adequately account for differences in heating and cooling loads between
rooms that are in the same zone. Such differences can easily occur if the cooling loads in some
areas within a zone change due to increased occupant population or increased lighting or if new
heat-producing equipment (e.g., computers, copiers) is introduced. Areas within a zone can have
different solar exposures, which can produce radiant heat gains and losses, which, in turn, create
unevenly distributed heating or cooling needs (e.g., as the sun angle changes daily and seasonally).

6.10.2 Multiple-Zone HVAC Systems

Multiple-zone systems can provide each zone with air at a different temperature by heating or
cooling the airstream in each zone. Alternative design strategies involve delivering air at a constant
temperature while varying the airflow volume or modulating room temperature with a supplemen-
tary system (e.g., perimeter hotwater piping).

6.10.3 Constant-Volume HVAC Systems

Constant-volume systems deliver a constant airflow to each space. Changes in space tempera-
tures are made by heating or cooling the air or by switching the air-handling unit on and off.
Changes are not made by modulating the supplied air volume. These systems often operate with
a fixed minimum percentage of outdoor air or with an air economizer feature.
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6.10.4 Variable Air Volume HVAC Systems

Variable air volume (VAV) systems maintain thermal comfort by varying the amount of heated
or cooled air delivered to each space, rather than by changing the air temperature; however, many
VAV systems also have provisions for resetting the delivery air temperature on a seasonal basis,
depending on the weather severity. Overcooling or overheating can occur within a given zone if
the system is not adjusted to respond to the load. Underventilation frequently occurs if the system
is not designed to introduce at least a minimum quantity (as opposed to percentage) of outdoor air
as the VAV system throttles back from full airflow or if the system supply air temperature is set
too low for the loads present in the zone.

6.11 TESTING AND BALANCING

Modern HVAC systems typically use sophisticated automatic controls to supply the proper
amounts of air for heating, cooling, and ventilation in commercial buildings. In addition to providing
acceptable thermal conditions and ventilation air, a properly adjusted and balanced system can
reduce operating costs and increase equipment service life. Testing and balancing involve the testing,
adjusting, and balancing of HVAC system components so that the entire system provides airflows
that are in accordance with the design specifications. Typical components and system parameters
tested include:

e All supply, return, exhaust, and outdoor airflow rates
» Control settings and operation

* Air temperatures

¢ Fan speeds and power consumption

« Filter or collector resistance

The typical test and balance agency or contractor coordinates with the control contractor to
accomplish three goals:

1. Verify and ensure the most effective system operation within the design specifications.
2. Identify and correct any problems.
3. Ensure the system safety.

A test and balance report should provide a complete record of the design, preliminary mea-
surements, and final test data and include any discrepancies between the test data and the design
specifications, along with reasons for those discrepancies. To facilitate future performance checks
and adjustments, appropriate records should be kept on:

* All damper positions

* Equipment capacities

* Control types and locations

* Control settings and operating logic
* Airflow rates

 Static pressures

» Fan speeds; and horsepowers

Testing and balancing of existing building systems should be performed whenever the system
is not functioning as designed or when current records do not accurately reflect the actual system
operation. The following guidelines are recommended for determining whether testing and balanc-
ing are required:
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* Space has been renovated or changed to provide for new occupancy.

¢ HVAC equipment has been replaced or modified.

* Control settings have been readjusted by maintenance or other personnel.

* The air conveyance system has been cleaned.

* Accurate records are required to conduct an IAQ investigation.

¢ The building owner is unable to obtain design documents or appropriate air exchange rates for
compliance with IAQ standards or guidelines.

6.12 OUTDOOR AIR INTAKE

Building codes require the introduction of outdoor air for ventilation in most buildings. Most
nonresidential air handlers are designed with an outdoor air intake on the ductwork return side.
Outdoor air introduced through the air handler can be filtered and conditioned (heated or cooled)
before distribution. Other designs may introduce outdoor air through air-to-air heat exchangers and
operable windows.

Indoor air quality problems can be produced when contaminants enter a building with the
outdoor air. Rooftop or wall-mounted air intakes are sometimes located adjacent to or downwind
of building exhaust outlets or other contaminant sources. Problems can also result if debris (e.g.,
bird droppings) accumulates at the intake, obstructing airflow and potentially introducing micro-
biological contaminants.

If more air is exhausted than is introduced through the outdoor air intake, then outdoor air will
enter the building at any leakage sites in the shell. Indoor air quality problems can occur if the leakage
site is a door to a loading dock, parking garage, or some other area associated with pollutants.

6.13 MIXED-AIR PLENUM AND OUTDOOR AIR CONTROLS

Outdoor air is mixed with return air (air that has already circulated through the HVAC system)
in the air-handling unit mixed-air plenum. If outdoor air make-up and exhaust are balanced and
the zones served by each air handler are separated and well defined, the minimum flow of outdoor
air to each space may be estimated. This estimate can then be compared to ventilation standards
(i.e., ASHRAE standards). Techniques used for this evaluation include:

* Direct measurement of the outdoor air at the intake

¢ Calculation of the outdoor air percentage by a temperature or CO, balance (carbon dioxide
measured in an occupied space is also an indicator of ventilation adequacy)

¢ The use of tracer gases to assess ventilation quantities and airflow patterns

6.13.1 Outdoor Dampers

Indoor air quality problems frequently result if the outdoor air damper is not operating properly.
Improper damper operation is defined as a system where the damper is not designed or adjusted
to allow the introduction of sufficient outdoor air. The amount of outdoor air introduced in the
occupied mode should be sufficient to meet needs for ventilation and exhaust make-up. Air intake
may be fixed at a constant volume or may vary with the outdoor temperature. Modulating dampers
that regulate the outdoor airflow bring in a minimum amount of outdoor air (in the occupied mode)
under extreme outdoor temperature conditions and open further as outdoor temperatures approach
the desired indoor temperature.

6.13.2 Air Economizer Cooling Systems

Systems that use outdoor air for cooling are referred to as air economizer cooling systems,
which:
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* Blend return air (typically at 74°F) with outdoor air to reach a mixed air temperature of 55 to
65°F. (Note: Mixed air temperature settings above 65°F may lead to the introduction of insufficient
quantities of outdoor air for office space use.)

» Use a mixed air temperature controller and thermostat to control blending rates and volumes.

» Have a sensible/enthalpy control that signals the outdoor air damper to go to the minimum position
when the outdoor air is too warm or humid. (Note: Economizer cycles that do not provide
dehumidification may produce discomfort even when the indoor temperature is the same as the
thermostat setting.)

» Further heat or cool the mixed air prior to delivery to occupied spaces.

6.13.3 Freezestat

Many HVAC designs protect the coils by closing the outdoor air damper if the airstream
temperature falls below the freezestat setpoint. Inadequate ventilation can occur if the freezestat
trips and is not reset or is set to trip at an excessively high temperature. Stratification of the cold
outdoor air and warmer return air in the mixing plenums is a common situation that causes nuisance
tripping of the freezestat. Unfortunately, the remedy often employed to prevent this problem is to
close the outdoor air damper. Obviously, solving the problem in this way can quickly lead to
inadequate outdoor air in occupied parts of the building.

6.14 AIR FILTERS

Proper air filtration can play an important role in protecting the HVAC system and in maintaining
good indoor air quality in occupied spaces. Air filters should be selected and maintained to provide
maximum filtration, while not overtaxing the supply fan capability or leading to blow-out situations
with no air filtration. Filters are primarily used to remove particles from the air. The type and design
of the filter determine its efficiency at removing particles of a given size and the amount of energy
needed to pull or push air through the filter. Filters are rated by different standards and test methods,
such as dust spot and arrestance, that measure various performance aspects.

6.14.1 Air Filter Efficacy

Air filters, whatever their design or efficiency rating, require regular maintenance (cleaning for
some and replacement for most). As a filter loads up with particles, the filter material becomes
more efficient at particle removal but increases the pressure drop through the system, thereby
reducing airflow. Filter manufacturers can provide information on the pressure drop through their
products under different conditions. Choosing an appropriate filter and proper maintenance are
important to keeping the ductwork clean. If dirt accumulates in ductwork and if the relative humidity
reaches the dew point (so that condensation occurs), then the nutrients and moisture may support
microbiological amplification. Air handlers that are located in places that are difficult to access
(e.g., places that require ladders for access, have inconvenient access doors to unbolt, or are located
on roofs with no roof hatch access) will be more likely to suffer from poor air filter maintenance
and overall poor maintenance. Quick release and hinged access doors for maintenance are more
desirable than bolted access panels.

6.14.2 Low-Efficiency Filters

Low-efficiency filters (ASHRAE dust spot rating of 10 to 20% or less) are often used to keep
lint and dust from clogging the system heating and cooling coils. Low-efficiency filters, if loaded
to excess, will become deformed and even blow out of their filter rack. When filters blow out,
bypassing of unfiltered air can lead to clogged coils and dirty ducts. Filtration efficiency can be
seriously reduced if the filter cells are not properly sealed to prevent air from bypassing.
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6.14.3 Medium-Efficiency Filters

Filters should be selected for their ability to protect both the HVAC system components and
general indoor air quality. To maintain the proper airflow and minimize the amount of additional
energy required to move air through these higher efficiency filters, pleated-type extended surface
filters are used. These filters have a higher removal efficiency than low-efficiency filters, yet will
not clog up as quickly as high-efficiency filters, and they can provide much better filtration than
low-efficiency filters. In order to maintain clean air in occupied spaces, filters must also remove
bacteria, pollens, insects, soot, dust, and dirt with efficiency suited to the building use (ASHRAE
dust spot rating of 30 to 60%).

6.14.4 High-Efficiency Extended Surface Filters

Some manufacturers recommend high-efficiency extended surface filters (ASHRAE dust spot
rating of 85%) without prefilters as the most cost-effective approach to minimizing energy con-
sumption and maximizing air quality in modern VAV systems that serve office environments. In
buildings that are designed to be exceptionally clean, the designers may specify that the equipment
must utilize both a medium-efficiency prefilter and a high-efficiency extended surface filter
(ASHRAE dust spot rating of 85 to 95%).

6.14.5 Gas and Volatile Organic Compound Removal Filters

Filters are available to remove gases and volatile organic contaminants from ventilation air.
These systems are not generally used in normal occupancy buildings. In specially designed HVAC
systems, permanganate oxidizers and activated charcoal may be used for gaseous removal filters.
Some manufacturers offer partial bypass carbon filters and carbon-impregnated filters to reduce
volatile organics in the ventilation air of office environments. Gaseous filters must be regularly
maintained (replaced or regenerated) in order for the system to continue to operate effectively.

6.14.6 Acoustical Lining

Acoustical lining is used in air handler fan housings and supply ducts to reduce sound trans-
mission and provide thermal insulation. This lining is often porous or consists of fiberglass that
has lofted over time. The porous surface of fiberglass duct liner presents more surface area (which
can trap dirt and subsequently collect water) than sheetmetal ductwork. Proper design, installation,
filtration, humidity, and maintenance of ducts that contain porous materials are essential. Techniques
developed for cleaning unlined metal ducts often are not suitable for use with fiberglass thermal
liner or fiberboard. Such ducts may require a special type of cleaning to maintain the duct integrity.
Attention to air filters is particularly important in HVAC systems with acoustical duct liner. Duct
lining areas that have become contaminated with microbiological growth must be replaced. Sound
reduction can also be accomplished with the use of special duct-mounted devices such as attenuators
or with active electronic noise control.

6.15 DUCTS

Building owners and managers should take great precautions to prevent dirt, high humidity, or
moisture from entering the ductwork. Special attention should be given to trying to find out if ducts
are contaminated when specific problems are present, such as when water damage or biological
growth is observed in ducts, debris is found in the ducts, or dust is discharging from supply diffusers.
Problems with contamination in the ductwork are a function of filtration efficiency, HVAC system
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maintenance, the airflow rate, and good housekeeping practices in the occupied space. Problems
with biological pollutants can be prevented by minimizing dust and dirt build-up, promptly repairing
leaks and water damage, preventing moisture accumulation in the components that are supposed
to be dry, and cleaning the components such as the drip pans that collect and drain water.

In cases where sheetmetal ductwork has become damaged or water soaked, building owners
will need to undertake clean-up or repair procedures. These procedures should be scheduled and
performed in a way that does not expose building occupants to increased pollutant levels and should
be carried out by experienced workers.

Correcting the problems that allowed the ductwork to become contaminated in the first place
is important; otherwise, the corrective action will be temporary. Workers who are doing the duct
cleaning should be encouraged to look for other types of problems, such as holes or gaps in the
ducts that could allow contaminants to enter the ventilation airstream.

6.16 DUCT LEAKAGE

Air leakage from ducts can cause or exacerbate air quality problems, in addition to wasting
energy. Sealed duct systems specified with a leakage rate of less than 3% will have a superior life-
cycle cost analysis and reduce the likelihood of problems associated with leaky ductwork. Examples
of excessive duct leakage leading to problems include:

* Leakage of light-troffer-type diffusers installed in a return plenum at the diffuser/light fixture
interface; such leakage has been known to cause gross shortcircuiting between the supply and
return, wasting much of the conditioned air. If the room thermostat is located in the return plenum,
the room can be very uncomfortable, while the temperature in the plenum is at the control setpoint.

* Supply ductwork leakage due to loose-fitting joints and connections.

* Blow outs of improperly fabricated seams.

» Leakage of return ducts located in crawl spaces or below slabs, allowing soil gases and molds to
enter the ductwork.

6.17 HEATING AND COOLING COILS

Heating and cooling coils are placed in the airstream to regulate the air temperature delivered
to the interior occupied space. A malfunctioning coil control can result in thermal discomfort.
Condensation on inadequately insulated pipes and leakage in piped systems will create moist
conditions conducive to the growth of molds, fungus, and bacteria. During the cooling mode (air
conditioning), the cooling coil provides dehumidification as water condenses from the airstream.
Dehumidification can only take place if the chilled fluid is maintained at a cold enough temperature
(generally below 45°F for water).

Condensate collects in the drain pan under the cooling coil and exits via a deep seal trap.
Standing water will accumulate if the drain pan system has not been designed to drain completely
under all operating conditions (sloped toward the drain and properly trapped). Under these condi-
tions, molds and bacteria will proliferate unless the pan is cleaned frequently.

Condensate lines must be properly trapped and charged with liquid. An improperly trapped line
can be a contamination source, depending on where the line terminates. A properly installed trap
could also be a source, if the water in the trap evaporates and allows air to flow through the trap
into the conditioned air.

During the heating mode, problems can occur if the hotwater temperature in the heating coil
has been set too low in an attempt to reduce energy consumption. If outdoor air is brought in to
provide sufficient ventilation, air may not be heated sufficiently to maintain thermal comfort, or,
to adequately condition the outdoor air, air intake may be reduced so that insufficient outdoor air
is available to meet ventilation needs.
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6.18 SUPPLY FANS

After passing through the coil section where heat is either added or extracted, air moves
through the supply fan chamber and the distribution system. Air distribution systems commonly
use ducts that are constructed to be relatively airtight. Building construction elements can also
serve as part of the air distribution system. Such elements include pressurized supply plenums
and return air plenums located in the cavity space above the ceiling tiles and below the deck of
the floor above. Proper fan selection and duct layout coordination during the building design and
construction phase and ongoing maintenance of mechanical components, filters, and controls are
all necessary for effective air delivery.

Fan performance is expressed as the ability to move a given quantity of air (cubic feet per
minute, or cfm) at a given resistance or static pressure (measured in inches of water column).
Airflow in the ductwork is determined by:

¢ Duct opening size
* Duct configuration resistance
* Air velocity through the duct

The static pressure in a system is calculated using factors for duct length, air movement speed,
and changes in the air movement direction.

The original duct design and the final installation often differ. Ductwork installation may be
altered due to limited space that must be shared with structural members and other hidden elements
of the building system (e.g., electrical conduit, plumbing pipes). If the friction in the system
increases to a point that approaches the fan performance limits, air distribution problems can occur.
These problems are particularly evident at the end of duct runs. Inappropriate use of long runs of
flexible ducts with sharp bends causes excessive friction. Poor system balancing (adjustment) is
another common cause of air distribution problems.

Dampers are used as controls to restrict airflow. Damper positions may be relatively fixed (e.g.,
set manually during system testing and balancing) or may change in response to signals from the
control system. Fire and smoke dampers can be triggered to respond to indicators such as high
temperatures or signals from smoke detectors. Modulating dampers should be checked during
inspections for the proper settings. ASHRAE and the Associated Air Balance Council provide
guidance on proper intervals for testing and balancing.

6.19 RETURN AIR SYSTEMS

Above-ceiling spaces may be utilized for the unducted passage of return air. This system
approach reduces initial HVAC system costs but requires that the designer, maintenance per-
sonnel, and contractors obey strict guidelines. Life and safety codes (e.g., building codes) must
be followed for materials and devices that are located in the plenum. If a ceiling plenum is
used for the collection of return air, openings into the ceiling plenum created by the removal
of ceiling tiles will disrupt airflow patterns. The ceiling and adjacent wall integrity must be
maintained in areas that are designed to be exhausted, such as supply closets, bathrooms, and
chemical storage areas.

Return air enters either a ducted return air grille or a ceiling plenum and then is returned to
the air handlers. Systems may utilize return fans in addition to supply fans to properly control air
distribution. When return and supply fans are utilized, especially in a VAV system, their operation
must be coordinated to prevent under- or overpressurization of the occupied space or overpressur-
ization of the mixing plenum in the air handler.
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6.20 EXHAUSTS, EXHAUST FANS, AND PRESSURE RELIEF

Most buildings are required by law, including building or plumbing codes, to provide area
exhaust where contaminant sources accumulate. Such areas are toilet facilities, janitorial closets,
cooking facilities, and parking garages. Other areas where exhaust is frequently recommended but
may not be legally required include reprographics areas, graphic arts facilities, beauty salons,
smoking lounges, shops, and any area where contaminants are known to originate.

For successful confinement and exhaust of identifiable sources, the source area must be at a
higher overall pressure as compared to the area receiving the exhaust. Any area designed to be
exhausted must be isolated and, thus, disconnected from the return air system so that contaminants
are not transported to other building areas. To prevent operating the building under negative
pressures and to limit the amount of unconditioned air brought into the building by infiltration,
make-up air from outdoors must be brought into the HVAC system. The amount of make-up air
drawn in at the air handler should always be slightly greater than the total amount of relief air,
exhaust air, and air exfiltrating through the building shell. This make-up air is typically drawn in
at the mixed-air plenum and distributed within the building. The make-up air must have a clear
path to the area that is being exhausted.

The total cubic feet per minute of powered exhaust should be compared to the minimum quantity
of mechanically introduced outdoor air. Excess make-up air is generally relieved at an exhaust or
relief outlet in the HVAC system, especially in air economizer systems.

In addition to reducing the effects of unwanted infiltration, designing and operating a building
at slightly positive or neutral pressures will reduce the soil gas entry rate when the systems are
operating. For a building to actually operate at a slight positive pressure, the building must be
tightly constructed. Tightly constructed can be defined as permitting less than 0.5 air change per
hour at 0.25 Pascals. Without this tight construction, unwanted exfiltration will prevent the building
from achieving a neutral or slightly positive pressure.

6.21 TERMINAL DEVICES

Thermal comfort and effective contaminant removal demand that air delivered into a conditioned
space be properly distributed within that space. Terminal devices that distribute and collect air
include supply diffusers, return and exhaust grilles, and associated dampers and controls. The
number, design, and location (ceiling, wall, floor) of terminal devices are very important. Improper
placement can cause an HVAC system with adequate capacity to produce unsatisfactory results
(i.e., drafts, odor transport, stagnant areas, uneven temperatures, or shortcircuiting).

Occupants who are uncomfortable because of distribution deficiencies often try to compensate
by adjusting or blocking the airflow from supply outlets. Adjusting system flows without any
knowledge of the proper design frequently disrupts the proper air supply to adjacent areas. Distri-
bution problems can also be produced if the arrangement of movable partitions, shelving, or other
furnishings interferes with airflow. Such problems often occur if walls are moved or added without
evaluating the expected impact on airflows.

6.22 HUMIDIFICATION AND DEHUMIDIFICATION EQUIPMENT

In some buildings or zones within buildings, special needs warrant the strict control of humidity
(e.g., operating rooms or computer rooms). This control is accomplished by adding humidification
or dehumidification equipment and controls. In office facilities, relative humidity above 20 or 30%
during the heating season and below 60% during the cooling season is preferable. ASHRAE
Standard 55 provides guidance on acceptable temperature and humidity conditions. The use of a
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properly designed and operated air conditioning system will generally keep relative humidity below
60% during the cooling season in office facilities with normal densities and loads.

Office buildings in cool climates that have high interior heat gains, thermally efficient envelopes
(e.g., insulation), and economizer cooling may require humidification to maintain relative humidity
within the comfort zone. Humidification must be added in a manner that prevents the growth of
microbiologicals within the ductwork and air handlers.

Steam humidifiers should utilize clean steam, rather than treated boiler water, so occupants will
not be exposed to chemicals. Systems using media other than clean steam must be rigorously
maintained in accordance with the manufacturers’ recommended procedures to reduce the likelihood
of microbiological growth.

Mold growth problems are more likely if the humidistat setpoint located in the occupied space
is above 45%. The high-limit humidistat, typically located in the ductwork downstream of the point
at which water vapor is added, is generally set at 70% to avoid condensation in the ductwork.
Adding water vapor to a building that was not designed for humidification can have a negative
impact on the building structure and the occupants’ health if condensation occurs on cold surfaces
or in wall or roof cavities.

6.23 SELF-CONTAINED UNITS

In some designs, small decentralized units are used to provide cooling or heating to interior or
perimeter zones. With the exception of induction units, units of this type seldom supply outdoor
air. These units are typically considered a low-priority maintenance item. Self-contained units that
are overlooked during maintenance may become significant contaminant sources, especially for the
occupants located nearby.

6.24 CONTROLS

Heating, ventilation, and air conditioning systems can be controlled manually or automatically.
Most systems are controlled by some combination of manual and automatic controls. The control
system can be used to:

* Switch fans on and off
* Regulate the air temperature within the conditioned space
* Modulate airflow and pressures by controlling fan speed and damper settings

Regular maintenance and calibration are required to keep controls in good operating order. All
programmable timers and switches should have battery backup to reset the controls in the event of
a power failure. Local controls such as room thermostats must be properly located in order to
maintain thermal comfort. Problems can result from poorly designed temperature control zones,
such as single zones that combine areas with very different heating or cooling loads. Other problems
arise when thermostats are located outside of the occupied space or in a return plenum; are subject
to drafts, radiant heat gain or loss, or direct sunlight; or are affected by heat from nearby equipment.

6.25 BOILERS

A boiler must be adequately maintained to operate properly. Combustion equipment must
operate properly to avoid hazardous conditions such as explosions or carbon monoxide leaks, as
well as to provide good energy efficiency. Codes often require boiler operators to be properly
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trained and licensed. Both the American Society of Mechanical Engineers (ASME) and ASHRAE
have made recommendations as to the amount of combustion air needed for fuel-burning appliances.
Boiler operation considerations particularly important to indoor air quality and thermal comfort
include:

* Boiler and distribution loop operation at a high enough temperature to supply adequate heat in
cold weather

* Proper gasket and breaching maintenance to prevent carbon monoxide from escaping into the
building

* Proper fuel-line maintenance to prevent any leaks that could emit odors into the building

¢ Adequate outdoor air for combustion

* Boiler combustion exhaust designed to prevent reentrainment

Modern office buildings tend to have much smaller capacity boilers than older buildings because
of advances in energy efficiency. In some buildings, the primary heat source is waste heat recovered
from the chiller that operates year-round to cool the building core.

6.26 COOLING TOWERS

Cooling tower maintenance ensures proper operation and keeps the cooling tower from becom-
ing a niche for breeding pathogenic bacteria, such as Legionella organisms. Cooling tower water
quality must be properly monitored and chemical treatments used as necessary to minimize con-
ditions that could support biological growth. Proper maintenance may entail physical cleaning to
prevent sediment accumulation and installing drift eliminators.

6.27 WATER CHILLERS

Water chillers are frequently found in the air conditioning systems of large buildings. A water
chiller must be maintained in proper working condition to perform its function of removing the
heat from the building. Chilled water supply temperatures should operate in the range of 45°F or
colder in order to provide proper moisture removal during humid weather. Piping should be insulated
to prevent condensation. Other than thermal comfort, IAQ concerns associated with water chillers
involve potential release of the working fluids from the chiller system. To control such TAQ concerns,
the rupture disk (safety release) of the system should be piped to the outdoors, refrigerant leaks
should be located and repaired, and waste oils and spent refrigerant should be disposed of properly.

RESOURCES

American Society of Heating, Refrigerating, and Air Conditioning Engineers
(ASHRAE)

Guideline for the Commissioning of HVAC Systems, ASHRAE Guideline 1-1989.

Method of Testing Air-Cleaning Devices Used in General Ventilation for Removing Particulate Matter,
ASHRAE Standard 55, 1992.

Method of Testing General Ventilation Air-Cleaning Devices for Removal Efficiency by Particle Size, ASHRAE
Standard 52.2. 2000.

Ventilation for Acceptable Air Quality, ASHRAE Standard 62, 1999.
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U.S. Environmental Protection Agency
IAQ Tools for Schools, EPA-402-K-95-001, May 1995.
EPA Internet Resources

An office building occupant’s guide to IAQ: www.epa.gov/iag/pubs/occupgd.html

Biological contaminants: www.epa.gov/iag/pubs/bio_1.html

Building air quality action plan (for commercial buildings): www.epa.gov/iag/base/actionpl.html

Floods/flooding: www.epa.gov/iag/pubs/flood.html

Indoor air quality (AQ) home page: www.epa.gov/iaq

IAQ in large buildings/commercial buildings: www.epa.gov/iag/base/index.html

IAQ in schools: www.epa.gov/iag/schools/index.html

Mold remediation in schools and commercial buildings: www.epa.gov/iaq/pubs/molds.html

Mold resources: www.epa.gov/iag/pubs/moldresources.html

U.S. EPA indoor air quality (IAQ) information clearinghouse: phone, (800) 438-4318 or (703) 356-4020; fax,
(703) 821-8236; e-mail, iaginfo@aol.com; includes indoor air-related documents, answers to indoor
air quality (IAQ) questions, listing of state [AQ and regional EPA contacts

Resources List

American Academy of Allergy, Asthma & Immunology (AAAAI); (800) 822-2762; www.aaaai.org

American College of Occupational and Environmental Medicine (ACOEM); (847) 818-1800; www.sioux-
land.com/acoem/

American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE); (800) 527-
4723; www.ashrae.org (physician referral directory and information on allergies and asthma)
American Conference of Governmental Industrial Hygienists (ACGIH); (513) 742-2020; www.acgih.org

(occupational and environmental health and safety information)

American Industrial Hygiene Association (AIHA); (703) 849-8888; www.aiha.org (information on industrial
hygiene and indoor air quality issues including mold hazards and legal issues)

American Lung Association (ALA); (800) LUNG-USA (800-586-4872); www.lungusa.org (information on
engineering issues and indoor air quality)

Association of Occupational and Environmental Clinics (AOEC); (202) 347-4976; www.aoec.org (referrals
to clinics with physicians who have experience with environmental exposures, including exposures
to mold; databases of occupational and environmental cases maintained)

Association of Specialists in Cleaning and Restoration (ASCR); (800) 272-7012; www.ascr.org (disaster
recovery, water and fire damage, emergency tips, referrals to professionals)

Asthma and Allergy Foundation of America (AAFA); (800) 7-ASTHMA (800-727-8462); www.aafa.org
(referrals to physicians having experience with environmental exposures)

Asthma and Allergy Network/Mothers of Asthmatics (AAN-MA); (800) 878-4403 or (703) 641-9595;
www.aanma.org (information on allergies and asthma)

Canada Mortgage and Housing Corporation (CMHC); (613) 748-2003 (international); www.cmhc-
schl.gc.ca/cmhce.html (several documents on mold-related topics available)

Carpet and Rug Institute (CRI); (800) 882-8846; www.carpet-rug.com (carpet maintenance, restoration
guidelines for water-damaged carpet, other carpet-related issues)

Centers for Disease Control and Prevention (CDC); (800) 311-3435; www.cdc.gov (information on health-
related topics including asthma, molds in the environment, and occupational health)

CDC’s National Center for Environmental Health (NCEH); (888) 232-6789; www.cdc.gov/nceh/
asthma/factsheets/molds/default.htm (questions and answers on Stachybotrys chartarum and other
molds)

Energy and Environmental Building Association; (952) 881-1098; www.eeba.org (information on energy-
efficient and environmentally responsible buildings, humidity/moisture control/vapor barriers)

Federal Emergency Management Agency (FEMA); (800) 480-2520; www.fema.gov/mit (publications on
floods, flood proofing, etc.)
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Health Canada, Health Protection Branch, Laboratory Centre for Disease Control, Office of Biosafety; (613)
957-1779; www.hc-sc.gc.ca/main/lcdc/web/biosafety/msds/index.html (Material Safety Data Sheets
with health and safety information on infectious microorganisms, including Aspergillus and other
molds and airborne biologicals)

Indoor Environmental Remediation Board (IERB); (215) 387-4097; www.ierb.org (information on best
practices in building remediation)

Institute of Inspection, Cleaning and Restoration Certification (IICRC); (360) 693-5675; www.iicrc.org
(information on and standards for the inspection, cleaning, and restoration industry)

International Sanitary Supply Association (ISSA); (800) 225-4772; www.issa.com (education and training
on cleaning and maintenance)

International Society of Cleaning Technicians (ISCT); (800) WHY-ISCT (800-949-4728); www.isct.com
(information on cleaning such as stain removal guide for carpets)

Material Safety Data Sheets (MSDSs), Cornell University; http://msds.pdc.cornell.edu/msdssrch.asp
(MSDSs contain information on chemicals or compounds including topics such as health effects, first
aid, and protective equipment for people who work with or handle these chemicals)

MidAtlantic Environmental Hygiene Resource Center (MEHRC); (215) 387-4096; www.mehrc.org
(indoor environmental quality training on including topics such as mold remediation)

National Air Duct Cleaners Association (NADCA); (202) 737-2926; www.nadca.com (duct cleaning infor-
mation)

National Antimicrobial Information Network (NAIN); (800) 447-6349 http://ace.orst.edu/info/nain/ (regu-
latory information, safety information, and product information on antimicrobials)

National Association of the Remodeling Industry (NARI); (847) 298-9200; www.nari.org (consumer infor-
mation on remodeling, including help finding a professional remodeling contractor)

National Institute for Occupational Safety and Health (NIOSH); (800) 35-NIOSH (800-356-4674);
www.cdc.gov/niosh (health and safety information with a workplace orientation)

National Institute of Allergy and Infectious Diseases (NIAID); (301) 496-5717; www.niaid.nih.gov (infor-
mation on allergies and asthma)

National Institute of Building Sciences (NIBS); (202) 289-7800; http://nibs.org (information on building
regulations, science, and technology)

National Jewish Medical and Research Center; (800) 222-LUNG (800-222-5864); www.njc.org (informa-
tion on allergies and asthma)

National Pesticide Telecommunications Network (NPTN); (800) 858-7378; http://ace.orst.edu/info/nptn
(information on pesticides/antimicrobial chemicals, including safety and disposal information)

New York City Department of Health, Bureau of Environmental & Occupational Disease Epidemiology;
(212) 788-4290; www.ci.nyc.ny.us/html/doh/html/epi/moldrpt]l.html (guidelines on assessment and
remediation of fungi in indoor environments)

Occupational Safety and Health Administration (OSHA); (800) 321-OSHA (800-321-6742);
www.osha.gov (information on worker safety, includes topics such as respirator use and safety in the
workplace)

Sheet Metal and Air Conditioning Contractors’ National Association (SMACNA); (703) 803-2980;
www.smacna.org (technical information on topics such as air conditioning and air ducts)

Smithsonian Center for Materials Research and Education (SCMRE); (301) 238-3700; www.siedu/scmre
(guidelines for caring for and preserving furniture and wooden objects, paper-based materials; pres-
ervation studies)

University of Michigan Herbarium; (734) 764-2407; www.herb.Isa.umich.edu (specimen-based information
on fungi; information on fungal ecology)

University of Minnesota, Department of Environmental Health & Safety; (612) 626-5804;
www.dehs.umn.edu/remanagi.html (managing water infiltration into buildings)

University of Tulsa Indoor Air Program; (918) 631-5246; www.utulsa.edu/iagprogram (courses, classes,
and continuing education on indoor air quality)

University of Wisconsin-Extension, The Disaster Handbook; (608) 262-3980; www.uwex.edu/ces/news/
handbook.html (information on floods and other natural disasters)

Water Loss Institute, Association of Specialists in Cleaning and Restoration; (800) 272-7012 or (410)
729-9900; www.ascr.org/wli.asp (information on water and sewage damage restoration)
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Maintenance may involve sterilization, disinfection, decontamination, or dilution. Of these, only
sterilization attempts to kill all biological contaminants. Disinfection attempts to kill sufficient
numbers in order to lessen the infective potential of contaminants. Decontamination and dilution
seek to lessen the numbers of biological contaminants to some defined limit. For molds, fungi, and
yeasts, various limits are considered acceptable given the use of the buildings or areas and the
health status of the people potentially exposed.

7.1 FUNGI CONTROL

Mold growth can eventually cause structural damage if a mold or moisture problem remains
unaddressed for a long time. In the case of a long-term roof leak, for example, molds can weaken
floors and walls as the molds feed on wet wood (Figures 7.1 and 7.2). Indoor mold growth may
not be obvious. Mold may be growing on hidden surfaces, such as the back side of drywall (Figures
7.3 and 7.4), wallpaper (Figure 7.5), or paneling; the top of ceiling tiles (Figure 7.6); the underside
of carpets and pads; pipe chases and utility tunnels with leaking or condensing pipes; walls behind
furniture where condensation forms; condensate drain pans inside air-handling units; porous thermal
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Figure 7.1 Typical mold patterns on walls. (Courtesy of Aerotech Laboratories, Phoenix, AZ.)

Figure 7.2 Typical mold patterns on walls. (Courtesy of Aerotech Laboratories, Phoenix, AZ.)

Figure 7.3 Mold growing on and into wood. (Courtesy of Aerotech Laboratories, Phoenix, AZ.)
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Figure 7.4 Mold growing on and into wood. (Courtesy of Aerotech Laboratories, Phoenix, AZ.)

Figure 7.5 Mold under wallpaper. (Courtesy of Aerotech Laboratories, Phoenix, AZ.)

Figure 7.6 Mold on ceiling (be sure to check electrical fixtures also). (Courtesy of Aerotech Laboratories,
Phoenix, AZ.)



MAINTENANCE 161

or acoustic liners inside ductwork; or roof materials above ceiling tiles due to roof leaks or
insufficient insulation.

Assess the size of the mold and/or moisture problem and the type of damaged materials before
planning the remediation work. The remediation plan should: include steps to fix the water or
moisture problem to prevent the problem from returning, cover the use of appropriate personal
protective equipment (PPE), and include steps to carefully contain and remove moldy building
materials to avoid spreading the mold.

The highest priority must be to protect the health and safety of the building occupants and
remediators. Communication must be established with building occupants when mold problems
are identified. Temporary relocation of some or all of the building occupants may be required. The
decision to relocate occupants should consider the size and type of the area affected by mold
growth, the type and extent of health effects reported by the occupants, the potential health risks
that could be associated with debris, and the amount of disruption likely to be caused by remediation
activities. If possible, remediation activities should be scheduled during off-hours when building
occupants are less likely to be affected.

Some building materials, such as drywall with vinyl wallpaper or wood paneling, may act as
vapor barriers, trapping moisture underneath their surfaces and thereby providing a moist environ-
ment where mold can grow. Removal of this wallpaper can lead to a massive release of spores
from mold growing on the underside of the paper.

The standing rules are:

* Bleach what you can bleach.
» Use biocides with caution.
e Throw out what you can throw out.

If you are unsure as to any of these protocols, get help.

Moisture, heat, and dirt or dusts are the ingredients needed to grow fungi. As part of routine
building maintenance, buildings should be inspected for evidence of water damage and visible
mold. Conditions causing mold (such as water leaks, condensation, infiltration, or flooding) should
be corrected.

Good preventive maintenance can reduce the risk of a problem with molds growing inside the
home and other buildings. Homes and buildings with water damage should be repaired, and all
moldy material should be removed. Avoiding or diminishing other contributors of humidity may
help. Some causes and contributors of high humidity may include leaking pipes, water-damaged
drywall and ceiling tile, leaking roofs, flooding, faulty or obstructed dryer vent connections, use
of steaming hot water in washing machines, many showers, faulty or obstructed bathroom/kitchen
ventilation fans, boiling water for long periods of time, canning or pressure cooking, hand washing
and rack drying laundry, use of humidifiers, and excessive sealing of homes so inadequate air
exchange occurs.

7.2 STACHYBOTRYS

Some molds can be killed by cleaning the moldy surface with chlorine; however, Stachybotrys
often has a germ mycelium that is buried inside the water-damaged surface and may be inaccessible
to chlorine. Changing the humidity may lead to death of the Stachybotrys colony; however,
changing the humidity can also induce heavy sporulation. While the spores may die quickly, these
spores can remain toxic and continue to cause allergic reactions; therefore, it is best to remove
all of the water-damaged material. Visual identification of black mold in a chronically wet area
is considered to be a possible indicator of mold amplification in interiors. The New York City
Department of Health (NYCDOH) convened an expert panel on Stachybotrys chartarum (SC) in
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1993, which recommended different methods of mold removal depending on the size of the mold
problem. Their recommendations based on mold surface area are presented as an example of
response decision logic.

7.2.1 Level I: 2 Square Feet or Less

The area can be cleaned by individuals who have received training on proper clean-up methods,
protection, and potential health hazards. These individuals should be free from asthma, allergy, and
immune disorders. Gloves and a half-face respirator should be worn. Contaminated material should
be placed in a sealed plastic bag before being taken out of the building to prevent contamination
of other parts of the building. Surrounding areas should be cleaned with household bleach.

7.2.2 Level lIl: More than 2 Square Feet but Less than 30 Square Feet

The recommendations are the same as Level I, with the added precaution that moldy materials
should be covered with plastic sheets and taped before any handling or removal is done. For instance,
in the case of a moldy panel of gypsum board (measuring 4 X 8 ft), plastic sheeting should be
taped on the wall over the affected area before the wallboard is cut to remove the contaminated
section. Once cut from the wall, that section should be placed within another layer of plastic before
being carried through the building for disposal.

7.2.3 Level lll: More than 30 Square Feet

Personnel conducting decontamination efforts must be trained in the handling of hazardous
materials. Decontamination planning must assume hazardous materials may be present.

7.2.4 Level IV

The Level IV designation indicates that Stachybotrys is present in the HVAC system. Precautions
are the same as those for Level III (NYCDOH, 2000).

7.3 IMMEDIATE WORKER PROTECTION

Whenever possible, use remote methods for clean-up. At a minimum, entry where any invasive
activities will occur requires use of respirators with high-efficiency particulate air (HEPA) filters
and dermal protection for hands. All material worn or used must be either decontaminated or
properly disposed. If the remediation job disturbs mold and mold spores become airborne, then
the risk of respiratory exposure increases. Actions that are likely to disturb mold include break-
up of moldy porous materials, such as wallboard; invasive procedures used to examine or
remediate mold growth in a wall cavity; active stripping or peeling of wallpaper; and the use of
fans to dry items.

The primary function of full-face respirators is to avoid inhaling mold and mold spores and to
avoid mold contact with the skin or eyes. The following sections discuss the different types of
personal protective equipment that can be used during remediation activities. Please note that all
individuals using certain PPE, such as half-face or full-face respirators, must be trained, have
medical clearance, and be fit-tested by a trained professional. In addition, the use of respirators
must follow a complete respiratory protection program as specified by the Occupational Safety and
Health Administration (OSHA).
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7.3.1 Skin and Eye

Gloves are required to protect the skin from contact with mold allergens (and in some cases
mold toxins) and from potentially irritating cleaning solutions. Long gloves that extend to the
middle of the forearm are recommended. The glove material should be selected based on the type
of materials being handled. If a biocide (such as chlorine bleach) or a strong cleaning solution is
used, select gloves made from natural rubber, neoprene, nitrile, polyurethane, or polyvinylchloride
(PVC). If you are using a mild detergent or plain water, ordinary household rubber gloves m