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Thethreshold of toxicologic concern (TTC) concept was devel-
oped as a method to identify a chemical intake level that is pre-
dicted to be without adver se human health effects assuming daily
intake over the course of a 70-yr life span. The TTC values are
based on known structure-activity relationships and do not
require chemical-specific toxicity data. This allows safety assess-
ment (or prioritization for testing) of chemicals with known
molecular structure but little or no toxicity data. Recently, the
TTC concept was extended to inhaled substances by converting a
TTC expressed in micrograms per person per day to an airborne
concentration (ng/m%), making allowance for intake by routesin
addition toinhalation and implicitly assuming 100% bioavailabil-
ity of inhaled toxicants. The resulting concentration of no toxico-
logic concern (CoNTC), 30 ng/m®, represents a generic airborne
concentration that is expected to pose no hazard to humans
exposed continuously throughout a 70-yr lifetime. Published data
on the levels of mycotoxins in agricultural dusts or in fungal
spores, along with measured levels of airborne mycotoxins,
spores, or dust in various environments, wer e used to identify con-
ditions under which mycotoxin exposures might reach the
CoNTC. Data demonstrate that airborne concentrations of dusts
and mold spores sometimes encountered in agricultural environ-
ments have the potential to produce mycotoxin concentrations
greater than the CoNTC. On the other hand, these data suggest
that common exposures to mycotoxins from airborne molds in
daily life, including in the built indoor environment, are below the
concentration of no toxicologic concern.

Modern analytical chemistry permits the detection of
vanishingly small amounts of natural and synthetic substances,
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whether in air, water, food, cosmetics, or pharmaceuticals. For
most of these substances, the available toxicology data are inad-
eguate to support a conventional safety evaluation or risk char-
acterization. It was recognized for at least 40 yr (Frawley, 1967;
Munro, 1990) that a method was needed to establish thresholds
for regulatory concern to determine that exposures are low
enough to be confident that they pose no toxicologic concern or,
conversely, to determine that exposures are such that a safety
evaluation requires chemical-specific toxicologic data.

The threshold of toxicologic concern (TTC) concept devel-
oped as ameans to make those determinations. The TTCsiden-
tify, with a wide margin of safety, a level of intake that is
predicted to be without adverse human health effects assuming
daily intake at or below the TTC over the course of a 70-yr life
span. The TTCs are based on known structure—activity
relationships and their application does not require chemical-
specific toxicity data. This allows safety assessment (or priori-
tization for testing) of chemicals with known molecular
structure but little or no toxicity data.

A decision tree approach to estimating toxic hazard was
proposed in 1978 for chemicals with known molecular struc-
ture (Cramer et a., 1978). Consisting of “yes’ or “no”
responses to a series of 33 questions about molecular structure,
the decision tree sorted substances to one of three categories, I,
[1, or 111. Class | substances were described as having molecular
structures and toxicity data suggestive of low oral toxicity,
while Class 111 substances were described as lacking any strong
presumption of safety or with molecular indicators of possible
significant toxicity. Class Il was described as less clearly
innocuous than Class I, but also lacking the molecular indica-
tors of toxicity that characterized Class I11. Applying the deci-
sion tree requires a sophisticated knowledge of chemistry.
However, the Computational Toxicology Group of the
European Chemicals Bureau developed and makes available
(http://ecb.jrc.it/gsar/) a user-friendly open-source application,
Toxtree, that places chemicals into the appropriate Cramer
classifications (Patlewicz et al., 2008).

Based on an analysis of the potencies of 477 carcinogens, in
1995 the U.S. Food and Drug Administration (FDA) modified
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the food additive regulations to establish a “threshold of
regulatory concern” for substances that migrate to food from
packaging (FDA, 1995). These regulations exempt substances
from regulation as food additives when dietary concentrations
are less than 0.5 ppb, “corresponding to a daily dietary intake
of 1.5 ng/person/day or less (based on adiet of 1,500 g of solid
food and 1,500 g of liquid food per day)” (21 CFR
170.39(a)(2)(ii)). In its rulemaking decision, the FDA con-
cluded that even if “an exempted substance present in the diet
at 0.5 ppb were later found to be a carcinogen, the upper-bound
lifetime risk resulting from the use of the substance is likely to
be below one in amillion,” arisk level that was considered as
posing “only negligible safety concerns’ (FDA, 1995).

The TTC concept was proposed (Munro et al., 1996a,
1996b) as an extension of the FDA regulatory analysis and the
previously published (Cramer et al., 1978) decision tree cate-
gorization by molecular structure. Based on an analysis of
over 2900 noncancer no-observed-effect levels (NOELS) in
toxicology studies, the fifth percentile NOEL was identified
for Cramer classes I, I1, and I11: 3000, 910, and 150 pg/kg/d,
respectively. These NOEL were reduced by a 100-fold safety
factor and became the basis for suggested thresholds of con-
cern for daily human intakes (assuming a human body weight
of 60 kg): Class|, 1800 ug/d; Class |1, 540 nug/d; and Class 11,
90 ug/d (Table 1). These TTC were suggested to apply to
Cramer class |, 11, and I11 chemicals having no presumption of
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genotoxic carcinogenicity. The FDA-adopted threshold of
1.5 ng/d was considered more appropriate for chemicals with
that presumption. Since this initial proposal, the TTC concept
was refined, its scientific support strengthened, and it was
used internationally, for example, by the Joint FAO/WHO
Expert Committee on Food Additives (Kroes et al., 2000,
2004, 2005; Kroes & Kozianowski, 2002; Munro et al., 1999;
Renwick, 2005).

Aninternational Expert Group (Kroes et a., 2000; Kroes &
Kozianowski, 2002) was convened to evaluate whether TTCs
based on Cramer classes would provide adequate protection for
potentially sensitive noncancer endpoints, i.e., neurotoxicity,
neurodevelopmental toxicity, developmental toxicity, immu-
notoxicity, and endocrine effects. The Cramer class |11 TTC of
90 pg/d was found protective for all except neurotoxicity. A
TTC of 18 ng/d was proposed for neurotoxicity, driven by the
toxicity of organophosphate (OP) esters. The Expert Group
affirmed that chemicals in the diet pose no appreciable risk if
consumed at levels below 1.5 pg/d, and suggested that higher
TTCswould be appropriate for compounds that lack structural
aertsfor genotoxicity and carcinogenicity.

Subsequently, the Expert Group developed a decision tree
to guide implementation of TTCs in food safety evaluation
(Kroes et a., 2004), incorporating the previously recom-
mended TTCs of 1800, 540, and 90 pg/d for chemicals in
Cramer categoriesl, I, and I11, respectively. Thisdecision tree

TABLE 1
Thresholds of Toxicologic Concern (TTC) for Human Exposure
TTC
Chemical class/ Corresponding dietary
toxicologic effect ug/kg per day?  (ug/person per d)°  concentration®(ppb) Reference
(Kroeset a., 2000, 2004; Kroes &

Cramer class| 30 1800 600 Kozianowski, 2002; Munro et al.,
1996a)

Cramer class|| 9 540 180 (Kroeset a., 2000, 2004; Kroes &
Kozianowski, 2002; Munro et al.,
1996a)

Cramer class || 15 90 30 (Kroeset a., 2000, 2004; Kroes &
Kozianowski, 2002; Munro et al.,
1996a)

Neurotoxicity/ 0.3 18 6 (Kroeset al., 2000, 2004)

organophosphates

Indirect food 0.025 15 05 (FDA, 1995)

additives
Genotoxicity 0.0025 0.15 0.05 (Kroeset al., 2004)

structural alerts

a5th percentile class NOEL reduced by 100-fold safety factor.
PAssumes 60 kg body weight.

“Corresponding to a daily dietary intake of 1500 g of solid food and 1500 g of liquid food as assumed by the US FDA in 21 CFR

170.39(3)(2)(ii).
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also incorporated two supplemental TTCs: one for OP esters
(18 ng/d) and one for chemicals with structural alerts for geno-
toxicity (0.15 pg/d) (Table 1). Thislast TTC was based on an
analysis of 730 high-potency carcinogens with linear extrapo-
lation to the upper bound estimate of the 1 in 1 million lifetime
cancer risk. The Expert Group also concluded that risk assess-
ments should require compound-specific toxicity data anytime
a chemical would exceed its TTC and for N-nitroso-, azoxy-,
and aflatoxin-like compounds. Guidance levels for aflatoxins
and various other mycotoxins in foods are established in
amost 100 nations (FAO, 2004), including the developed
nations shown in Table 2.

It was recognized that, with appropriate adjustments for differ-
ing routes of intake, the TTC concept can be applied to more than
dietary exposures (Kroes et a., 2005). Proposas recently were
made to apply the TTC concept for safety evaluations of contami-
nants in persona and household care products (Blackburn et d.,
2005), in pharmaceuticals (Bal et a., 2007; Dolan et a., 2005;
Humfrey, 2007; Miller et a., 2006), in cosmetic ingredients
(Kroeset d., 2007), in soil (Wilson et a., 2000), for dermal sensi-
tization (Safford, 2008), and in ambient air (Drew & Frangos,
2007). A more detailed discussion of the development and imple-
mentation of the TTC concept and its more recent extension to
new applications can befound in Munro et a. (2008).

Extending the TTC concept to inhaled chemical substances
requires conversion of a TTC expressed in micrograms per per-
son per day to an airborne concentration (ug/m°) that would
deliver an inhaled dose equivdent to the TTC oral dose. The
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concentration of no toxicologica concern (CoNTC) was derived
(Drew & Frangos, 2007) using 1.5 pg/d, the regulatory threshold
(21 CFR 170.39) for indirect food additives, asthe point of depar-
ture. For a60-kg adult, this TTC isequivaent to 0.025 pg/kg body
weight/d, but because there might be sources of intake other than
inhalation, the CoONTC was developed to deliver a daily dose of
only 0.01 pg/kg/d. Age-specific respiratory rates and body
weights were applied in a mathematical modd to derive a life-
time average CoNTC of 30 ng/m°. This generic airborne concen-
tration was proposed as a screening level for industrial emissions
to ambient air, below which there would be no hazard to humans
exposed continuously throughout a 70-yr lifetime.

Mycotoxins are secondary metabolic products of filamen-
tous fungi, or molds, many of which routinely contaminate
human and animal food supplies. Mycotoxins in food are rec-
ognized as the cause of acute and chronic adverse health
effects in humans and animals. Mycotoxins may be present in
agricultural environments where airborne concentrations of
dusts and mold spores may be high. The aim of this study was
to investigate the possibility that airborne concentrations of
mycotoxins in these environments may exceed the CoONTC.

METHODS

Over 1200 published papers on molds and mycotoxins were
screened to identify reported airborne concentrations of mold
spores or dusts in agricultural and other occupational environ-
ments. These published exposure data provide an overview of

TABLE 2
Representative Guidance Levels (ppb) in Developed Nations for Mycotoxinsin Food (FAO, 2004)
Mycotoxin Canada European Union Japan U.S
Aflatoxins 15 4 10 (AFB,) 20
B,B,G; G, Nuts and nut Groundnuits, dried fruit, ceredls, All foods All foods except milk
products and processed products made

from them intended for direct

human consumption
Aflatoxin M, 0.05 05

Milk Milk
Deoxynivaenol 1200 (adult foods) 500 1100 1000
(DON) 600 (infant foods) Cereal products as consumed or Wheat and wheat Finished wheat products for
Wheat flour at retail stage products consumption by humans
Fumonisins 20004000
B, B,B; corn products (varies accord-
ing to type of corn product)
Ochratoxin A 3 50
Cereal grain products intended Applejuice

for human consumption

Patulin 10 50
Applejuice, solid Applejuice
apple products,

baby foods
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the range of airborne spore and dust concentrations that can be
encountered in these environments. In addition, reported con-
centrations of specific mycotoxins were identified as measured
directly in the air, in mold spores, or in agricultural or other
dusts that might become aerosolized. These published data on
exposure and on the mycotoxin content of dusts and spores
were used to estimate conditions under which the airborne
mycotoxins might reach or exceed the CONTC.

RESULTS

Measured Exposures

Humans experience inhaation exposure to molds and poten-
tialy to mycotoxins in many environments but most significantly
in agricultura settings such as farming, dairy operations, animal
confinement, grain handling, and waste composting. In these envi-
ronments concentrations of airborne particulate matter, including
mold spores, may be high. For example, counts of total fungal
spores in these occupationa environments may reach 10° to 10%°
sporesm® (Halstensen eta., 2007, Mamberg et d., 1993;
Melbostad & Eduard, 2001; Pamgren et d., 1986) (Table 3).
Total dust concentrations approach or exceed 100 mg/m®, and
highs over 600 mg/m® were encountered in some agricultural
activities (Halstensen et d., 2007; May et a., 1986; Morey, 1990;
Sorenson et d., 1984; Todd & Buchan, 2002).

Mycotoxins may be present in agricultural dusts at relatively
high levels (Table 4), representing mycotoxins present in vari-
ous fungal elements present in the dust, e.g., spores, mycelia
and their fragments, and mycotoxins excreted into or onto the
aerosolized growth substrate. Settled dust from cowsheds con-
tained ochratoxin A at up to 70 pg/kg dust (Skaug et a., 2000).
If those dusts were aerosolized the airborne ochratoxin concen-
tration would be 7 ng/m® a 100 mg dust/m®, ranging up to
35 ng/m? at 500 mg dust/m?>. Settled grain dust was analyzed for
8 mycotoxins and 3 were detected, with the maximum being
HT-2 toxin at 2400 png/kg dust (Nordby et al., 2004). If that dust
were aerosolized the HT-2 concentration would be 240 ng/m® at
100 mg dust/m?, reaching 1200 ng/m? at 500 mg dust/m>. Dust
collected from walls and equipment in a swine nursery building
contained up to 5 ng aflatoxin B,/mg dust (Selim et al., 1998).
The airborne aflatoxin concentration would be 500 ng/m? at
100 mg dust/m?, or 2500 ng/m? at 500 mg dust/m?.

Although data are limited, attempts have been made to mea-
sure airborne mycotoxin concentrations directly (Table 5). In
occupational environments, reliable chromatographic tech-
niques were used to determine airborne concentrations of 7.6
to 421 ng aflatoxing/m® (Burg et al., 1981, 1982; Selim et al.,
1998; Sorenson et al., 1984) and 8.15 ng ochratoxin A/m®
(lavicali et a., 2002). Nonspecific, unvalidated methods were
used with indoor air samples, but reported airborne concentra-
tions were 0.12 to 1.37 ng “macrocyclic trichothecenes’/m?
(Brasel et al., 2005), 18 ng “T-2 toxin equivaents’/m®, and
34 ng “satratoxin G equivalents’/m? (Yike et al., 1999).
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Mycotoxin Content of Spores

Concentrations of mycotoxins in air can be estimated indi-
rectly based on published mycotoxin concentrations in spores.
That approach was used for a small number of mycotoxins
for which both mycotoxin per spore and dose-response data
were available (Kelman et al., 2004). These authors estimated
doses humans might inhale in 24 h and then compared those
doses to published dose responses. Because comparison to
the CoNTC does not require compound-specific dose-
response information, a larger number of mycotoxins can be
considered here (Table 6), where per-spore concentration of
mycotoxins is seen to range over 5 orders of magnitude (1073
to 1078 ng/spore).

The mycotoxin per spore concentrations shown in Table 6
represent the highest concentration reported if more than
one fungal species, strain, or isolate was evaluated, or if
mycotoxin production was evaluated on more than one
defined lab medium. Some of the mycotoxin concentrations
shown in Table 6 were determined with unvalidated or non-
specific methods. It is important to note as well that all of
these mycotoxin per spore concentrations were derived with
laboratory cultures grown on defined medium. It is not
known whether these concentrations are representative of
maximal concentrations that can be achieved outside the lab
with growth on natural substrates, where it is known that
mycotoxins are not produced at all times or under all condi-
tions (Chapman, 2003; Rao et al., 1996, 2001; Tuomi et al.,
2000).

Airborne spore numbers are reported to be significantly
exceeded by the numbers of fungal fragments that are
smaller than spores (Cho et al., 2005; Gorny et al., 2001,
2002), and it is possible for those fragments to contribute to
the airborne concentration of mycotoxins. Reports of small
fragments were based on an aggressive sampling method in
which culture dishes were placed on an operating vortex
mixer, enclosed in a shroud with air jets directed downward
onto the surface, and particles were collected. Smaller parti-
cles were reported to outnumber spores by 320:1 (Goérny
et al., 2001) to 500:1 (Cho et al., 2005), and particle sizes
were reported to range down to 0.03 um aerodynamic diam-
eter (Cho et al., 2005). Neither the numbers nor the size dis-
tribution of particles generated in this way was shown to
reflect particles released under natural conditions. Based on
the formula for the volume of a sphere (4/3 - r - r®) and the
published volume (2.8x1071° cm®) of a Stachybotrys char-
tarum spore (Burge, 1996), it can be seen that for spheres
with a diameter of 0.3 um (1.4x107** cm? volume), 20,000
are required to equal the volume of a single S. chartarum
spore. If these particles are not spheres, then an even larger
number would be required to achieve the same volume.
With a numerical excess of less than 500:1, including par-
ticles smaller than 0.3 um, it is unlikely that these small
fragments add meaningfully to the airborne mycotoxin con-
centration attributable to spores.
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TABLE 3
Spore Counts in Occupational Environments

Published source Environment sampled Activity Airborne concentration
(Baruah, 1961) Cowshed—peak generation when Spores/m?®
distributing hay Counts during Average Total (Pen/ Asp)
Peak Generation 16,497,000 (12,390,000)
Off-Peak Generation 95,200 (32,600)
(Darkeet d., Grain harvesting Breathing zone samplesfor combine 500,000-34,000,000
1976) operator
(Duchaineeta.,  Sawmills Debarking operation CFU/m? on Czapek agar
2000) Range 600-2,100,000
(Durand et dl., Composting facilities Spores/m®
2002) Municipa biosolids 93,325,400
Yard waste 1,230,300
Cow manure 1,862,100
(Eduard et al., PBZ samples of farm families Harvesting, tending animals, and Spores/m® 8-h TWA
2001) handling manure Arithmetic Mean 1,200,000
Geometric Mean 99,000
(Halstensen Various farm activities, breathing  During grain harvesting Spores/m®
et a., 2007) zone samples Highest sample  5,200,000,000
Arithmetic mean 62,000,000
Geometric mean 4,000,000
(Heldal et dl., Household waste collectors Driving trucks, emptying waste Spores/m®
2003) containers Median 170,000
Range 0-2,000,000
(Heldal & Eduard, Household waste collectors Driving trucks; emptying waste Spores/m®
2004) containers Arithmetic mean 320,000
Range 0-2,300,000
(Herr et d., 2003) Residential neighborhood near Ambient air CFU/m® on DG18
composting site creating Upwind 500 m 1900-3,600
bioaerosol pollution of outdoor Downwind 200 m 7700-130,000
air 300 m 4300-17,000
550 m 23004100
(Lappalainen Area samples on 8 Finnish farms Spores/m?®
et a., 1996) Drying grain Range 1,000,000-3,700,000
Milling grain  Range 280,000-23,000,000
Feeding cattle  Range 870,000-9,800,000
(Leeetd., 2006) Breathing zone sampling on farms  Summertime sampling: Mean spores/m®
in animal confinement facilities Swine 14,200
and during harvest Poultry 18,000
Dairy 36,000
Fall harvest
Corn 6,100,000
Soybean 830,000
(Mamberg PBZ samples collected during Farms with history of: Spores/m®
etal., 1993) activities believed associated No respiratory disease 100,000,000
with prior AA or ODTS Allergic alveolitis (AA) 2,600,000,000
ODTS 13,500,000,000
(Melbostad & Activities frequently associated Geometric mean Spores/m®
Eduard, 2001) with symptomatic complaints ~ Threshing 900,000
Handling grain 2,000,000
Handling hay 1,900,000
Tending swine 3,100,000
Tending poultry 300,000
(Morey, 1990) Insidesilo Unloading cap silage Maximum CFU/m? 160,000,000
(Pamgreneta., Variousfarming activities Peak levels of total micro-organisms Range: Counts/m?®
1986) 920,000,000-24,000,000,000

Note. AA, alergic avealitis, CFU, colony-forming units, DG18, dichloran 18% glycerol agar; ODTS, organic dust toxic syndrome;
PBZ, personal breathing zone; Pen/Asp, PenicilliunVAspergillus; TWA, time-weighted average.
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TABLE 4
Mycotoxinsin Dusts

Published source of

mycotoxin data Mycotoxin

ng mycotoxin
per mg dust

ng mycotoxin/m?

at OSHA PEL

for Total Dust? Comments

0.003
0.017
0.043

Trichodermol
Sterigmatocystin
Verrucarol

(Bloom et al., 2007)

(Skaug et al., 2000) Ochratoxin A 0.07

0.34
12
24

(Nordby et al.,
2004)

Deoxynivaenol
T-2toxin
HT-2

(Selim et al., 1998) Aflatoxin B, 51

0.05
0.26
0.06

8 dust samples from 4 water-
damaged homesin Sweden
analyzed for verrucarol and
trichodermol by GC-MS, and
for sterigmatocystin,
satratoxin G, and satratoxin
H by HPLC-MSMS. No
detectable mycotoxin in 5/8
samples; 2/8 positive for
verrucarol, 2/8 for
trichodermol, 1/8 for
sterigmatocystin

Dust samples collected from 14
cowsheds and analyzed for
ochratoxin A by HPLC. OTA
detected in 6 of 14 samples at
0.2to 70 ug OTA/kg dust

M aximum measured mycotoxin
content in 104 settled dust
samples on Finnish farms
during grain production.
Another 5 trichothecenes
were analyzed for and
maximafound were 67 ug/kg
(0.067 ng/mg) or less as
determined by GC-MS

9 samples of settled dust
collected from walls and
equipment in swine nursery
building; analyzed by HPLC;
AFB, concentrations ranged
from 23 to 5,101 ng/g dust.

1.0

51
18.0
36.0

76.5

Note. AFB; - aflatoxin B;; GC-MS - gas chromatography—mass spectroscopy; HPLC-MSMS - High performance liquid chromatography-

tandem mass spectroscopy; OTA- ochratoxin A.

29 CFR 1910.1000 Table Z-1 Permissible Exposure Limit (PEL) for particulates not otherwise regulated, total dust 15 mg/m°.

Comparisons to the CONTC

Asshownin Table 4, even if dust exposures were limited to
OSHA's occupational limit for total dust, some of the myc-
otoxin-containing dusts would generate airborne concentra-
tions of some mycotoxins (aflatoxin B; and HT-2 toxin) in
excess of the CONTC. Under the most extreme conditions of
dustiness in agricultural operations, most of these dusts could
give rise to airborne mycotoxin concentrations above the

CoNTC and worker exposures above the CONTC were docu-
mented in grain handling operations (Table 5).

None of the publications that reported the concentration of
mycotoxin on a per-spore basis (Table 6) included actual expo-
sure data. However, Table 6 includes for each of the entries the
calculated number of those sporesin air that would be required
to reach the CONTC. With mycotoxin levels per spore ranging
over 5 orders of magnitude, 10° to 10° of these spores per
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TABLE 5
Measured Concentrations of Mycotoxinsin Air
Published
source Mycotoxin ng/m® Environment sampled
. Building with no known mold or water
(B;%s(%)et a., M?firc?%tﬂ;enes 0.12 intrusion. Mycotoxin determined by
QuantiTox ELISA kit.
(Brasel et d., Macrocyclic 1.37 Aggressive sample in home with visible
2005) trichothecenes mold and water intrusion. Mycotoxin
determined by QuantiTox ELISA kit.
(Sorenson Aflatoxin B, 7.60 Samples from a peanut processing plant;
et al., 1984) dust ranged from 10.5 to 65.1 mg/m®.
AFB; quantified by column
chromatography followed by 2-D TLC
(lavicoli Ochratoxin A 8.15 Warehouses processing coffee, black
etal., 2002) pepper, nutmeg, cocoa beans. Highest of
18 area and PBZ samples. OTA
quantified by HPLC
(Yikeetd., T-2 toxin 18 Sample from the bedroom of a Cleveland
1999) “equivalents’ home. “T-2 toxin equivalents’
determined by luciferase trandation
inhibition assay
(Yikeetd., Satratoxin G 34 Sample from the bedroom of a Cleveland
1999) “equivalents’ home. “SG equivalents’ determined by
luciferase translation inhibition assay
(Burg et dl., Aflatoxins 55 Sample from agrain elevator during
1982) B;+B, unloading of 1-yr-old aflatoxin-
contaminated corn. Aflatoxins quantified
by column chromatography followed by
1-or2-DTLC
(Burg et dl., Aflatoxins 107 Sample from inside a storage bin during
1981) B;+B, handling of aflatoxin-contaminated corn.
Aflatoxins quantified by column
chromatography followed by 1-D TLC
(Selimet d., Aflatoxin B, 421 Sample from an enclosed swine facility,
1998) associated with a dust concentration of

2.1 mg/m®. AFB, quantified by column
chromatography followed by TLC or
HPLC

Note. AFB,, aflatoxin B,; ELISA, enzyme-linked immunosorbent assay; HPLC, high-performance liquid chromatograpy; TLC, thin-layer

chromatograpy; OTA, ocharatoxin A; PBZ, personal breathing zone; 1-D, one-dimensional; 2-D, two-dimensional.

cubic meter of air would be required to produce an airborne
mycotoxin concentration equal to the CONTC of 30 ng/m?®.

DISCUSSION

Over 400 mycotoxins are known and it is reasonable to
expect many more mycotoxins remain to be identified. Only
limited toxicologic data are available for a small number of
the known mycotoxins, and most of those data derive from

human or animal dietary exposures. Adequate mycotoxin-
specific toxicologic data will not soon be available for even
the most important of the known mycotoxins. Some method
is needed to recognize exposure conditions in which inhala-
tion of mycotoxins might represent a potential hazard calling
for exposure reduction or compound-specific safety assess-
ment. The TTC concept and the CoNTC as proposed by
Drew and Frangos (2007) offer an approach to making that
judgment.
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TABLE 6
Minimal Spore Concentrations to Reach the CONTC (30 ng/m®) of Mycotoxins
Published Minimum
source of Maximum Spores/m®
mycotoxin Mold ng mycotoxin toreach Comments
data species Mycotoxin per spore CoNTC?
(Padmgren &  Aspergillus  Norsolorinic 2.3x10%  1,304,347,826 SRRC-162 cultured on rice. Mycelia matrix
Lee, 1986) parasiticus acid plus substrate and spores contained 735
mutant Nor-1 ug/g as determined by TLC
(Padmgren &  Penicillum  Secalonic acid D 25x10®  1,200,000,000 SRRC-2007 cultured on rice. Mycelial
Lee, 1986) oxalicum matrix plus substrate and spores contained
488 ug/g as determined by HLPC
(Padmgren &  Aspergillus  Aurasperone C 1.1x1077 263,157,895 SRRC-2005 cultured on rice. Mycelial
Lee, 1986) niger matrix plus substrate and spores contained
110 pg/g as determined by TLC
(Landeta., Aspergillus  Fumitremorgen B 9.0x10”7 33,333,333 Isolate K from Swedish sawmills, cultured
1994) fumigatus on YES medium. 0.9 ug/10° condia,
determined by HPLC
(Pamgren &  Aspergillus  Aflatoxin B; 9.8x1077 30,737,705 SRRC-2004 cultured on rice. Mycelial
Lee, 1986) parasiticus matrix plus substrate and spores contained
242 ngl/g as determined
by TLC
(Sorenson Sachybotrys TrichoverrolsA+B ~ 1.5x107° 20,238,095 S atra Debrecen 1132 strain growninrice
etal., 1987) chartarum culture. Aerosols generated, collected,
and ng mycotoxin/mg aerosol determined
by HPL C. Concentration per spore
calculated assuming S. atra sporesweigh
0.28 ng/spore (Burge, 1996) and that all
trichoverrols (4.5 ng/mg) were in spores
(85% of aerosol mass)
(Landeta., Aspergillus  Verruculogen 2.2 x10°8 13,636,364 |solate B from Swedish sawmills, cultured
1994) fumigatus on YES medium. 2.2 ng/10° condia,
determined by HPLC
(Sorenson Sachybotrys Satratoxin G 2.3x10°° 13,198,758 S atra Debrecen 1132 strain grown inrice
etal., 1987) atra culture. Aerosols generated, collected,
and ng mycotoxin/mg aerosol determined
by HPL C. Concentration per spore
calculated assuming S. atra sporesweigh
0.28 ng/spore (Burge 1996) and that all
satratoxin G (6.9 ng/mg) was in spores
(85% of aerosol mass)
(Sorenson Sachybotrys Satratoxin H 4.2 x10° 7,170,979 S atra Debrecen 1132 strain grown in rice

etd. 1987) . -

culture. Aerosols generated, collected,
and ng mycotoxin/mg aerosol determined
by HPL C. Concentration per spore
calculated assuming S. atra spores weigh
0.28 ng/spore (Burge, 1996) and that al
satratoxin H (12.7 ng/mg) was in spores
(85% of aerosol mass)

(Continued)
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TABLE 6
(Continued)

Published Maximum
source of Mold ng mycotoxin Comments
mycotoxin data species Mycotoxin per spore
(Sorenson Sachybotrys Satratoxins G+H 7.5%x107° S atra Debrecen 1132 strain growninrice
etal., 1987) atra Trichoverrols culture. Aerosols generated, collected,
A+B and ng mycotoxin/mg aerosol determined
by HPL C. Concentration per spore
calculated assuming S. atra spores weigh
0.28 ng/spore (Burge, 1996) and that all
mycotoxins (22.9 ng/mg) were in spores
(85% of aerosol mass)
(Pamgren &  Aspergillus  Fumigaclavine C 9.9x10°° SRRC-2006 cultured onrice. Mycelial
Lee, 1986) fumigatus matrix plus substrate and spores
contained 39 Lg/g as determined by TLC
(Landeta.,  Aspergillus  Fumitremorgen C 1.2x107° Isolate B from Swedish sawmills, cultured
1994) fumigatus on YES medium. 11.6 ug/10° condia,
determined by HPLC
(Landeta.,  Aspergillus  FumitremorgensB 1.4x107° Isolate B from Swedish sawmills, cultured
1994) fumigatus and C and on YES medium. 14.4 ug/10° condia,
verruculogen determined by HPLC
(Renetadl., Aspergillus  Aflatoxin B, 3.6x10° NRRL-3251 cultured on glucose yeast
1999) flavus extract agar—highest production of 8
strains evaluated. No significant
mycotoxin production by any strain
grown on building materials. Aflatoxin
determined by TLC and HPLC
(Skaug et al., Aspergillus  Ochratoxin A 6.0x107° IBC 5075 cultured on Sabouraud agar. OTA
2000) ochraceus determined by HPLC
(Landeta.,  Aspergillus  Fumitremorgens + 8.0x107° 73 strains from 21 Swedish sawmills,
1993) fumigatus verruculogen mycotoxin production on Y ES medium
(no mycotoxins recovered when grown
on wood); 7 produced tremorgens, range
0.6-8.0 ug/108 conidia, determined
by 2-D TLC
(Nikulinetal., Sachybotrys Satratoxins G+H 1.4x107 S atra s. 72 cultured on rice flour agar:
1997) chartarum “The spores of strain s. 72 contained
satratoxins G and H, stachybotrylactone,
and stachybotrylactam at 4 ng, 10 ng, 8 mg,
and 2 mg/10° spores, respectively.”
Analytical method not specified.
(Renetal., Aspergillus  Aflatoxin B; 4.8x107 NRRL-3251 cultured on glucose yeast
1999) flavus extract agar—highest production of 8

strains evaluated. No significant
mycotoxin production by any strain
grown on building materials. Aflatoxin
determined by TLC and HPLC

(Continued)
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TABLE 6
(Continued)
Minimum
Published Maximum  Spores/m®
source of Mold ng mycotoxin  to reach Comments
mycotoxin data species Mycotoxin per spore CoNTC?
Aspergillus 48,387 NRRL-3251 cultured on glucose yeast
flavus extract agar—highest production of
(Renetal., . 4 8 strains evaluated. No significant
1999) Aflatoxin B, +B,  6.2x10 mycotoxin production by any strain
grown on building material. Aflatoxin
determined by TLC and HPLC
(Skaug etal., Penicillium  Ochratoxin A 7.0x107% 42,857 CBS 263.67 cultured on Sabouraud agar
2000) verrucosum OTA determined by HPLC
(Yikeet d., Sachybotrys  Satratoxin G 1.0x107% 30,000 S chartarumstrain JS5817 cultured on
2002) chartarum “equivalents’ potato dextrose agar. 1 pg SG
equivalents/spore. Determined by the
luciferase trandlation inhibition assay
(Starmeretal., Penicillium  Citrinin 4.1x1073 7,317 Highest value from 3 IBT strains: 5075,
1998) verrucosum 5084, and 5258, each grown on MEA

and SAB, range 1.4-4.1 pg/spore

(4.1 pg/spore from IBT5075 on MEA).
Determined by HPLC and mass
spectroscopy

Note. CBS, Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands, HPLC, high-performance liquid chromatography; IBT, IBT
Culture Collection of Fungi, Mycology Group, BioCentrum-DTU, Technical University of Denmark, Lyngby, Denmark; MEA, malt extract
agar; NRRL, Agricultural Research Service Culture Collection, National Center for Agricultural Utilization Research, U.S. Department of
Agriculture, Peoria, IL; OTA, ochratoxin A; SAB, Saboraud agar; SRRC, Southern Regiona Research Center, Agricultural Research Service,
U.S. Department of Agriculture, New Orleans, LA; TLC, thin layer chromatography; Y ES medium, yeast extract sucrose medium.

3Minimum spores/m®=30 ng/m® (CoNT C)/maximum ng mycotoxin/spore.

Despite limited mycotoxin-specific exposure and toxicity
data, there are published attempts to model human inhalation
exposure to mycotoxins. Models based on spore doses al
assume 100% bioavailability of any mycotoxins present, and
al of these models ignore the clearance of deposited particu-
late matter and of metabolism and excretion of absorbed
mycotoxins. Therefore, they provide an upper-bound perspec-
tive on potential doses. Burge (1996) used the published
(Sorenson et al., 1987) concentration of satratoxin H in Sachy-
botrys atra spores to estimate the exposure duration required at
various airborne spore concentrations for humans to inhale a
cumulative 1-ng dose. That cumulative dose was not suggested
to represent atoxic dose, but was chosen as an “extremely con-
servative” target. Calculated durations of exposure included
1100 d at 100 spores/m®, 11 d at 10,000 spores/m?, or 0.1 d at
1,000,000 spores/m°. Kelman et al. (2004) extended the Burge
(1996) model to estimate, for 8 mycotoxins or combinations of
mycotoxins, the maximum 24-h dose that could beinhaled by a
78.1-kg adult man, assuming exposure to 200,000 spores/m?®
with each spore carrying the maximum published amount of

those mycotoxins. Modeled airborne mycotoxin concentrations
ranged from 0.2 to 96 ng/m°. Comparison of the calculated
dose to published toxicity data for the same mycotoxins
showed effect doses to be orders of magnitude higher than the
modeled maximum inhaled doses.

Using the published (Sorenson et a., 1987) concentration of
satratoxin H per spore, the American College of Occupational
and Environmental Medicine (ACOEM, 2003) estimated that
10% spores/m® would be required to achieve 1 mg satratoxin/m®,
which was the no-effect concentration of T-2 toxin in 10-min
rat inhalation exposures (mice and guinea pigs were similarly
exposed but rats were the most sensitive species) (Creasia
et a., 1987, 1990). ACOEM aso modeled the spores per cubic
meter concentrations that would deliver the same spore dose
(spores/kg body weight) to a human as was delivered intratra-
chedlly to rats in a single-dose study (Rao et al., 2000), or
intranasally to mice (cumulatively) in a 3-wk repeat-dose study
(Nikulin et a., 1997). Infants, children, and adults were mod-
eled separately. The no-effect spore dose of S chartarum
administered to rats was calculated to require a 24-h exposure
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to 2.1x10° (infants) to 15.3x10° (adults) sporesm®. The
inflammatory but non-hemorrhagic cumulative spore dose of
S chartarum administered to mice was calculated to require 3 wk
of continuous exposure (24 h/d, 7 d/wk) to 9.4x 102 (infants) to
68x10° (adults) spores/m°.

Miller et a. (2001) developed arisk assessment model based
on lung surface area and the number of spores deposited there.
Applying that model to the same rat single-dose study (Rao
et a., 2000) used by ACOEM (2003), Miller et a. (2001) calcu-
lated that the no-effect dose of S chartarum spores had been
equivalent to 20 spores/cm? of rat lung surface area. In compari-
son, the model indicated that humans exposed to 1000 S char-
tarum spores'm? for 1200 h (50 d of continuous exposure) would
accumulate atotal dose of 0.05 spores/cm? of lung surface.

None of these modeling efforts are adequate to provide a broad
sense of the circumstances under which airborne mycotoxins
might represent a human health hazard. It is reasonable to sus-
pect that in occupational environments where dust and spore
counts are high, inhaled doses of mycotoxins might be suffi-
cient to produce or contribute to adverse health effects. For
example, exposure to a tremorgenic mycotoxin was suspected
when otherwise unexplained tremors developed in a 16-yr-old
farm worker exposed to moldy silage; the condition resolved
within a week (Gordon et a., 1993). Ochratoxin A was sus-
pected as the cause of acute rena failure after afemale farmer
worked 8 h inside a granary containing wheat later determined
to be contaminated with Aspergillus ochraceous. The condition
resolved within 40 d (Di Paolo et a., 1993). There have aso
been suggestions that occupational exposure to aflatoxin-con-
taminated grain dust may pose a cancer risk for grain handlers
(Autrup et a., 1991; Olsen et d ., 1988).

Case series of organic dust toxic syndrome (ODTS) were
reported in farmers exposed to high concentrations of agricul-
tural dusts. ODTS isaself-limited condition characterized by a
fever with chills, malaise, myalgia, headache, dyspnea, chest
tightness, dry cough, and nausea (Seifert et al., 2003). ODTS
does not have an immunologic basis and thereby is distin-
guished from hypersensitivity pneumonitis. ODTS was associ-
ated with exposures to agricultural dusts containing 10° to 101°
spores/m®, whereas reference farms with no history of ODTS
had spore counts of 10% sporesm® (Mamberg et al., 1993).
Malmberg et a. (1993) associated ODTS with an estimated
inhaled dose of 2.3x10'° spores/d, in contrast to an estimated
spore dose of 2x10® spores/d on reference farms with no his-
tory of ODTS. The specific etiologic factors in ODTS are not
known, but endotoxins from gram-negative bacteria, glucans
from fungi, and mycotoxins are all suspected, alone or in com-
bination with other components of agricultural dusts, e.g., plant
debris, arthropod body parts, rodent and other excreta, and
mineral dusts from the soil.

It isimportant to remember that the TTC and the CoONTC do
not represent thresholds of adverse responses. Rather, they rep-
resent exposures that are lower, with a wide margin of safety,
than the level at which any adverse response would be
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expected. The CoNTC as developed by Drew and Frangos
(2007) was based on adaily dose of 0.01 png/kg/d, derived from
50% of the TTC (1.5 pg/d) representing the U.S. FDA regula-
tory threshold for indirect food additives. The European
Chemicals Bureau's Toxtree program (http://ech.jrc.it/gsar/)
categorizes each of the mycotoxins listed in Table 6 as Cramer
class I1l, for which the TTC is 90 pg/d (Kroes et al., 2000;
Munro et al., 19964). Applying the mathematical model used
by Drew and Frangos (2007), using the same default assump-
tions and basing the calculation on 45 pg/d (50% of the TTC),
a Cramer-class [l CONTC would be 2.3 pg/m?® (2,300 ng/m3).
This underscores the conservatism inherent in the 30 ng/m®
CoNTC as originally proposed by Drew and Frangos (2007)
and applied here.

It should also be noted that when Drew and Frangos (2007)
proposed the CoNTC, they were able to test its validity by
comparison with existing ambient air standards, with occupa-
tional exposure limits (scaled from 8 h/d 5 d/week to 24 h/d, 7
d/wk, and reduced by an additional 10-fold safety factor), and
with guidelines for 1-h acute general population exposures.
Each of those comparisons showed 30 ng/m® to be a protective
screening level, whether for acute or chronic effects. Because
no comparable database of human inhalation dose-response
exists for mycotoxins, applicability of the CONTC to inhaled
mycotoxins cannot be similarly validated.

Inherent in using the CONTC as an index of potential hazard
from mycotoxins is the assumption that the TTC are applica
ble; no mycotoxins were included in the databases originally
used to establish the Cramer classes (Cramer et a., 1978) or to
establish TTCs (Munro et a., 1996a, 1996b). Mycotoxins nev-
ertheless consist of the same molecular structures and func-
tional groups upon which the Cramer classes are based. There
is no obvious reason to predict substantial differencesin struc-
ture—function relationships based on those functiona groups
being present in mycotoxins versus nonmycotoxins. Even if, as
for OP esters, a robust dose-response database for mycotoxins
were found to argue for aTTC lower than that for Cramer class
[11, the regulatory threshold for indirect food additives from
which the CONTC is derived likely would prove to be protec-
tive, asit was found to be for OP esters.

When a decision tree was developed to guide implementa-
tion of TTCs in food safety evaluations (Kroes et al., 2004),
the Expert Group excluded aflatoxin-like compounds and rec-
ommended saf ety assessments be based on compound-specific
toxicity data. Guidance levels for aflatoxins (and other myc-
otoxins) in foods are established in aimost 100 nations (FAO,
2004). The only guidance level that is lower than the U.S.
FDA regulatory threshold (0.5 ppb) is that for aflatoxin M4 in
milk (0.05 ppb) in the European Union. Guidance levels for
total aflatoxins all are severafold greater than 0.5 ppb, and
some guidance levels for other mycotoxins exceed the TTC
for Cramer class | (Tables 1 and 2). Guidance levels for foods
were not proposed, but the European Union (EU) Scientific
Committee on Food established tolerable daily intakes (TDI)



596

for fumonisin B; (2 pg/kg body weight/d) and deoxynivalenol
(1 no/kg body weight/d), and tentative TDI for nivalenol (0.7
na/kg body weight/d) and combined T-2 and HT-2 toxins
(0.06 ng/kg body weight/d) (Scientific Committee on Food,
2000, 2002). For a 60-kg person, the lowest of these TDI (0.06
na/kg body weight/d) is 2.4-fold higher than intake (0.025 ug/
kg body weight/d) assumed at the U.S. FDA regulatory thresh-
old (see Table 1). Data are not available to validate route-
to-route (dietary-to-inhalation) extrapolation. Nevertheless, in
the absence of contrary evidence it seems reasonable to
employ the CoNTC for screening-level mycotoxin safety
assessments.

Table 3 illustrates the range of airborne concentrations of
mold spores and total dust that may be encountered in agricul-
tural and some other occupational environments. Peak concen-
trations of 5x10° to 24x10° sporesm® were reported
(Halstensen et al., 2007; Palmgren et al., 1986), and 10° to 10’
sporesm? are frequently observed. As seen in Table 4, some
agricultural dusts contained measured amounts of mycotoxins
sufficient to exceed the CONTC at the 15 mg/m® OSHA PEL
for total dust.

Table 5 shows that aflatoxin concentrations above the
COoNTC were directly measured in agricultural environments.
The implications of resultsin Table 5 from indoor air samples
are unclear because unvalidated, nonspecific analytical meth-
ods were used. Nevertheless, the highest reported indoor air
concentration was not meaningfully above the CONTC.

More extensive data are available and summarized in Table
6 on the highest measured amounts of various mycotoxins in
fungal spores. These data indicate that even for spores that
contain those highest-reported levels of mycotoxin, airborne
spore concentrations in the range reported in agricultural envi-
ronments are required to attain the CoNTC. It is not known
whether these mycotoxin per-spore maxima are attained by
molds growing in natural environments.

Exposures in the most extreme of the working conditions
described here are sufficiently high that airborne mycotoxin
concentrations in excess of 30 ng/m? exist. Because of the
conservatism inherent in the CONTC, these actual or potential
exposures above the CONTC do not necessarily predict a
mycotoxin-induced adverse health effect. However, they do
call for improved dust suppression and suggest a need for more
detailed exposure assessments.

In agricultural and similar environments where airborne dust
or spore concentrations suggest the potential to exceed the
CoNTC, direct determinations of airborne mycotoxins are
needed to establish which mycotoxins are most prevalent and at
what concentrations. For the mycotoxins most in excess or most
frequently in excess of the CONTC, reliable risk characteriza-
tions will require improved toxicity profiles with mycotoxin-
specific exposure-response data and, potentialy, investigation of
how bioavailable mycotoxins in spores, funga fragments, and
dusts may be. On the other hand, the data compiled here suggest
that outside of these dusty environments, for example, in the
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built indoor environment where dust and spore concentrations
are orders of magnitude lower, exposures to mycotoxins are
below 30 ng/md, the concentration of no toxicologic concern.
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