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ABSTRACT

1,2-Dibromoethane (DBE) is a nematocide that has been used
extensively to control fruitfly larvae and other larvae that feed on fruit and
grain and as a lead scavenger in gasoline additives. DBE is extremely toxic
to animals at relatively low doses and has been shown to be a potent
carcinogen in chronic animal studies in mice and rats. Because of its
carcinogenic properties the Occupational Safety and Health Administration
(OSHA) in 1983 proposed to lower workplace standards from 20 parts per
million (ppm) to 0.1 ppm, and the Environmental Protection Agency (EPA)
severely limited its use as a fumigant for grain in 1984. The lack of good
epidemiologic data on its effects to workers resulted in the reliance by these
regulatory agencies on quantitative risk assessment techniques to
extrapolate the data from animal experiments to estimate risks to humans at
the existing and proposed lower exposure levels. This thesis reviews the
metabolic, animal, and human studies used for the extrapolation, the
mathematical models available, the assumptions made for the data and
model chosen, and discusses the validity of the resultant process for setting
standards for DBE exposure.
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INTRODUCTION

Regulatory agencies such as the Occupational Safety and Health
Administration (OSHA) and the Environmental Protection Agency (EPA) are
charged with the mandate to protect the health of the U.S. population by
setting standards limiting the amount of a substance which should be
permitted in ambient air, industrial environments, or in drinking water.
These health standards are based primarily on scientific data accumulated
through clinical experience, epidemiologic studies, experimental toxicology
on animals, and case reports of acute and chronic toxic effects to humans.
Presumably, the standards that are set will protect humans from the
adverse effects of the substance, should exposure occur during the course
of a lifetime of employment or a lifetime of normal daily activities. The
objective of this thesis is to examine the validity of the current health
standards for 1,2-dibromoethane based on the scientific evidence in the
literature at the time the standards were set.
The need to regulate 1,2-dibromoethane has arisen because of a
recognition of its toxicity at low doses. Case reports of deaths in workers
with acute exposure to this chemical, concern over mutagenicity and
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carcinogenicity, and the legal mandate given to OSHA and the EPA by
Congress to set standards for the protection of workers and the public, led
to restrictions on the use of this substance in 1984.
Sources of DBE emissions resulting in environmental contamination
originate from refueling operations, evaporative losses, automobile exhaust,
spills, and its use in agriculture as a soil nematocide. The presence of
dibromoethane in air has been determined by air monitoring and analysis at
several sites by the EPA (1977) to range from: 0.01 parts per billion (ppb)
near gas stations along busy streets in Phoenix, Los Angeles, and Seattle,
to 0.10 ppb at an oil refinery in Kansas City, and 1.00 ppb at a
dibromoethane manufacturing plant in Arkansas. The concentration of
dibromoethane in water has been found to be about 1.00 ppb in samples of
surface streams near industrial sites (EPA 1977). DBE has been detected
in groundwater wells in Japan, Israel, Australia, and the United States at
concentrations ranging from 0.04 - 4 jxg/L (Pignatello and Cohen, 1990).
DBE is moderately water soluble and has a weak affinity for soil.
Permeable soils and shallow water tables are most vulnerable but, DBE has
apparently penetrated hundreds of feet to contaminate some water tables.
DBE undergoes abiotic hydrolysis in soils to yielding ethylene glycol and
bromide ion as major products. The rate of hydrolysis is temperature
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dependent, with a halflife ranging from two to four years at 22 - 25 C to 20
years at 10 C.

PHYSICAL AND CHEMICAL PROPERTIES OF 1.2-PIBROMOETHANE

Synonyms for 1,2-dibromoethane include: dibromoethane, ethylene
dibromide, DBE, EDB, glycol bromide, and sym-dibromoethane. It is a
clear, colorless, dense liquid which turns brown upon prolonged exposure to
light and has a mildly sweet odor detectable at 77 mg/M3 to 192 mg/m3 (10
- 25 parts per million (ppm)) in air. Dibromoethane is classified under CAS
Registry No. 106-93-4, its empirical formula being BrCH2CH2Br. Other
characteristic parameters include a boiling point of 131-132 C, specific
gravity of 2.172, vapor pressure of 17.4 Torr at 30 C, and a molecular
weight of 187.88. Dibromoethane is slightly soluble in water but is miscible
with most common organic solvents.

PRODUCTION

Liquid bromine is reacted with gaseous ethylene to produce dibromo
ethane commercially in the United States by four major chemical
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manufacturers: Ethyl Corporation, Dow, PPG, and Great Lakes. The
chemical production facilities are located in Arkansas, Michigan, and Texas.
Production of DBE in the United States has fallen from a high of 332 million
pounds in 1977 to a low of 170 million pounds in 1982 (Syracuse Research
Corp., 1985). Total industrial DBE production capacity in the United States
has been estimated to be 350 million pounds (Anonymous, 1981)

COMMERCIAL APPLICATION AND INDUSTRIAL EXPOSURE

Most of the total dibromoethane produced is used in the manufacture
of antiknock gasoline additives and as a lead scavenger to prevent the
buildup of lead oxides in the cylinders of internal combustion engines that
use gasoline containing tetraethyl lead. There are over 100 blends
containing mixtures of dibromoethane, dichloroethane, and methyl or ethyl
tetra-alkyl leads. The amount of antiknock mixture added to gasoline varies
in the range of 12 -16 ml/L. Typical mixtures contain 18% DBE, 18%
dichloroethane (DCE), 62% tetraethyl lead, and 2% other ingredients (Lane,
1980). Aviation mixtures may contain up to 35% dibromoethane by weight.
Workplace exposures to dibromoethane in this setting may occur in
production, loading, and operations divisions of companies. The highest
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exposures are likely to occur during the loading of dibromoethane into tank
cars or during the sampling required for quality control testing.
Pesticide formulation consumes approximately 1.5% - 4.5% of total
production. The use of dibromoethane for the formulation of pesticides
increased from five million pounds in 1976 to fifteen million pounds in recent
years. The total dibromoethane production reported by the International
Trade Commission in 1974 was 332.1 million pounds. Human exposure to
dibromoethane in the pesticide formulation process occurs during the liquid
blending and filling operations, laboratory analysis, storage, and
maintenance operations. During formulation the dibromoethane is often
mixed from 30 or 55 gallon drums and the pesticide repackaged into
smaller containers. The atmospheric levels of DBE during open transfer
and application of the fumigant were estimated by the U.S. EPA (1983) to
be 114 mg/M3 (15 ppm) and 1.9 mg/M3 (0.25 ppm) respectively.

AGRICULTURAL USE

Dibromoethane has been used in agriculture since the 1940s to
control rootworms in citrus and vegetable crops, to kill fruitflies on citrus
crops before export or shipment, and as a post-harvest fumigant to kill
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pests in stored grain and milling equipment. It has been used for spot
fumigation in the milling of flour and for cereal handling. Papaya exported
from Hilo, Hawaii has also been fumigated with dibromoethane. Area
samples and personnel air samples were taken by NIOSH during normal
work shifts in dibromoethane fumigation chambers at three Hawaiian fruit
packing facilities. Measurable concentrations were reported to range from
0.14 to 0.81 ppm (Okawa 1980).
The use of dibromoethane on citrus and grains exposes workers and
the public to potential adverse effects. During the fumigation of citrus the
adsorbed dibromoethane continues to be released as a gas from fruit for up
to three weeks and poses an exposure danger to field workers, packers,
truckers, longshoremen, and warehouse workers who load and unload the
produce in confined spaces. Dibromoethane levels in air remained between
two and three ppm for 15 - 20 days during unventilated, refrigerated storage
of DBE fumigated oranges in cartons (Rappaport 1984). Workers
transporting and distributing fumigated citrus, thus may be exposed to DBE
at greater than the allowable limit of 130 ppb (1 mg/M3).
By 1980, literature compiled by the California Occupational Safety and
Health Standards Board, citing the experience of Florida, Texas, and
Hawaii, reported dibromoethane exposures due to offgasing concentrations
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in air to exceed 130 ppb inside warehouses used for shipping and handling
fruit. Cal/OSHA estimated that up to 12,000 workers were potentially at risk
from dibromoethane. As a result, the California Standards Board initially
issued an emergency standard setting the Permissible Exposure Level
(PEL) at 15 ppb. However, this standard was rejected by the Office of
Administrative Law (OAL) because the Standards Board had failed to
demonstrate an emergency, technological feasibility, and adequate
evidence to justify the standard. Consequently California adopted a PEL of
130 ppb on September 23, 1981. The infestation in California by the
Mediterranean fruit fly in 1981 led to expanded use of dibromoethane as a
post-harvest fumigant for plums, cherries, and citrus fruit. The population at
risk was workers handling the produce after fumigation. They were
exposed to DBE during offgassing from the produce and the packing
materials. Worker exposure during soil application is minimal due to its
outdoor use and the fact that dibromoethane is degraded in soil or water by
microorganisms. Almost 100% of dibromoethane is converted to ethylene
two months after soil application while the half life of dibromoethane in
water is 5 to 10 days, resulting in conversion to ethylene glycol and
bromoethanol (State of California, Department of Industrial Relations,
Occupational Safety and Health Standards Board, 1981).
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The AFL-CIO estimated in 1984 that there were more than 100,000
U.S. workers who handle dibromoethane in grain elevator operations and
mills. In February 1984 the AFL-CIO petitioned the Labor Department to
cut the current limit from 20,000 ppb to 45 ppb. Farmers sprayed
dibromoethane on about two percent of the fruit crop and forty percent of
the grain in this country before the restrictions on its use were imposed by
the Environmental Protection Agency in 1984.

METABOLISM

Dibromoethane metabolism has been studied primarily in rodents and
the experimental data have revealed two primary pathways to be involved;
an oxidative pathway via the mixed function oxidase (MFO) system with
P450 enzymes and, a conjugation pathway with reduced glutathione (GSH)
by the action of glutathione-S-transferases. Metabolism has been
demonstrated in microsomal and cytosolic preparations, and occurs
primarily in the liver but, extrahepatic tissues have also been shown to have
metabolic activity. MacFarland et al. (1984) determined relative rates of
dibromoethane metabolism in extrahepatic tissues of Sprague Dawley and
Swiss Webster mice in vitro. Rates of GSH dependent debromination in
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cytosolic fractions generally followed the order, liver» kidney > testes >
stomach.
The mechanism of dibromoethane toxicity became the focus of much
of the work performed in elucidating the metabolic products of DBE and the
relative importance of the mixed function oxidase and glutathione pathways.
Although glutathione conjugation with xenobiotics usually results in
detoxification of the parent compound, suspicion centered on the possibility
that a toxic reactive metabolite was formed in the reaction with reduced
glutathione.
Dibromoethane toxicity to hepatocyte monolayers was shown to be
independent of oxygen concentration. Costa and Trudell (1988), showed
that hepatocyte monolayers exposed for two hours to DBE concentrations
of 0, 14,140, 1400, or 14,000 ppm in an atmosphere of 1, 2, and 20%
oxygen, have no differences in percent of cell death measured by aspartate
amino-transferase (AST) release and trypan blue exclusion by cells. This
result contrasts with the suggestion by Albano et al. (1984), that lipid
peroxidation due to GSH depletion, is involved in the pathogenesis of liver
cell necrosis by DBE. Albano et al. (1984), showed that antioxidants
reduced malondialdehyde (MDA), a product of lipid peroxidation, and also
protected against lactate dehydrogenase (LDH) release, without interfering
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with the covaient binding of DBE reactive intermediates to hepatocyte
proteins.
Tetra-deuterated dibromoethane (d4DBE) and dibromoethane were
administered to Swiss Webster mice by intraperitoneal (IP) injection at a
dose of 50 mg/kg, in experiments designed to detect differences in
metabolism, hepatotoxicity, and hepatic DNA damage. White et al. (1983)
reported no difference in DNA damage three hours after exposure although
there was reduced metabolism of the tetra-deuterated species as measured
by 42% less bromide detected in the plasma compared to DBE treated
mice. However, significantly greater damage at eight, 24, and 72 hours
was observed for the tetra-deuterated DBE exposed mice, suggesting a
shift of metabolism away from the microsomal MFO pathway to the
cytosolic GSH-transferase pathway may be responsible. This was
confirmed by White et al. (1984), who demonstrated reduced microsomal
oxidation of deuterated DBE but no reduction of cytosolic metabolism of the
deuterated analog. White et al. (1984) also reported no difference in the
observed degree of DNA single strand breaks measured by alkaline elution
techniques when hepatocytes were incubated in vitro with DBE or
deuterated DBE at a concentration of 0.1 mM. This result supports the role
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of biotransformation by cytosoiic GSH-transferases in the hepatic genotoxic
effects of DBE.
Unscheduled DNA synthesis (UDS) was observed in isolated
hepatocytes from Fischer 344 rats given DBE (100 mg/kg) by IP injection
two hours prior to hepatocyte isolation (Working et al., 1986).
Administration of metyrapone (175 mg/kg), an inhibitor of hepatic MFO
activity, one hour prior to administration of DBE in vivo, had no effect on
DBE induced UDS in hepatocytes, but increased UDS in spermatocytes.
This suggests that blocking of hepatic MFO pathways allowed more of the
parent compound to be distributed to other tissues, and supports the view
that conjugation of DBE with reduced glutathione results in formation of
toxic reactive metabolites.
Banerjee and Van Duuren (1983), demonstrated binding of DBE to
chromatin isolated from the forestomach of B6C3F1 mice. When incubated
in vitro with microsomes and cytosol isolated from the forestomach of the
same mouse species in the presence of an NADPH regenerating system,
carbon-14 labeled DBE bound covalently to microsomal and chromatin
protein.
Dibromoethane produced DNA damage in isolated rat testicular cells
as measured by alkaline elution. The damage was time (0-60 min) and
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concentration (0-600 jxM) dependent. DNA damage was inhibited by
preincubation for one hour with (1 mM) diethylmaleate (DEM), a potent
GSH depleter (Omichinski et al., 1988).
Inskeep and Guengerich (1984), reported no DNA binding of carbon14 labeled DBE when glutathione was absent from incubations at 37 C of
calf thymus DNA with glutathione-S-transferase or rat cytosolic components.
This is consistent with the view that conjugation of DBE with glutathione is
the major route for DNA binding by DBE metabolites.

DNA Adducts

Dibromoethane was shown to cause hepatic DNA damage, detected
by alkaline elution, at doses much lower than required to produce other
biochemical effects or liver damage. Kitchin and Brown (1986) reported
DNA damage after an oral dose of 10 |iM/kg given to adult female rats, 21
and 4 hours before sacrifice. In contrast, biochemical effects were only
observed at doses above 300 |xM/kg. Wiersma et al. (1986), showed that in
vitro, similar to rat and mouse liver, human liver metabolizes DBE by both
mixed function oxidase and glutathione-S-transferase pathways. Both MFO
and GST activity in isolated human liver, resulted in irreversibly bound DNA
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adducts, while only MFO activity resulted in irreversibly bound protein
adducts. However, more DNA adducts were produced by microsomal and
cytosolic GST activity as compared to MFO activity.
Ozawa and Guengerich (1983) incubated calf thymus DNA with
carbon-14 labeled dibromoethane in the presence of glutathione and
glutathione-S-transferase. The major elution fraction of the enzymatically
hydrolyzed DBE labeled DNA residues, isolated by HPLC, was reductively
desulfurized to yield N7-ethylguanine. Identification was confirmed by
comparison of elution patterns of authentic material by HPLC and by UV
and mass spectrometry. Based on their experimental results, they assigned
the structure of the DNA adduct to be S-[2-(N7-guanyl)ethyl]GSH.
Only one major adduct, S-[2-(N7-guanyl)ethyl]glutathione, was
reported found in liver and kidney DNA of rats treated with DBE (Inskeep et
al., 1986). The in vitro half life of the adduct was reported to be between
70 and 100 hours and the isolated adduct did not react with DNA to form
new adducts. The putative alkylating species, S-2-bromoethyl glutathione
or the derived episulfonium ion, was estimated to have a half life of less
than 10 seconds in isolated rat hepatocytes. The authors claim that this
was long enough to enable half of the alkylating metabolites to leave the
isolated rat hepatocytes before reacting with nucleic acids in the liver.
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Koga et al. (1986), report evidence for the identification of S-[2-(N7guanyl)ethyl]glutathione as the major adduct formed from the metabolism of
DBE by the glutathione-S-transferase pathway. Their data support the
metabolic sequence whereby glutathione reacts with DBE to form a half
mustard (S-2-bromoethyl glutathione) which undergoes non enzymatic
dehydrohalogenation to form a cyclic episulfonium ion. This species attacks
the N7 nitrogen of DNA guanine to generate the identified major DNA
adduct. Keuning et al. (1985), reported isolating a new enzyme, haloalkane
dehalogenase, from the bacterium X. autotrophicus GJ10, which showed
highest activity with 1,2-dichloroethane, 1,3-dichloropropane, and 1,2dibromoethane. If this enzyme exists in mammalian cells, it may be
involved in the dehydrohalogenation step of S-(2-bromo)ethyl glutathione,
required to form the putative cyclic episulfonium ion that attacks the N7
nitrogen of DNA guanine.
Peterson et al. (1988) reported experimental evidence which they
claim supports a reaction mechanism where the DBE-GSH conjugate forms
an episulfonium ion prior to reaction with DNA guanyl residues to form
S-[2-(N7-guanyl)ethyl]glutathione. The authors used two dimensional
correlated (COSY) NMR techniques to determine the stereochemical course
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of the reaction of [threo-1,2-2H2]DBE and [erythro-1,2-H2]DBE incubated
with rat liver cytosol, DNA, and glutathione.
A dose dependent linear excretion of a urinary mercapturic acid,
identified as S-[2-(N7-guanyl)ethyl]-N-acetyl-cysteine was observed in rats
injected with DBE at doses ranging from 0.5 - 37 mg/kg. The authors
reported a good correlation between the excretion of mercapturic acid and
the in vivo formation of DNA adducts in the liver and kidney (Kim and
Guengerich, 1989).

Tissue Binding

Radiolabled (carbon-14) dibromoethane binds preferentially to
polycytidylic acid in the presence of liver cytosolic preparations with added
glutathione. The radioactivity is bound preferentially to microsomal proteins
however, when microsomes and NADPH are present (Shih and Hill, 1981).
Dibromoethane metabolites have been shown to bind selectively to
nasal olfactory epithelium and to a lesser degree to epithelia of the upper
alimentary tract, vagina, eyelid, liver, and kidney in female C57BL mice
studied by carbon-14 whole body autoradiography (Brittebo et al., 1989). In
trout, DBE metabolites were shown to bind selectively to liver, kidney, gills,
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intestinal mucosa, and olfactory rosettes by carbon-14 whole body
autoradiography (Damerud et al., 1989). Autoradiography of Cynomolgus
monkey tissues, following intraperitoneal injection of carbon-14 labeled
DBE, showed metabolites preferentially bound to liver, kidney tubules,
adrenal zona reticularis and, to a lesser extent, the epithelia of the
respiratory and upper alimentary tract (Brandt et al., 1987).
Using autoradiography Kowalski et al. (1986), reported binding of
carbon-14 metabolites of DBE to the oral epithelium of fetuses and maternal
liver, following administration of DBE to pregnant C57BL mice.
Selective accumulation of DBE metabolites were observed in the
nasal cavity, lung, forestomach, adrenal, testicle, liver, and kidney, by whole
body autoradiography in C57BL mice, Sprague Dawley rats, and Fischer
344 rats. High levels of non extractable metabolites were localized in
epithelial cells of the respiratory tract, upper alimentary canal, vagina, and
subepithelial glands of the olfactory mucosa (Kowalski et al., 1985).
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ADVERSE EFFECTS OF DIBROMOETHANE

Acute Animal Studies

Pathologic findings have been reported describing effects on multiple
organs from animals studied after exposure to dibromoethane. Merzbach
(1929), Kochman (1928), and Rowe et. al. (1952), described conjunctival
irritation and corneal necrosis, ulceration, and scarring resulting from
exposure of the eye to concentrated vapors or by direct application of
dibromoethane to the eye in dogs, cats, and rabbits.
Inhalation of dibromoethane by cats and rabbits at concentrations of
770 mg/M3 (100 ppm) or greater, produced erythema of the nasal mucosa
and pulmonary edema (Kochmann 1928). All animals demonstrated
pulmonary edema, and bleeding from the pulmonary tree with eventual
death. Findings obtained at necropsy of cats revealed ascites, pleural
effusions, fatty degeneration of the liver, and possible degeneration of the
tubules of the kidneys. Necropsy of the rabbits revealed excessive
amounts of liquid in the small intestine, blood in the colon, and hyperemia
of the liver and kidneys. In Kochmann's experiments, data show that
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dibromoethane at concentrations as low as 385 mg/M3 (50 ppm) may
produce death in mammals when inhaled repeatedly for up to 4 hours daily.
A report by Lucas (1928), on the pathologic changes occurring in
rabbits exposed to dibromoethane by inhalation (concentrations not
reported), described hepatomegaly, mottling of the liver, fatty changes in the
portal regions, and pulmonary edema.
In studies by Thomas and Yant (1927), guinea pigs exposed to
dibromoethane at concentrations ranging from 0.2% to 0.8%, for up to 150
minutes by inhalation, were found to have granular degeneration of the
kidney parenchyma, and to a lesser extent similar findings in the pancreas,
spleen, heart, liver, and adrenal glands. In addition, edema was found to
be present in the vascular endothelium of the gastrointestinal tract.
Exposure of rats to dibromoethane by the dermal route [doses of 0.25, 0.50,
or 1.00 ml (0.55, 1.1, or 2.2 g)/animal applied to a two cm2 area of the
abdomen] resulted in 100% mortality within 6-18 hours. Necropsy revealed
pathologic findings similar to those described by Thomas and Yant for the
inhalation study on guinea pigs.
Merzbach (1929), placed dogs in a 100 L glass chamber and then
exposed them by inhalation for one hour to vapors from 1, 2, or 5 ml (2.2,
4.4, or 11.0 g, respectively). The dog exposed for one hour to 5 ml
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(110,000 mg/M3 or 14,344 ppm) lost consciousness after 35 minutes and
died within 12 hours. The dog exposed for one hour to 2 ml (44,000 mg/M3
or 5738 ppm) died between 12 and 18 hours after exposure. Both of these
dogs demonstrated congestion of the liver, pulmonary edema and
pulmonary hemorrhages, as well as dural, subendocardial, and intestinal
submucosal hemorrhages. Both corneas were clouded. The dog exposed
for one hour to 2 ml had less pronounced findings. The dog exposed for
one hour to 1 ml (22,000 mg/M3 or 2869 ppm) died after 3 weeks. Prior to
death the dog developed corneal clouding, a corneal ulcer with purulent
conjunctivitis, anorexia, and weight loss. Autopsy showed fatty
degeneration of the liver, and a mural thrombus of the heart.
Rats exposed by inhalation to dibromoethane at concentrations of 100
ppm, 7h/d died within 7 days. These animals developed pulmonary edema
and hemorrhages, hepatomegaly, and centrilobular degeneration (Rowe
et al., 1952). At 50 ppm, 7 h/d for 63 days, 50% mortality was obtained. At
192.5 mg/M3 (25 ppm), 7h/d for 151 days, mortality from infection was
reported. Rowe et al. also demonstrated in these experiments toxicity of
dibromoethane at relatively low doses in several other species. The oral
LD50 varied from 55 mg/kg in rabbits to 420 mg/kg in mice. Table 1
presents oral LDS0 values for several species and sexes of animals.
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TABLE 1
ORAL LDcn VALUES FOR DIBROMOETHANE

ANIMAL

SEX

ORAL LD50

MICE
RATS
RATS
GUINEA PIGS
CHICKS
RABBITS

F
M
F

420 mg/kg
148 mg/kg
117 mg/kg
110 mg/kg
79 mg/kg
55 mg/kg

F

Adapted from Rowe et. al. 1952 as presented in NIOSH Criteria for a
Recommended Standard .... Occupational Exposure to Ethylene
Dibromide. U.S. Department of Health, Education, and Welfare, Public
Health Service, Center for Disease Control, National Institute for
Occupational Safety and Health, August 1977.
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Because of these low thresholds for toxicity, doses which can be used in
long term chronic studies are limited due to excess acute mortality.
Reproductive capacity can also be altered by DBE. Amir and Volcani
(1965), observed a decrease in sperm count, poor sperm motility, multiple
malformations and degenerations of sperm heads and tails in bulls exposed
to dibromoethane by the oral route at an average dose of 2 mg/kg/d from
the age of 4 days to approximately 24 months. Bondi et al., (1955),
exposed hens to dibromoethane orally at concentrations ranging from 10
ppm for 84 days to 300 ppm for 46 days in fumigated grain, and observed a
decrease in the size and weights of the hen's eggs followed by a cessation
of egg laying above 200 ppm for 56 days. The effect was permanent,
recovery not occurring after cessation of exposure.
Hrudka and ElJack (1979) reported disturbed acrosome differentiation
during spermiogenesis in rams receiving DBE parenteraily (subcutaneously)
in doses ranging from 7.8 -13.5 mg/kg/d for 12 days. Teratospermia was
induced as well (ElJack and Hrudka, 1979).
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Human Case Reports

Several case reports on human toxicity at low doses have raised
concerns. A woman died in 1910 after erroneously receiving 70 grams of
dibromoethane instead of ethyl bromide for anesthesia during an operation.
Autopsy showed severe degeneration of various organs, including the heart,
liver, and kidneys (Maimetschke 1910).
Kochmann (1928) described toxicity to an employee exposed to
dibromoethane vapors during the course of his work which caused mucosal
irritation, facial edema, headaches, and depression. All symptoms cleared
upon cessation of work. The level of exposure was not stated.
A sailor on a destroyer experienced severe ulcers and blisters to his
feet resulting from gauge fluid spilled into his boots. After the sailor's
recovery Pflesser (1938) ascertained that dibromoethane was responsible
and conducted skin tests on nine volunteers including himself. All subjects
developed blisters and in some cases lymphadenopathy, pain, edema, and
systemic symptoms of malaise and fever.
A 43 year old woman died in 1960 after ingesting a teaspoonful of
dibromoethane. Before death she demonstrated signs and symptoms of
shock, renal failure, and gastroenteritis. Autopsy revealed severe necrosis
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of the liver and kidneys. This case was reported by Olmstead (1960).
Assuming the woman's mass at 60 kg and the volume in the teaspoon as 5
cc, the fatal dose is approximately 181 mg/kg.
Letz et al. (1984), reported the deaths of two workers who were
exposed to residual amounts of dibromoethane while working in a 28,500
liter tank. One man collapsed shortly after entering the tank, was exposed
approximately 45 minutes, and died within twelve hours of exposure. The
second, his supervisor, collapsed within minutes of an attempted rescue
and was exposed approximately 30 minutes. He died within 64 hours of
exposure. Samples of liquid pooled at the bottom of the tank revealed
dibromoethane at concentrations of between 0.1% and 0.3%. The air inside
the tank was sampled 20 hours after the incident and revealed an average
concentration of 28 ppm with a range of between 15 ppm to 41 ppm. At
autopsy both men exhibited signs of severe organ putrefaction, pulmonary
edema, autolysis of the kidneys, blisters of the skin and hepatomegaly.
In all reported cases, intensive medical care was unsuccessful in
reversing the progressive physiological decline which ultimately resulted in
death.
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Chronic Animal Studies

Studies in Osborne-Mendel rats and B6C3F1 mice reported by Olson
(1973) at the National Cancer Institute (NCI), demonstrated the
developments of cancer of the stomach in 98% of Osborne-Mendel male
rats and 82% of female rats fed dibromoethane in corn oil by gavage for 54
weeks. [The rats were dosed with 40 mg/kg/d for five days a week for a
total dose of 10.8 g/kg.] Squamous cell carcinoma of the stomach also
developed in 73% of B6C3F1 mice fed dibromoethane in corn oil by gavage
at doses of 60 mg/kg/d five days a week for 13 weeks followed by 100
mg/kg/d for two weeks then reduced back to 60 mg/kg/d for 27 weeks. This
compared with no tumors observed in control rats and mice for both sexes
similarly gavaged with the com oil vehicle. The results of this study are
unsuitable for quantitative risk assessment due to the toxic doses
employed, frequent changes of dose during the study, and lack of similarity
of route of exposure to route of human occupational exposure. The final
report of the study was released by NCI in 1978.
Wong et al. (1982) conducted an inhalation study of dibromoethane in
rats combined with disulfiram in the diet. Sprague-Dawley rats were
exposed to 20 ppm for 18 months with and without 0.05% disulfiram in the

32
diet. Rats exposed solely to dibromoethane developed tumors of the
mammary glands, adrenals, livers, and kidney, hemangiosarcomas of the
spleen, and tumors in subcutaneous tissue. The rats also receiving
disulfiram demonstrated an earlier mortality, an increase in tumors of the
liver (1700%, males; 967%, females), spleen (50%, males; 67%, females),
mesentary/omentum (from 0/48 to 11/48, males; from 0/48 to 8/48;
females), kidney (467%, males; 600%, females), thyroid (500%, males;
1700%, females) and lung (200%, males), as well as testicular atrophy in
90% of the males. Disulfiram appears to markedly enhance or promote the
carcinogenicity of dibromoethane. In another inhalation study, Strain A-J
mice exposed to dibromoethane by inhalation at doses of 20 and 50 ppm
for 6h/d, 5d/wk for six months, were observed by Adkins et at. (1986) to
have significant increases in pulmonary adenomas compared to unexposed
controls.
Van Duuren et at. (1979) studied the carcinogenic response of Ha:ICR
Swiss mice to halogenated olefinic and aliphatic hydrocarbons. In repeated
application experiments (50 mg/0.1-0.2 ml acetone, applied to shaved
dorsal skin three times per week), only mice exposed to dibromoethane by
chronic skin application of 50 mg/d, developed significant numbers of skin
papillomas, skin sarcomas, and lung tumors, as compared to 1,2-
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dichloroethane, 1,1,2,2-tetrabromoethane, allyl chloride, 1,2-dibromo-3chloropropane (1 papilloma, NS), vinylidene chloride, trichloroethylene,
tetrachloroethylene (1 papilloma, NS), and 1-chloropropene. The first
tumors developed after 395 days and, in addition, significant numbers of
remote tumors were identified in the lung and stomach. The results of this
experiment are unsuitable for quantitative risk assessment due to small
numbers of animals developing tumors (8/30) and inappropriate route for
simulation of predominant human occupational exposure.
Bromoethanol and bromoacetaldehyde, the products of MFO
metabolism of dibromoethane, were administered to male and female
B6C3F1 mice in distilled drinking water at equimolar concentrations of
4 mM, in a chronic feeding study reported by Van Duuren et al. (1985).
Using dibromoethane as a positive control, the experiments were conducted
for approximately 450 days for DBE and approximately 560 days for
bromoacetaldehyde and bromoethanol. Animals were divided into groups of
30 for each sex and dose. Dibromoethane induced 22/30 squamous cell
carcinomas of the forestomach in females (3/30 also had benign
esophageal papillomas) and 26/30 in males. Bromoethanol induced benign
squamous papillomas of the forestomach in 10/30 females and 9/30 males.
Bromoacetaldehyde did not induce significant numbers of tumors of the

forestomach and no significant number of tumors were observed at remote
sites in any of the groups, including the distilled water control group. The
authors concluded that bromoacetaldehyde and bromoethanol are unlikely
to be active carcinogenic intermediates of DBE.

REGULATORY ACTION

In an attempt to regulate a compound such as 1,2-dibromoethane, the
regulatory agency is faced with the task of setting a value for a standard
which protects the worker and is substantiated by scientific data. The best
approach is to use epidemiological data derived from human studies at low
doses for prolonged periods of time. Ideally this would be a double blind
prospective study of a large population with a known exposure level
followed through the lifetime of the cohort. The study design should ensure
that the power of the statistical test has at least a probability greater than
0.80 of detecting a 50% increase in observed mortality over expected
mortality when compared to the control population. However, prospective
studies are expensive, take a long time to complete, and allow potentially
dangerous exposures to continue in a large population for a long period of
time. Such a study would be unethical and obviously can not be done. For
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dibromoethane there is minimal data available which can be considered to
be epidemiologic.

Epidemiologic Studies

Wong et al. (1979) conducted a retrospective fertility study of men
exposed to dibromoethane at four chemical plants manufacturing
dibromoethane. They used a questionnaire to ascertain the number of live
births to their wives and compared the responses to the "expected number"
of live births based on national fertility tables. Wong et al. were unable to
demonstrate any consistent evidence of an antifertility effect from
dibromoethane in the analysis of the combined data. However, in Plant D
there was a consistent and significantly low number of live births.
Exposure levels were not available at this plant, but Wong et al. state
that for the group as a whole the exposure levels were below 5 ppm. No
dose response relationship could be shown. The authors point out that the
prevalence of vasectomy was the highest of all the plants and was also
higher than the national average.
Ott (1980) described the results of a study of workers employed at two
Dow plants producing dibromoethane. One plant was located in Texas and
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the other in Michigan. The exposure to dibromoethane was not pure as
there were other chemicals present, such as bromine, ethylene, sulphur
dioxide, chlorine, arsenic, benzene, vinyl bromide, carbon tetrachloride, and
chloroform, to which the workers were exposed. A standard mortality
analysis was performed using the expected mortality of the U.S. white male
population as the control. Although there was a slight excess of observed
deaths from all causes compared to expected deaths in the total cohort, the
power of the study was inadequate for detection of an excess cancer risk of
50% (the power was estimated by OSHA to be only 17.8%). The study by
Ott is limited in usefulness because of the small sample size and the lack of
ability to control for effects which may have arisen from other competing
chemical exposures.
Sweeney et al. (1986) reported no increased mortality among 2,510
males with combined exposures from 1952 - 1977 to tetraethyl lead,
dibromoethane, dichloroethane, inorganic lead, and vinyl chloride monomer.
The mixed exposure, small sample size, small number of total deaths, poor
exposure data, and absent historical measurements of environmental levels
for the various chemicals make this study unreliable for inferences about
toxicity.
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Steenland et al. (1986) failed to detect differences in sister chromatid
exchange (SCE) or chromasome aberrations (CA) between papaya workers
exposed to dibromoethane and non exposed controls from a nearby sugar
mill. SCE frequency and chromasome aberrations were studied in the
peripheral blood lymphocytes of 60 papaya packing workers exposed to
DBE an average of five years. Dibromoethane was used to fumigate the
fruit after harvest to kill fruit fly larvae. Exposures to DBE were reported as
a geometric mean concentration of 88 ppb (8h TWA) with peaks up to 262
ppb. The comparison group consisted of 42 workers at a nearby sugar mill.
In contrast, the data from this study showed significant increases in the
frequency of SCE levels among men who smoked cigarettes or marijuana.
Ratcliffe et al. (1987) conducted a cross sectional study of semen
quality among 46 men employed in the papaya fumigation industry in
Hawaii. Average duration of exposure was reported to be five years to a
geometric mean airborne DBE level of 88 ppb (8h TWA), and peak
exposures up to 262 ppb. They used the same control group as the study
by Steenland et al. (1986), reported above. Statistically significant
decreases in sperm count, viable, and motile sperm were reported.
Increases in abnormal sperm morphology (tapered heads, absent heads,
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abnormal tails) were observed among the exposed workers compared with
the controls after adjusting for smoking, caffeine, and alcohol consumption.

Estimating Risk

The epidemiological limitations require that animal data be examined
to serve as a surrogate model to estimate human risk. The effects
observed on animals are extrapolated to humans and the extrapolation of
effects is based upon several assumptions which may not be correct and in
many cases cannot be validated. The following assumptions are implicit in
many of the calculations that are made for risk assessment but are not
often stated:
1.

The factors used for scaling are assumed to result in equivalent
doses for humans. However, the choice of scaling based on
surface area or mass may have significantly different outcomes
in terms of risk assessment.

2.

The application of animal data to humans implies an acceptance
of equivalent biologic responses of the organisms, i.e., type of
tumor, metabolic transformations, etc. Problems arise when
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even closely related species have differences in metabolic
pathways, kinetics, and target organs.
3.

In all chronic animal lifetime bioassays it is assumed that the
animal exposure yields results equivalent to those expected to
occur in a human exposure over a working lifetime.

4.

It is assumed that the life span of animals is proportional to
human lifespan, and that the time to tumor or tumor latency is
similarly proportional.

5.

The route of administration is assumed to be equivalent to the
human route of exposure.

Wide differences in response can be observed among closely related
mammals so that the comparison of toxicity among rats, mice, and humans
must be viewed with a great deal of caution. However, given the paucity of
epidemiologic data that exists on the effects of low dose chronic exposure
to dibromoethane on humans, the regulatory agency is faced with the task
of extrapolating the data derived from animal studies at high doses to
predict the outcome of low dose exposure to humans.
Regulatory agencies usually take a biased approach to estimating risk
at low level exposures in order to avoid underestimating the risk of
individuals developing cancer among an exposed population. This health
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protective bias encourages the agencies to incorporate the use of linear
models for extrapolation as opposed to models with curves that are
concave upward, selecting an acceptable level of risk, (i.e. risk of cancer
10"6 or lower), selecting one scaling factor over another to extrapolate
animal doses to human doses.

Regulatory Considerations

During the deliberation that precedes regulating a substance harmful
to humans, a decision must be made whether to prohibit or ban its use.
Prohibiting use precludes exposure and prevents injury. However, this
approach is usually not adopted because of economic constraints and
effects on the economy, lack of satisfactory and affordable substitutes with
lower toxicity, and the lost benefit to society. When considering the ban of
pesticides the possibility of increased harm as a result of food spoilage,
decreased food production, increased pestilence, etc., is considered when
conducting the benefit to risk analysis.
If no ban is possible, the next question considered is whether there
exists a threshold dose below which no adverse effect occurs. If it can be
shown that a dose exists below which no adverse effect takes place in
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humans, the regulatory agency should set the Permissible Exposure Level
(PEL) or standard at a value to preclude the threshold dose from being
reached during the course of employment or normal daily activity.
The existence of a threshold is often difficult to demonstrate
experimentally and its acceptance may not be justifiable on a theoretical
basis due to our limited understanding of cancer induction. Lack of
knowledge of the mechanism of action for the toxic effect produced, and
ignorance of the metabolic processes within the organism which may either
detoxify or enhance the toxicity of the compound, compounds the problem.
The arguments for existence of a threshold are based in part upon the
following underlying assumptions:
1.

Saturation of the enzymes responsible for inactivation of the

toxic agent or its toxic metabolites allows free chemical to express its
injurious effects.
2.

Rate of repair exceeds rate of injury. As long as the rate of

repair exceeds the rate of injury no permanent effect will result. However,
once the repair mechanisms are overwhelmed, permanent injury can occur.
This is of particular concern with regard to DNA repair.
3.

Rate of elimination exceeds rate of absorption. If the maximum

rate of elimination of the toxic agent exceeds the rate of absorption no
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accumulation takes place and no permanent effect may result provided that
the steady state concentration is below a critical level. This argument holds
only if the toxic agent is the parent compound. If toxic metabolites are
produced, this argument holds only if the half-lives of the metabolites are
too short to react with protein, lipids, nucleic acids, or other cellular
molecules, and the transition stage concentrations do not exceed a critical
level.
4.

Belief in an all or none effect at some minimal dose. Most

agents demonstrate a graded response or effect as a function of dose.
Existence of a threshold requires that there be a critical concentration that
suddenly allows an adverse effect to take place, i.e., a structural break.
If no threshold can be identified, the regulatory agency must define an
"acceptable" level of risk. Acceptable risk varies as the needs of different
societies are considered. For example, a society's need for food may be
great. The risk of death from malnutrition and associated illnesses may
greatly exceed the possible risk of cancer from consumption of trace
amounts of dibromoethane. Third world countries may not be able to
produce enough grain, citrus, etc., to feed their populations and the risk of
death from starvation and disease may be much more eminent than
possible death due to cancer 30 years later. The ability to survive 30 years
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to develop the cancer may be perceived as more of a benefit than a risk,
i.e., Ethiopia.
In other cases society may value the immediate need to improve the
economic conditions locally more than the reduction in excess mortality that
may result from working in a chemical manufacturing plant. Thus,
acceptable risk is defined in the context of the values of a society during a
given period of time.
The standard of living in the United States is such that we have the
luxury of long life expectancy and the economic and nutritional freedom to
be concerned about trace amounts of chemicals in water, food, and air.
This freedom is lacking in most developing countries, creating a situation
that may be attractive for U.S. industry seeking more relaxed regulatory
environments and reduced operating costs.
Bearing this in mind, arguably there exists an ethical duty of
U.S. corporations manufacturing hazardous materials in other countries to
apply the same protective measures to the foreign work force as are
applied in this country. It is tragic to knowingly produce disease in workers
because of a lack of government imposed regulation.
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MATHEMATICAL MODELS

Since most animal studies are done at high doses there is a need to
extrapolate the data to the lower doses of interest. However, only a few
data points are usually known at a high dose and the behavior of the dose
response curve at low dose is unknown. Several mathematical models
have been advocated to describe the behavior of the dose response curve
at low doses by extrapolating the information contained in the data points at
the higher doses. As with the extrapolation of effects in rodents to effects
in humans, the extrapolation of high dose data to predict low dose behavior
is based upon a number of assumptions which may not be valid.
How background effects are considered or not considered and how
they are counted is important. What is the endpoint or outcome that is
counted? If it is cancer, the standard may not be sufficiently protective if a
substance is also mutagenic or causes reproductive effects. For
dibromoethane, OSHA's standard is based solely on its ability to produce
tumors.
The choice of the mathematical model itself is important because
different models approach zero at different rates and with different shapes
for the dose response curve. Goodness of fit calculations may give a false
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sense of accuracy, i.e., two points may be connected with a straight line
resulting in an excellent goodness of fit but the true function may be
quadratic, exponential, logarithmic, etc.
In all mathematical models there is an implied assumption that
individuals within a population do not respond to a dose of a compound
until some individual tolerance is exceeded. No response takes place until
the dose exceeds the tolerance. The tolerance distribution function
describes the population response and is defined by the mathematical
model. Mathematical models attempt to describe the dose response curve
of a population.
The probit model is the cumulative probability distribution function of F
which is defined by the function given by

X

-U

where F(x) is the standard normal distribution of dose x.
The resulting sigmoid shaped curve describes doses at which a
response occurs for a proportion of the population exposed and below
which no response occurs. Implicit in this model is the assumption that no
effect occurs in a particular individual until some tolerance is exceeded.
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The logistic model is defined by the function

m——
(1+e*)

The extreme value model is similar and is described by the function

e'

The logistic or logit model also results in a sigmoid shaped curve but has a
smaller slope at low doses compared to the probit model. Consequently
the logit model predicts a lower risk at the same dose than the probit model
does as the dose approaches zero.
Mechanistic models are based on stochastic processes, i.e.,
processes whereby random discrete events occur within a defined interval
of time as a function of dose. These events are described as hits. The
concept is that the toxicity of a compound develops as a result of a discrete
interaction of the compound with some fundamental biologic process or
component. If only one interaction at the target site is required to induce
the toxic effect, the model is described as a one hit model. The one hit
model assumes that any exposure is sufficient to increase the risk of
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cancer. This model is nearly linear at low doses and thus is a conservative
model if the true dose response curve is sigmoid shaped. This is true
because a straight line connecting any point on the concave upward portion
of the dose response curve to zero will lie above the "true risk".
If the distribution of hits over time as a function of dose can be
described by a Poisson function, the probability of an individual responding
at a dose D is described by the function

P(Z>)-\ - e ~ X D

where XD is equal to the expected number of hits at dose D.
If more than one hit is required at perhaps multiple target sites, the
model is described as a multi-hit model and is given by the function

J-0

which reverts to the one hit function if k=1, where k is equal to the
maximum number of hits, J is equal to the number of hits, and XD is equal
to the expected number of hits at dose D. The multi-hit function can be
written using the gamma function as
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in order to integrate over a continuous function. The gamma multihit model
is similar to the one hit and probit models except that it assumes that more
than one hit is required to induce a carcinogenic response. The shape of
the curve at low doses is proportional to the k'th power of dose. If k = 1 the
curve is linear, if k > 1 the curve is concave downward, and if k < 1 the
curve is concave upward. At high doses the curve is similar to the
log-normal model so that the gamma multihit model resembles a
combination of low dose logit and high dose probit.
Linear extrapolation is the most conservative model, in which a
straight line is extrapolated back to zero from a low dose point. The risks
predicted by this line exceed the true risk for a sigmoid shaped true dose
response curve. These models are discussed fully by Krewski and Van
Ryzin (1981).
Background response or spontaneous tumors not related to dose may
be accounted for by either assuming the background rate to be additive to
the induced rate (approximating an added dose), or as independent of
dose. Sometimes a combination of additive and independent background

effects is assumed. How background is counted is crucial to the resulting
shape of the curve as it approaches zero. The choice of the models
determines the shape of the lower end of the curve - convex, concave, or
linear, and the rate of approach to zero. Krewski and Van Ryzin (1981)
illustrate the wide variation in response that will be estimated depending on
the model chosen (see Figure 1).

PROPOSED RULEMAKNG

OSHA proposed to change the standard for 1,2-dibromoethane from
20 ppm to 0.1 ppm in 1983. On December 14, 1977 the EPA issued a
notice of Rebuttable Presumption Against Registration and Continued
Registration (RPAR) of pesticide products containing dibromoethane under
the authority of the Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA). EPA subsequently proposed cancellation of dibromoethane
registration for fumigation of citrus and grain.
On February 3, 1984 the EPA banned use of dibromoethane as a
fumigant for stored grain and proposed residue limits in grocery products of
30 ppb (parts per billion) in cold cereals and baked goods, 150 ppb for
products that require cooking, and 900 ppb for raw grain before aeration
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and processing. The ban eliminated 97% of the pesticide's agricultural
use. However, even though stores stopped sales of bake mixes suspected
of being contaminated with trace amounts of dibromoethane, they continued
to sell fruit that probably had a higher level of contamination because the
EPA had not yet determined safe levels of residues for citrus.
This regulatory action by the EPA came under severe criticism from
environmentalists and members of Congress as being "too little too late",
and as being unwarranted by Department of Agriculture and even some
EPA scientists. The EPA was not able to set actual legal limits because in
1956 the Food and Drug Administration (FDA) had granted an exemption to
dibromoethane because of the belief then that no traces of it remained in
food after processing (Newsweek, p.24, Feb. 13, 1984). A reasonable
approach must be taken in responding to the detection of trace amounts of
chemicals in foodstuffs. As limits of detectability decrease there is an
increased likelihood of detecting trace chemicals. Such trace amounts must
be viewed and evaluated in relation to other naturally occurring substances
with competing risks such as those found in common foods such as
peanuts (aflatoxins) and fried meat (benzo(a)pyrene).
NIOSH recommended that the PEL ceiling limit be reduced to 0.13
ppm (130 ppb) for dibromoethane in 1977. The IARC in the same year
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placed dibromoethane in group 2B as probably carcinogenic to humans.
The ACGIH recognized dibromoethane as a potential carcinogen in 1978.
California enacted an emergency temporary standard (ETS) of 130 ppb as
a time weighted average (TWA) on September 23, 1981, and adopted it as
a permanent standard effective March 22, 1982.
Labor (International Brotherhood of Teamsters, Food and Beverage
Trades Department AFL-CIO, American Federation of Labor and Congress
of Industrial Organizations, International Longshoreman's and
Warehousemen's Union) petitioned OSHA to declare an ETS of 15 ppb in
September and October 1981. OSHA did not declare an ETS but issued a
notice of proposed rulemaking on October 7,1983 to reduce the standard
from 20 ppm to 0.1 ppm as an 8 hour TWA.
The U.S. EPA (1988) issued a health advisory for 10 day exposure to
DBE in drinking water based on the study by ElJack and Hrudka (1979) of
the effects of DBE on the sperm of rams. A Lowest Observed Adverse
Effect Level (LOAEL) was determined to be 7.8 mg/kg/d. Using this LOAEL
the Ten-Day Health Advisory for a 10-kg child is calculated as follows:
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Ten-DayHA- (7^mg/kgfd)(10kg) _SQugfd
(1000)(10)(1L/d)
*

where 1000 is an uncertainty factor in accordance with NAS/ODW
guidelines for use with an LOAEL from an animal study, and 10 is an
additional uncertainty factor for possible species differences.
OSHA based its in-house risk assessment on the 1981 report of the
National Toxicology Program / National Cancer Institute (NTP/NCI) using
the incidence of nasal adenocarcinoma in rats exposed to dibromoethane
by inhalation. In this study male and female Fisher-344 rats and B6C3F1
mice were exposed to either 10 ppm or 40 ppm dibromoethane for 6 hours
per day, 5 days per week, for 78 to 103 weeks. Each treatment group
consisted of 50 male and 50 female animals. A 90 day test had determined
that 40 ppm was the maximum tolerated dose. For the male rats, the
incidence data used by OSHA for the number of animals with nasal cavity
adenocarcinoma were 0/50 at 0 ppm, 20/50 at 10 ppm, and 28/50 at 40
ppm. The female rats developed 0/50 at 0 ppm, 20/50 at 10 ppm, and
29/50 at 40 ppm. For female mice the incidence data for nasal cavity
adenocarcinoma were 1/49 at 0 ppm, 5/49 at 10 ppm, and 37/50 at 40 ppm.
No nasal cavity adenocarcinomas were observed in male mice at 0 ppm
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(0/41), but at 10 ppm 3/49 and at 40 ppm 19/46 developed nasal
adenocarcinomas. OSHA chose the inhalation study because most
occupational exposure is by the inhalation route. OSHA assumed an
interspecies scaling factor of one, rather than adjusting dose for weight or
surface area differences, because parts per million as an expression of
dose would "produce median estimates of risk" and since nasal
adenocarcinoma is the contact tumor, "the air concentration (ppm) can
reasonably be considered the effective dose," (Federal Register, Friday
October 7, 1983).
OSHA believes the one hit and multistage models are biologically
plausible and applied the data to those models. The one hit and multistage
models assume no threshold. OSHA's models assume that workers are
exposed eight hours daily, five days weekly, for 46 weeks out of the year
for 45 years out of a 54 year working life span. Using these models OSHA
estimated that 160 to 437 excess cancer deaths per 1000 workers would
result at 20 ppm and 0.06 to 3 excess deaths per 1000 at 0.1 ppm.
It is useful to consider the critique by Busch (1982), of OSHA's in
house quantitative risk assessment. The data used by OSHA resulted from
experiments using the NCI bioassay standard protocol consisting of:
1.

A single sex-species combination for each experiment.
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2.

At least two species (Fischer 344 rats and B6C3F1 mice)

for each experiment.
3.

At least two doses (10 ppm and 40 ppm) plus a control.

This protocol yielded three data points; 0 ppm, 10 ppm, and 40 ppm, which
could be used for curve fitting.
Busch points out that since a model fitted to only three data points
cannot estimate more than three parameters, including the control response
rate parameter, a polynomial greater than second degree cannot be fitted to
the existing data. He explains that the choice of the multistage
mathematical model is essentially a second order exponential, rather than
an exponential with a polynomial exponent, because there are only three
data points to be fitted by the model. Busch goes on to state that the
one-hit model was used for the rat data because the multistage model did
not improve the fit when OSHA tried it. However, he emphasizes that
"perfect fit is not analogous to perfect model", and he feels that the one-hit
model is inadequate.
It is necessary for a dose response model to have double curvature or
be sigmoid shaped to represent appropriately the shape of the dose
response curve for any of the four NCI experiments. The multistage model
and probit model do provide such a sigmoid shape while the one-hit model
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does not (Busch 1982). The one-hit model underestimates the risk at the
midrange level of 20 ppm and thus is not a conservative model, but
becomes conservative only at extremely low doses according to Busch. He
prefers the probit model because it is convex upward and overestimates
risk slightly in the interpolation range of interest (20 ppm) compared to the
concave upward shape of the multistage model.
Brown (1983) examined the mode of toxicity of dibromoethane in an
OSHA contracted quantitative risk assessment and identified site tumors
and remote tumors as two distinct classes of carcinogenic outcomes.
Brown's assumptions in performing his risk assessment included the
following:
1.

Rats and mice can be used to predict quantitative risk of

human cancer.
2.

Cancer risks are proportionately lower at low doses than

high doses and extrapolation can be accomplished by fitting a mathematical
model to the data.
3.

Inhalation data may be more applicable than dermal or

ingestion data because the primary route of exposure to workers is
inhalation.
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4.

Dibromoethane and metabolites contribute to cancer and

the risks for direct and remote tumors are different.
5.

Exposure level and dose on a mg/kg basis may affect the

relative amount of each metabolite formed and the site of action.
6.

Human epidemiology studies are inadequate for

quantitative risk assessment.
Brown used hernangiosarcoma data as the basis for the risk calcu
lations and doses were expressed in mg/kg except for nasal tumor data
which was expressed in ppm. He fit six models to the data and preferred
risks estimated by the one hit model using nasal tumor data and multistage
models using the hernangiosarcoma data.
Cal/OSHA applied a simple linear model to develop their quantitative
risk estimates based on data from the NCI inhalation study. This formed
the basis for California's emergency standard.
OSHA endorsed Brown's approach using both hernangiosarcoma and
nasal tumors as an end point and felt that the use of the hernangiosarcoma
data was particularly prudent because of their occurrence in all bioassays
regardless of route of exposure. This seemed to indicate to OSHA that the
spleen and circulatory systems were specific target organs for dibromo
ethane.
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OSHA defends the use of a dose scaling factor on a mg/kg basis by
stating that such use "adjusts in some way for differences in biological
mechanisms between species and seems to be a more accurate
characterization of dose for remote site tumors" (Federal Register, Friday
October 7, 1983, p45973). No explanation was offered for how such a
scaling factor makes such adjustments.
The objective of OSHA performing a quantitative risk assessment is to
determine the risk to the population of developing a toxic effect due to
various levels of exposure to dibromoethane. The risk assessment must
also not underestimate the risk in order to provide an adequate degree of
protection by the permissible exposure level (PEL).
There are many procedures which an agency may use in order to
derive conservative risk estimates (conservative implying an
underestimation of the permissible exposure level, PEL). Some methods
which are used include:
1.

Bridging across the concave upward portion of the lower end of

the dose response curve by applying a linear model. This effectively
overestimates the risk at low level exposure.
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2.

Selecting a "safe" level by relating the probability of a risk less

than one in a million or one in ten million to a corresponding level of
exposure.
3.

Since there is experimental variability that is statistically defined

by confidence intervals, the upper boundary of the dose response curve
confidence limits can be used to fit a mathematical model rather than the
data points themselves.
4.

Estimates of risk can be determined for various animal species

as a result of animal studies and the highest of the risk estimates can then
be used for extrapolation to humans, i.e., assume that the most sensitive
species is equivalent to man.
5.

Doses can be scaled to humans based on proportions of body

weight or surface area. A conservative approach would be to use the
scaling factor that results in the highest risk estimates.
The EPA Carcinogen Assessment Group (CAG) performed a risk
assessment using the NIOSH/MRI inhalation study of dibromoethane and
disulfiram. The CAG endpoints were hemangiosarcomas of the spleen,
adrenal tumors, and mammary tumors. Dose was expressed as mg/kg/d
and the CAG preferred to use a one hit model assuming a 40 year work
history out of a 71.3 year life span.
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TABLE 2
ESTIMATED LIFETIME CANCER RISKS
FROM EXPOSURE TO 1.2-PIBROMOETHANE
AGENCY

STUDY

DOSE

Busch

NC11981

20 ppm

160-437

Brown

NCI/NTP
MRI/NIOSH

Hemangiosarcomas

20 ppm

70-110

Nasal Tumors

20ppm

725

One hit

CAL/OSHA

20 ppm

400-996

One hit
Linear

EPA/CAG

20 ppm

999

One hit

OSHA "in house"

20 ppm

160-437

NCI=National Cancer Institute
NTP=National Toxicology Program
NIOSH=National Institute for Occupational Safety and Health

EXCESS DEATHS/1000

MODEL

Probit

One hit
Multistage

One hit
Multistage
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As can be seen from examining the results of risk (Table 2) predicted
by the various models, estimates of excess risk range from 70 per 1000 to
999 per 1000 workers exposed at 20 ppm depending upon the model used
and choice of tumor data. The risk estimates thus provide probability
estimates of death ranging from 7% to 100%. The models are quite
divergent in their predictions of risk, and because of this a need for
improved methods of risk assessment techniques is recognized.
Using Tox_Risk Ver. 2, a computer program developed by K.E.
Crump and associates for EPRI (Electric Power Research Institute), the
nasal tumor incidence data from the combined NCI/Wong inhalation studies
on dibromoethane were used for model curve fitting and risk extrapolation.
Figure 1 illustrates the goodness of fit for the multistage, Weibull, MantelBryan and log-normal models when extra risk is assumed. As can be seen
in Figure 1, the multistage model fits the data points best. Figure 2 is an
extrapolation of risks for each of the models and illustrates the wide
divergenence in pridicted risks at the same dose for the various models.
Figure 3 is an illustration of curve fitting when additional risk is considered.
In this case the multistage and Mantel-Bryan models are nearly identical in
their ability to fit the experimental data. Figure 4 is an illustration of the
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Figure 2

Figure 3 (Additional Risk Model Fit)
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Figure 4 (Additional Risk MLE)
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extrapolated risk for each of the models when the assumption of additional
risk is made.
The scientific validity of the standards for 1,2-dibromoethane is weak
when the variances that exist in the mathematical models are considered.
The large variances result from the many assumptions and approximations
that are made by each model and the limited amount of experimental data
available. The standards have been selected on the basis of social,
political, and economic considerations, but have been presented as having
a "scientific basis". There is no doubt that dibromoethane is a hazardous
substance at relatively low doses. What is in doubt is the degree of the
hazard or risk that exists at very low doses over long periods of time.
The models are only as good as the underlying assumptions on
which they are based and on the data points to which they are fitted. The
basic requirements for a model fitting a dose response curve are that it be a
continuous function that approaches one as dose goes to infinity and
approaches zero as dose goes to zero. There are many functions besides
the ones described herein that can fulfill such requirements and could be
justified as valid models, conservative models, etc., as the need may be.
The models used for quantitative risk assessment apply only to
chronic low level exposure and do not give any measure of risk for
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intermittent and variable exposure. In fact, no mathematical model is
accepted widely or in use presently to describe adequately periods of nondosing. OSHA recognized this shortcoming and specifically requested
information and data addressing the issue of intermittency.
OSHA's concluding remarks regarding risk of exposure to
dibromoethane were that attributable lifetime risks of cancer from
dibromoethane exposure at 20 ppm are 7% to 11% with possible upper
limits as high as 79%. Available data on the risks of dibromoethane at low
doses is so limited and the state of the art of extrapolation and
mathematical modeling is so inadequate that a quantitative extrapolation of
risk for low level exposure to dibromoethane, while possible at this time,
must be viewed with skepticism due to the great variance that results due to
the limited low dose experimental data.
Physiologic based pharmacokinetic (PB-PK) approaches to risk
assessment may be more reliable as estimators of risk to low level
exposures, particularly if metabolic pathways and rates are concentration
dependent. Inappropriately high estimates of risk may result if toxic
metabolites are produced by a pathway that becomes predominant at
relatively high doses, due to enzyme saturation for example, but not
produced at much lower doses. In such a case the extrapolated dose
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response relationship based on results from the higher dose may produce a
significant overestimation of risk at low levels. Since the concentration of
the toxic xenobiotic interacting with the target biomolecule or cell is the
relevant parameter for defining the dose response relationship for DNA
damage, enzyme protein inactivation, cell toxicity, etc., and doses to the
whole animal are at best gross surrogates for this parameter, efforts are
underway to refine the determination of dose to relevant targets. Significant
quantities of the applied dose by gavage, inhalation, injection, dermal
application, etc., may not interact with target organs, cells, and
biomolecules, due to the volume of distribution, difference in kinetics of
uptake, distribution, metabolism, and excretion by various organs. Species
differences in dose response on a mg/kg body weight basis or mg/M2 body
surface area basis, may be reduced significantly when only the dose to the
target organ, tissue, or cell is considered. The ability to reduce the error in
scaling dose from one species to another, and to adjust for absorption,
distribution, metabolism, and excretion kinetic differences offers great
appeal.
Unfortunately, detailed knowledge about absorption, distribution,
metabolism, and excretion in various animal models is not readily available
for most xenobiotics, and kinetic information is even rarer. D'Souza et al.
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(1987), developed a pharmacokinetic model for 1,2-dichloroethane based
on estimates of metabolic rates for the mixed function oxidase pathway and
glutathione-S-transferase pathway obtained from gas uptake measurements
(Gargas et al., 1986). They observed that the MFO pathway is saturated at
relatively low concentrations resulting in a shift to the GSH pathway which
retains first order kinetics until reduced glutathione is depleted a higher
concentrations. D'Souza et al. (1987) validated their model by measuring
dichloroethane concentrations in blood and glutathione concentrations in
liver and lungs of Fischer 344 rats and B6C3F1 mice administered DCE
(150mg/kg in corn oil) by gavage. Using their model they predicted a non
linear relationship between the administered dose and the concentration of
the glutathione metabolite in the liver and demonstrated that extrapolation of
risk from administered dose results in over estimating risk at lower doses.
Since dibromoethane is structurally related and is metabolized by the same
pathways, the physiologically based pharmacokinetic approach for risk
assessment extrapolations to humans may be more accurate.
The proposed Permissible Exposure Level (PEL) is based upon
OSHA's belief in the ability of employers to reduce the exposures to 0.1
ppm. Thus standard setting for hazardous materials in general, may be
more a function of the existing technological ability to control emissions and

69
reduce exposures than on any validated quantitative assessment of risk.
Perhaps the recent interest of the National Research Council (1987) in
physiologically based pharmacokinetic mathematical models for quantitative
risk assessment will yield reduced variances and provide a means for
experimental validation of theory.
It is conservative, responsible, and prudent for regulatory agencies to
insist that the available technology be applied to limit and reduce hazardous
exposures particularly when the future outcome is unknown. To do
otherwise may appear foolish and become an expensive liability should a
preventable but unforeseen outcome develop in a large segment of the
population. To what degree such regulation should apply becomes a matter
of negotiation, politics, economics, and social responsibility. To regulate a
substance imposes an economic levy on the use of the substance. It is
likely that regulatory agencies will continue to require that industrial
production and use of materials result in the lowest technologically
achievable levels and will continue to adjust the standards as technology
changes.
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