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1.0 SUMMARY

The inorganic arsenic compounds usually associated with toxicity and

carcinogenicity contain trivalent (As(III)) or pentavalent (As(V)) arsenic.1

Arsenic compounds may be absorbed from the lungs and the gastrointestinal
tract. By ingestion, as little as 20 mg of arsenic may be life-threatening
to man., Acute airborne exposure to high concehtrations of arsenic (III)
trioxide in occupational settings causes irritation of the eyes, nasal
mucosa, and bronchi. Noncarcinogenic effects stociated with chronic
occupational exposure to high concentrations of airborne arsenic include
nasal septum ulceration and perforation, respiratory tract irritation,

and peripheral neuropathy.

The most sensitive noncarcinogenic endpoints are probably vascular
disorders, neurolégical disturbances, and adverse feproductive effects.
Occupational exposure of copper smelter employees to 50-500 ug As/m3 was
associated with blood pressure abnormalities, vascular constriction, and
decreased nerve con&uctiou velocity. Trends toward increasing numbers of
skeletal malformations with increasing dose were observed in the offspring
of ﬁicé>exposed to 0, 200, 2200, or 21600 ug As(III)/m% for four hours per

day over four days. While conclusive evidence of human reproductive

1Throughout this document, if not otherwise indicated, the word "arsenic"
generally refers to inorganic compounds of arsenic. In discussions of
nutritional essentiality, "arsenic" refers to the element and/or its
compounds.
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toxicity is lacking, adverse pregnancy outcomes have been observed among
copper smelter employees and nearby residents; these included elevated
spontaneous abortion rates, low birthweights, and elevated rates of

malformed offspring.

These noncarcinogenic effects occur at concentrations greater than two
orders of magnitude above a 24-hour maximum (0.392 ﬁg/m’) measured in 1986
near an industrial source and more than three orders of magnitude greater.
than the maximum 24-hour concentration away frém industrial sources (0.020
pg/m’)f Therefore, the staff of the California Department of Health

Ser#ices (DHS) concludes that 3 é adverse

health effects would be caused by the levels of arsenic compounds currently

found the ent a

Arsenic is genotoxic. Arsenic compounds induce chromosomal aberrations and
.sister chromatid exchange, and may inhibit DNA repair. Although arsenic
compounds generally test negative in standard in vitro tests for

mutagenicity, one assay in mammalian cells indicates that arsenic can

inactivate genes by damaging chromosomes.

Animal studies using the oral or dermal route of arsenic exposure are
consistently negative for carcinogenicity. The data from inhalation
exposure are inadequate to evaluate the carcinogenicity of arsenic by this

route in animals.

The carcinogenic effects of arsenic in humans are well documented in the

epidemiologic literature. e C ch Cance

1-2
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C V. ' "ars and arsen

compounds® int /o) s _the "chemicals and groups o
chemicals (which) are causally associated with cancer ip bumans.*" The staff

of DHS agrees with this assessment, based on evidence summarized in the

following paragraphs.

Ingestion of arsenic in drinking water and medicinal preparations is
associated with skin cancer and precancerous skin lesions. Arsenic-
associated skin cancers often occur on areas generally not exposed to

sunlight.

Several studies of workers employed in the smelting industry and in
insecticide manufacturing have found strong associations between respiratory
cancer mortality and arsenic exposure. This associ#tion is a consistent,
replicable finding of substantial magnitude with a clear dose-response
relationship, and high statistical significance. fhe smelter studies
involved primarily arsenicvtrioxide exﬁosures, while in the insecticide
manufacturing plan;s, significant exposures were to lead arsenate and
calcium arsenate. The probability of such repeated and consistent findings

being due to chance is extremely small.

The respiratory cancer standardized mortality ratios (SMRs)2 for several

entire study cohorts occupationally exposed to arsenic range from 165 to

2SMR = ([observed number of deaths]+[expected number of deaths}) x 100.

The expected number of deaths is typically based on age-, sex-, and
calendar year-specific rates in the general population. An SMR of 200
would represent a doubling of mortality over expected rates, while an SMR
of 1,000 would describe a ten-fold increase in mortality.



912, with many studies reporting an SMR of approximately 300. Heavily
exposed workers experienced even higher SMRs (e.g., > 2000). These effects
were unlikely to have been due to any systematic error in these occupational
studies. The mean length of latency between the start of exposure to

arsenic and the expression of cancer ranged from 20-40 years.

The large SMRs observed in these studies are unlikely to be explained by
confounding variables. Occupational exposures to sulfur dioxide,
nonarsenical pesticides, or asbestos do not explain the excess lung cancer
deaths. Confounding from smoking was minimal. Arsenic-exposed nonsmokers
in several cohorts had elevated rates of respiratory cancer deaths. 1In a
study with quantified exposure data, a dose-response effect of arsenic was
observed among nonsmokers and smoking rates did not var& by level of arsenic
exposure. The staff of DHS concludes that confounding, either from smoking
or from exposure to other workplace carcinogens, does not explain the strong

association observed between arsenic and respiratory cancer.

The available data are inadequate to evaluate the possibility of

interactions between arsenic and other chemicals. Interaction with smoking
has been characteri;ed; the effect on_respiratoryvcancer rates of combining
smoking and arsenic exéosure appears to be g:eater>than additive and at lﬁw

doses may be as higﬂ as multiplicative.
The staff of DHS finds the evidence for human carcinogenicity due to inhaled

arsenic to be strong. This conclusion is based on (1) the high relative

risks (mortality ratios) seen in occupational studies, (2) the high
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statistical significance of these fin&ings, (3) the evidence of a dose-
response effect using different indices of exposure and different measures
of response, (4) the demonstration of increased risks due to arsenic after

controlling for smoking, (5) the comsistency of the arsenic-related effect

among cohorts which are geographically dispersed (Japan, Sweden, China, and

several states of the U.S.), (6) the consistency of the arsenic-related
effect from at least two types of exposures: smelters and insecticide
manufacturing, and (7) the failure of potential confounding from workplace

exposures to explain the observed association.

Several mechanisms have beeﬁ postulated for arsenic-related health effects,
including feactidns with sulfhydryl groups on enzymeé and substitution of
aréenate-for phosphate groups in nucleotides and DNA. Tﬁe precise mechanism
of arsenic-related carcinogenicity is unknown, but may be related to effects
on the immune system, effects on DNA replication and repair, or interference

with some other system.

While some of these effects may be governed by a threshold, there is at

present no way to determine wheré such a threshold might be. Furthermore,

there is no evidence that arsenic acts by one mechanism only. e staff of
DHS concludes that nejt the epidemiologic evidence nor the toxicologie
evidence supports a ;b:gghglg-mediaggg mechanism fg; arsenic’'s

carcinoge n e o 6m elling evidence of a threshol t.e
‘stafg of DHS ;;éatS the mechapnism ofvgzsenig‘g carcinogenicity as a

nonthreshold process.



The staff of DHS has conducted a risk assessment to quantify the risk posed
by ambient atmospheric levels of arsenic iﬁ California. The quantitative
risk assessment is based on the assumption that cumulative lifetime exposure
to arsenic determines the magnitude of carcinogenic effect. Risks were
quantified by adjusting dose-response data from a cohort of smelter workers
for interaction between arsenic and smoking, fitting a linear nonthreshold
_multiplicative-model ﬁo the data, and then extrapolating to ambient

exposures.

Risks were evaluated separately by sex ana for four smoking categories:
never, former, light (<1 pack/day) and heavy smokers. Unic'risks for these
categories, shown in Table 1-1, range from 400 to 8400 pef million persons,
with uppér bounds ranging from 630 to 13,000 per million. The unit risk is
the lifetime number of excess cancer deaths predicted to result from '
continuous exposure to arsenic at a concentration of 1 pg/md. This unit
dose, which is within the range received by smelter workers who received low
exposures, is fifty tiﬁgs greater than the paximum Zk'hour concentration
observed in the state away from {ndustrial sources, and five hundred times
gfeater than the population-weighted average concentration observed in the

state away from industrial sources (1.9 ng/m3).

The risk to residents of California from inhalation of atmospheric arsenic
was estimated by applying the unit risk estimate to the population-weighted

annual average arsenic concentration (1.9 ng/u®) measured by Air Resources

Board (ARB) staff in the state. W_Mﬁﬁw
the number of excess cancer dsaths due t nic to be O o er milljon
rsons exposed throughou th jves t u avera mb t leve

1-6

H
~r’



T

alifo o oke? ange om 3 to 10 pe

L.ion; 4 o d for he oke
from 10 to 25 per million at the current average ambient levels of arseﬁic,
The overall population-wejghted average, based on current smoking levels, is
estimated to be from 4 to 6 deaths per million. In each case, the lower
figure is derived from a maximum likelihood estimate of unit risk and the
higher figure is derived from an upper bound. Males generally exhibit
higher rates of lung cancer mortality than do females. Therefore, the
multiplicative model estimates the risks for males from arsenic exposure to
be higher than those for females. The upper bound of excess cancer
.mortality risk from a lifetime of exposure to 1.9 ng As/m¥ ranges from 1 to

25 cases per millionvpersons exposed (see Table 1-1).

Near industrial sites, however, the risk may be higher. During a one-month
pe¥iod inﬂMay-Juné 1986, one kilometer from a secondary 1€ad smelter in
California, an average concentration ofv61 ng As/m% was measured. While
emissions from this site‘wgre subseéuently reduced, they may be indicative
of potential exposures near point soﬁrces of arsenic. Exposure estimates
for an area surrouhding this site were therefore used in risk estimations.
These estimations indicate that if arsenic emissions from that facility had
continued unabated for a lifetime (75 years), 6 to 9 excess cancer deaths

might have occurred among 725,000 persons residing nearby.

sta f S e asi h he sk estimates derived conducting a
sk assessment are not ed ons, but rat epresent ausible

estimates based on current scientific krowledge and methods, Uncertainty in

this risk assessment stems from (1) extrapolation from occupational exposure

1.7



levels over two to three orders of magpitude to current average ambient
arsenic concentrations, (2) limitations in the exposure data from which the
assessment was derived, (3) potential inaccuracy and variability of ambient
exposure measurements, (4) generalization from the mortality experience of
adult white male workers in Tacoma, WA, to the general population of
California, and (5) the use of current smoking data at a time when patterns

of smoking are changing.

e sta DHS recommends o e purposes of Ca orni ealth and
afe Code Section 39660(c the o or ambient exposures to
arsenic be based on the mézigum likelihood estimate and upper bound

prédicted from fitting a linear model to the human data adjusted for

interaction with smokin erefor ¢ mated excess cance
deaths from 24-hour-per-da et o opu -W d
annual average ambient ajrborne concent alifornia, 1.9 ng As/md

is from 0.8 go.25 per million persons exposed, The width of this range is
largely due to differences s e a ok t ong male

eavy smokers, the range of ris | m ) lon_persons

exposed; among female hea oke om 10 to e 114 e
staff of DHS further recommend a : v 0-3 e

3 pe considered the best estim o e oun sk,

1-8
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Based on the findings of arsenic-induqed carcin@genesis in humans and the
results of the risk assessment, the s;aff of DHS finds that arsenic is an
air bollutant which may cause or contribute to an increase in mortality or
aﬁ increase in serious illness, or which may pose a present or potential

hazard to human health.
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TABLE 1-1

UPPER BOUND (AKD MAXIMIR LIKELIHOOD ESTIMATES)
OF EXCESS LUNG CANCER RISKS
DUE TO AMBIENT ARSENIC EXPOSURE
IR CALIFORNIA

MALES FEMALES
Risk st Risk at
Smoking Z By Smoking Unit Risk Average Ambient Z By Swmoking Unit Risk Average Ambient
Category Category (Q ux/ed) Level (1.9 px/e¥) Category (1 pr/md) Level (1.9 nzin®)
Deaths per Deaths per Deaths per Deaths per
Million: Milliom: Milliom: Million:
Never 42 1200* 2 59 630 1
(780)%* (1) (400) (0.8)
Former 32 ‘5300 10 15 2900 5
. (3400) (8) (1800) (3)
Light 19 7400 14 21 T 43100 8
(<1 pack/day) (4700) (9 i (2600) (5)
Heavy 7 13000 25 ‘5 8200 16
(>1 pack/day) —_— (8400) (16) — (5200) (10) R
100 100
Population-weighted average: 4600 -} 2100 4
(2800) (5) ' (1300) (2)
Overall unit risk (for males and females combined): 3300 Overall risk at ambient levels: &
(2100) (4)

* Upper bound estimate, based on upper 952 confidence bound on slope of dose-response data in epidemiologic study of
Enterline et al. (1887).
#** Numbers in parentheses are maximum likelihood estimates.

Based on data from Enterline et al. (1987) (Tacoma, WA, smelter smployees), analyzed with follow-up starting at
termination of employment, and adjusted for interaction with smoking.
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TABLE 1-2

NAMES AND VALENCE STATES OF CERTAIN ARSENIC COMPOUNDS

: . Valence

1 Chemical State 2 CAS 3
Compound Name Formula of Arsenic Numbex
Arsenic As 0 7440-38-2
(metallic arsenic)
Arsenic trioxide - ‘A3203 +3 1327-53-3
(arsenious oxide, g '
white arsenic)
Dimethylarsinic acid (CH3)2As0(OH) +1 75-60-5
(DMA, DMAA, cacodylic acid) :
Methylarsonic acid CﬂsASO(OH)2 +3
(methanearsonic acid, MMA)
Potassium arsenite KH(As0,), +3 13464-35-2
(Fowler's solution) '
Sodium arsenate . Na3As04 +5 7631-89-2
Sodium arsenite NaA502 +3 7784-46-5

1Synonyms in parentheses.

2In the text, the +3 valence state is referred to as As(III), and the +5

valence state is referred to as As(V).

3Chemical Abstracts Service (CAS) Registry Number is a numeric designation
assigned by the American Chemical Society’s Chemical Abstracts Service and
uniquely identifies a specific chemical compound.

Source: Adapted from IARC (1980).
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1.1

se e t
National and Internationesl Evaluations (Other Agencies’ Evaluations)
A, t e A

1. Short-Term Tests: Weak mutagenic potency compared to other

known metal mutagens.

2. Animal Carcinogenicity Assays: Inconsistent.

3. Human Carcinogenicity: Sufficient evidence of lung and
skin carcinogenesis,

4, Conclusion: Arsenic is in EPA's Group A (human
carcinogen).

B. ternational Agenc : Cancer (IARC

1. Animal Carcinogenicity Assays: Inadequate evidence.

2. Human Carcinogenicity: Sufficient evidence of lung and
skin carcinogenesis, Inadequate evidence at other sites.

3. Conclusion: Arsenic and arsenic compounds are in IARC's

Group 1 (causally associated with cancer in humans).

C.  National Toxicology Program (NTP)

1.  Animal Carcinogenicity Assays: Inadequate evidence.

2. Human Carcinogenicity: Sufficient evidence of skin

ene Lung cancer risk increased in smelter
workers who inhaled high levels of arsenic trioxide.

D. Occupa al Safe nistration
1. Human Carcinogenicity: "[I]norganic arsenic has been
demonstrated to be carcinogenic to exposed workers®" (OSHA
1983 at 1869).
2. Conclusion: OSHA set the pérmissibie exposure limit (PEL)

for occupational exposure to inorganic arsenic at 10 pg/m3,
the lowest feasible level.

1-12
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III.

1. Animal: NA

2. Human: Data from some occupational studies are consistent
with a linear relationship between excess risk and
cumulative lifetime dose of arsenic. The most recent and
largest occupational studies are also consistent with a
linear relatiounship between relative risk and cumulative
lifetime dose of arsenic, although a supralinear
relationship has also been reported.

Pharmacokinetic informatiopn: Pentavalent arsenic (As(V)) is

reduced in vivo to the trivalent state (As(III)). As(III) is
detoxified by methylation. After inhalation, ingestion or
injection, significant amounts of As(III) and As(V) may be found
unmethylated in the urine.

Information from short-term tests: Inorganic arsenic is
clastogenic and elevates rates of sister chromatid exchange
(SCE). It has not been demonstrated to cause point or frameshift
mutations.

Conclusjions: ‘Proposed mechanisms of arsenic carcinogenesis

~ include clastogenesis and chromosomal rearrangement.

Occupational studies show an elevated risk even at the lowest

 category of occupational exposure when sufficient numbers of

person-years are studied. The data are inadequate to evaluate
h hre ower levels of e ure
Therefore. arsenic should not be considered to have a
carcinogenic threshold. : '

e So ’
Air levels

1. Population-weighted annual average ambient level measured

in California = 1.9 ng As/m%. Maximum 24-hour average
measured at an ambient monitoring station: 20.0 ng As/m3.

2. Levels measured near a "hot spot”: A month-long average of
61 ng As/m® and a maximum 24-hour average of 392 ng As/m3.

3. Indoor Air: Not available.
e Vi wat
1. National daté: Most surface waters contain less than 0.010

- milligrams of arsenic per liter. 1In the West, 86-87% of
samples had concentrations below that level. Public

1-13



drinking water supplies containing up to 0.27 mg As/liter
have been noted. Private groundwater wells may contain
substantially higher levels of arsenic (see below). "

2. California drinking water: Public water supplies in
California generally contain < 0.005 mg As/liter. In the
Central Valley, levels may be higher: in Hanford, samples
have contained from 0.05 to 0.01 mg As/liter. Household
well water containing up to 1.4 mg As/liter was noted in
Lassen County in the early 1970's.

3. Comment: The national maximum contaminant level (MCL) for
arsenic in drinking water is 0.05 mg/liter. This was not
based on carcinogenesis, however. California enforces the
same standard. .

Reported levels irt food: Surveys indicate that a range of 8 to
104 pg, or an average of 50 pg, of elemental arsenic may be
consumed in an ordinary daily diet. Certain seafood contains
high levels of organic arsenic compounds.

IV. Quantitative Risk Assessment

A,

Range of extrapolation: From occupational to environmental
levels in equivalent lifetime daily exposures.

1. Occupational to ambient: 102 to 10%.
2. Occupational to hot spots: 12- to 20-fold. -

Range of unit risks: Using California background lung cancer
rates, the estimated incremental risks of lung cancer mortality
per million persons having a continuous lifetime exposure to

1 pg/m% of arsenic:

SMOKING o
STATUS MALES FEMALES
1 ' 2

MLE UCL MLE . UCcL
Never 780 1200 400 630
Former 3400 5300 1800 2900
Light - 4700 7400 2600 4100
Heavy 8400 13000 - 5200 8200
Average 2900 4600 o 1300 2100

(Ratio of UCL to to MLE: 1.6)

1MLE = Maximum Likelihood Estimate.

2UCL = Upper 95% Confidence Limit.

7
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Incremental risks at ambient levels (1.9 ng/m3) in California
(lung cancer mortality per million persons due to airborne

arsenic) are as follows:

SMOKING
SIATUS

Never
Former

Light

 Heavy

Average

MALES
MLE UCL
1 2
6 10
9 14
-6 22
5 9

1-15

FEMALES
MLE ucL
0.8 1
3 5
5 8
10 16
2 4



2.0 UPTAKE, DISTRIBUTION, AND METABOLISM

The United States Environmental Protection Agency (EPA) has summarized much
of the available information on the uptake and metabolism of arsenic
compounds by humans (EPA 1984). The following discussion highlights

‘information from the EPA’'s summary and other relevant data.

2.1 Absorption

The major routes of human exposure to arsenic compounds are inhalation and
ingestion. The amount absorbed by inhalation has not been determined, while
the amount absorbed following ingestion appears to be greater than 95% (EPA

1984).

2.1.1 Iphalation

Arsenic compounds are ;bsorbed from the lﬁngs (EPA 1984). However, the one
available report on experimental human inhalation of arsenic (Holland et al.
1959) does not contain'adaquate data for estimating absorption (Piscator
1986a). For this experiment, eaéh of eight lung cancer patients smoked a
cigarette spiked with arsenic-74 radiolabeled sodium arsenite, and then
stood with his chest 24 inches from a Geiger counter. This study does not
provide an accurate estimats of depbsition because a significant amount of
arsenic may have been lost in sidestream smoke (smoke produced by the
cigarette, but not directly inhaled). A small amount of arsenic from
sidestream smoke may have been deﬁosited onto the subjects’ chests, however.

Furthermore, data from this study are inappropriate for estimating
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absorption from ambient exposure because smoking is unlike normal breathing,
cancerous lungs are unrepresentative of normal lungs, and the residence time

of arsenic compounds in the lung varies dramatically.

Absorption of arsenic appears to parallel the water solubility of the
arsenic compound. After intratracheal 1nst111;tion in the hamsﬁer, readily
soluble compounds such as sodium arsenite and sodium arsenate are more
rapidly absorbed than less soluble compounds such as lead arsenate or
gallium arsenide (Marafante and Vahter 1987, Rosner and Carter 1987).
Almost all (98%) of an adginistered dose of arsenic trioxide (containing
aboutAZ mg As) disappeared from rat lungs 24 hours after intratracheal
instillation, while only about 50% of a similar dose of calcium arsenate was
lost after 162 hours (Inamasu et al. 1982). However, this study is not
directly applicable to human exposure since intratracheal instillation

is not a representive model of deposition produced by ordinary

inhalation.

Several studies of workers at copper smelters have assessed correlations
between airborne exposure levels and urine axsgnic levels. _Ufinary
measurements do not quantify the inhalation absorption of arsenic since it
is excreted by séveral routes. Early studies found the correlation between
arsenic intake and urinary levels to be poor (Smith et al. 1977, Pinto et
al. 1977). However, Osborne (1984) and Enterline et al. (1987) used data
from a wider range of exposures, including rélatively high exposures of
smelter workers and developed a nathenﬁticgl relationshiﬁ that could be used

to estimate air levels (see Section 11.1.23).
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2.1.2 Ingestion

Arsenic is normally present in the human diet. A 1974 U.S. Food and Drug
Administration (FDA) survey indicated that approximately 50 pg of arsenic is
contained in the daily diet (EPA 1984). FDA scientists authored reports

published in 1986 that put this figure at 45.9 ug in adult diets, 15.5 pg in

toddler diets, and 1.26 pg in infant diets. Jelinek and Corneliussen (1977f

reported a range of 8 to 104 ug of arsenic ingested daily. Soluble
inorganic arsenic is almost totally absqrbed from the human gastrointestinal
tract (EPA 1984). Arsenic is concentrated in fish as well as aquatic plants
and invertebrates (Fishbein 1981) and can be accumulated in aquatic food
chains (McCabe et al. 1983). Ryegrass and spring wheat crops preferentially
take up arsenic from fly ash (Andersson and Persson 1982). Thus, increased
ingestion of arsenic compounds could result from their release into the air.
Since ambient airborne levels of arsenic are generally less than 14
nanograms per cubic meter (See Part A) and 18 ms/day is 'a normal bre#thing
rate, the diet ptovidés a larger exppsﬁre to arsenic than does ambient air.
However, different routes of exposure present different toxicological

concerns.

Inhalation of ambient arsenic may be more toxic than 1ngestion'of an

equivalent amount of dietary arsenic. Inhaled arsenic cannot be methylated

(i.e., detoxified) before it reaches the lungs, whereas orally ingested
arsenic ordinarily passes first through the liver. Furthermore, some
arsenic in food, especially seafood, is found in organic compounds, which

are less toxic than 1norganié compounds.
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2.2 Distribution

After ingestion, arsenic is distributed to blood cells and plasma (Winship
'1984). As(III) is t#ken up by liver cells. As(V) is not readily absorbed
‘by hepatocytes, but is quickly concentrated in the kidney (Marafante et al.
1985). In oral exposure studies, arsenic accumulated in the heart and lung
(Schroeder and Balassa 1967, Bencko 1973). Within two to four weeks after
ingestion by humans, arsenic is incdrporated into hair, nails, and skin
because of the large number of sulfhydryl groups (to which arsenic can bind)
in keratin, the principal protein of these tissues (Schoolmeester and White
1980). Four weeks after ingestion, arsenic can be detected in bone, where
it substitutes for phosphorus. Deposition of arsenic in bone coincides with
a decrease in liver and kidney levels (Scﬁoolmeester and White 1980). Most

likely, As(III) binds to sulfhydryl groups, and As(V) replaces phosphorus.

Arsenic is distributed inAa similar manner following inhalation (Bencko and
Symon 1970). Mice exposéd to a 1% arsenic aerosol (179.4 pug Aé(III)/ms for
6 hours/day and 5 days/week) accumulated arsenic in the skin, liver, and
kidney in 6pe week. From the second to fourth weeks of exposuré, levels in
liver and kidney deélined markedly. A less m#rked decline in skin levels

was observed after the fourth week (Bencko 1973, Bencko and Symon 1970).

Arsenic readily crosses placental brain béfriers of rodents and humans
(Gerber et al. 1982, Willhite and Ferm 1984). In fetuses, arsenic levels
are highest in brain, bone, liver, and skin (Kadowaki 1960). In mice,
levels of arsenic were elevated in the brain two hours aftef single oral

administrations of arsenate or arsenite, but clearance from the brain was



nearly complete by 24 hours,.indicating that little arsenic binds to brain
tissue (Vahter and Norin 1980). There have been similar findings in rats

(Kamkin 1982, Valkonen et al. 1983). However, rats congentrate arsenic in
their red blood cells to an extent not seen in any other species (NAS 1977,

EPA 1984).

2.3 Metabolism
2.3.1 Detoxification

Metabolism of arsenic is a détoxifying process of réductioﬁ and methylation.
As(V) is first rapidly reduced in_vivo to the more toxic As(III)
intermediate (Marafante et al. 1985). Then As(IIi) is methylated to form
the less toxic mono- and di-methyl metabolites, methylarsonic acid (MMA’ and
dimethylarsinic acid (DMA) (EPA 1984, Villhite and Ferm 1984). Data
indicate that As(III) is a stable intermediate in the methylation of As(V)
(Marafante et al. 1985). Marafante et al. (1985) épéculéted that the
reduction of As(V) probaﬁly occurs in the blood. Nevertheless, As(V) is
rapidly accumulated in the kidney (Marafante et al. 1985) and may possibly
be reduced there. Only AstiI) is méthylated (Vahter and Marafante 1985),
and the liver is the principal site for méthylation (Schoolmeester and White
1980, Buchet et al. 1984, Marafante and Vahter 1984, Marafante et al. 1985,

Buchet and Lauwerys 1985).

Some evidence indicates that the proportion of absorbed inorganic arsenic

that is methylated decreases as exposure increases, suggesting saturation of

" this pathway. The arsenic methylation capacity of humans was saturated in

some cases of acute intoxication (for example, ingestion of several hundred
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mg As), but not at nontoxic doses (for example, 0.5 mg As) (Buchet et al.
1982, 1984). It has been suggested that cancer risk extrapolation for
arsenic that is linear with dose may be inappropriate because of satufation
of the detoxification pathway (Piécator 1981). However, although saturation
of the methylation pathway may have occurred at ﬁhe_highest occupational
éxposure concentrations associated ﬁith lung cancer, the tumor of concerm
(lung cancer) occurs at the contact site (the lung), and the high.end of the
dose-response curve does not exhibit an inflection or curvature that would
indicate saturation of detoxification (in fact, increasing cumulative
exposure is associated witﬁ decreasing slope in this range) (see Chapters 9-

11).

2.3.2 Oxidation and Reduction

In vivo, As(III) is not significantly oxidized to As(V). Early.stu&ies
suggested otherwise, but it was later found that a flawed analytical. |
technique identified methylated arsenic as As(V) (EPA 1984). 1In a well
conducted study, Crecelius (i977)~fouhd relatively little As(V) in a human
subject’s urine after 1ngesti§n of wine containing 50 ug arsenite (As(III))
and 13 pg arsenate (As(V)), a ratio gf 80s to 20%. After 61 hours,
approximately 80% of the ingested arsenic was excreted; of this, about 80%
was DMA or MMA, 10% was arsenite, and 10% was As(V). Presumably much of the
the As(V) present was reduced to As(II1I) and metﬁylated before excretion.
Data from intratracheal instillation of hamsters with large doses of sodium
arsenite (Marafante and Vahter 1987) indicate that some As(II1) may be

oxidized to As(V) in the lungs before absorption into the blood.
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2.3.3 Interaction with Selenium

Selenium is an essential nutrient which is toxic in high doses. Arsenic may
combine with selenium by reacting with selenol (-SeH) groups to form a
conjugate that passes readily into the bile (NAS 1977). By this ﬁechanism,

arsenic may exert a protective effect against poisoning by high doses of

- selenium (NAS 1977). Independently, selenium and arsenic (As(III)) have

some protective effects against the development of certain tumors (see
Chapter 8), but one can antagonize the other’s protective effects (Schrauzer

et al. 1978).

2.4 Elimination

Inorganic arsenic compounds and their metabolites are eliminat;d primarily
in urine, although some arsenic apéears in the stool, hair, desquamated
skin, and nails. In an experiment with hamsters, #n As(V) compound was
found to be more readily excreted in the urine while an As(III) compound was
found in bile (Cikrt et al. 1980). Bilié:y transport data are not available
for man (EPA 1984). Nevertheless, biliary excretion does not contribute
significantly to elimination because bile-excreted arsenic is reabsorbed
(EPA 1984). Clearance of arsenic in man and dogs has been estimated to fit
a three-compartment model with half times of 1; 5, and 35 hours (EPA 1984
and Charbonneau et al. 1978). Rats retain arsenic for unusually long
periods of time, which may affect interpretation of toxicological studies
using this sp;;ies. Whole-Body retention of arsenic has been found to be 20

times greater in rats than in mice (Willhite and Ferm 1984). The half-time
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for blood clearance of inorganic arsenic in the rat is about 60 to 90 days

(EPA 1984).

Biliary excretion of arsenic is also quite different in rats than in other
animals. Following i.v. administration of As(II1), biliary excret;on of As
is much faster in rats than in rabbits and dogs (Klaassen 1974). This
suggests that there may be an effective active transport mechanism for
arsenic in rats (Klaassen 1974). However, due to arsenic’s enterohepatic
circulation in the rat, less than 10% of the administered dose appeared'in

the feces over a 7-day period (Klaassen 1974).
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3.0 ARSENIC AS AN ESSENTIAL ELEMENT

Arsenic has been found to be an essential element of the diét of a few
mammalian species, but there is disagreemeht about whether it is essential
to the human diet (it has not been suggested that inhalation of arsenic is
essential). An element is considered essential if a diet deficient in the
element leads to an adverse health effect. Uthus and co-workers (1983) and
the EPA (1984) have summarized studies demonstrating adverse effects of
arsenic-deficient diets in goats, mini-pigs, chicks, and rats. In these
studies arsenic deficiency affected manganese metabolism. ﬁanganese is an
essential element in humans. By inference, if a lack of arsenic were found
to advérsely affect human manganese metabolism, arsenic would be considered
esséntial in humans, too. Further.study of manganese-arsenic interaction
is needed to resolve the issue. The interspecies conéordance of fhe animal
studies’ findings and the lack of negative findings suggest that arsenic is

likely to be an essential element in humans as well.

A trace element may also be classified as essential if the amount of the

element in the body is maintained by biological processes (Liebscher and

"~ Smith 1968). By this criterion, arsenic is nonessential (Liebscher and

Smith 1968). Neither a specific receptor nor a physiological role for

arsenic or its compounds has been identified in humans (EPA 1984).

In an attempt to classify arsenic as essential for humans, arsenic tissue
concentrations were examined from healthy adults who died as a result of
violence (Liebscher and Smith 1968). The investigators found that these

concentrations approximated a log-normal distribution, as did antimony and
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mercury. However, the concentrations of known essential elements (copper
and zine) approxiﬁated a normal distribution. Liebscher and»Smith proposed
that this distinction could be used to predict the essentiality of trace
elements because active maintenance of a particular tissue level of any
substance would result in an interindividual normal distribution.
Nevertheless, it has been noted that the arguments of Liebscher and Smith
are "purely theoretical™ (NAS 1977 at 143), and there may be some essential
elements for which no active homeostatic mechanism exists. For arsenic,
common ingestion levels may be high enough to eliminate any need for a
homeostatic mechanism. Even so, this obsefvation does not demonstrate that

arsenic is indeed essential.
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High airborne concentrations of arsenic trioxide in occupational
environments has caused irritation of the eyes, nasal mucosa, larynx,vand
bronchi (Pinto and McGill 1953). Nevertheless, acute exposure to the
current ambient levels of airborne arsenic in California is not expected to
produce any significant 111 effects. The highest 24-hour average ambient
concentration ﬁeasureﬁ in California was 0.392 ug As/m3, 1)km from a
secondary lead smelter. Elsewhere in the state’'s two major industrialized

air basins, measurements never exceeded 0.014 ug As/m3 (See Part A).

The lethal oral dose of arsenic trioxide for huﬁans is estimated to be
approximately 70 to 180 mg (50 to 140 mg As or 0.8 to 2.3 mg As/kg for a 60
kg berson), élthough toxic responses can result frém much smaller quantities
(Vallee et al: 1960, Thienes and Haley 1972). Based on lethality from oral
exposure, humans are approximately an order of magnitude more sensitive to

acute arsenic exposure than other animals (see Section 4.2).

Poisoning by ingestion of arsenic initially results in a metallic taste and
garlicky breath. Victims ‘may experience neurological syﬁptoms as well as
nausea, vomiting, gastrointestinal (GI) distress, fever, and sometimes
shock. Small doses of arsenic can produce headache and muscle cramping;
large doses can produce convulsions and death; the amounts that produce

these symptoms vary with the particular compound ingested, its physical
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form, and the inherent tolerance of the patient to arsenic (Schoolmeester

and White 1980).

Acute oral arsenic poisoning may result in vascular and neurological damage.
Capillary daqage and dilation may occurAin the gastrointestinal mucosa,
_leading to edema and vesicle formation, which may result in epithelial
sloughingAand loss of plasma into the GI tract. Cardiac muscle becomes
weakened and blood pressure can fall to the point of shock (NAS 1977).
Kidney damage, common in smaller animals as well as humans, involves
dilation of glomerular capillaries, resulting in swelling and tubular

degeneration (NAS 1977).

Accidental ingestion of a single dosé of arsenic mﬁy résult in peripheral
neuropathy. In four such cases, each involving one or two teaspoonfuis of
inorganic arsenic (powder or solution), the onset ranged from 10 days to 3
weeks after arsenic ingestion and recévery was slow and incomplete, éven 6
to 8 years later. Electrophysiological studies sﬁowed reduced motor nerve
conduction velocity and abnormalities of sensory nerve action potentials (Le
Quesne and McLeod 1977). Biopsy and autopsy studies of poisoning victims
have shown nerve damage, especially Wallerian degeneration of long-axon
myelinated nerve fibers (EPA 1984). Central nervous system effects have
also been seen after ingestion of toxic doses of inorganic arsenic; in
approxihately 5% of such ca;és, pgtients experience central depression

without gastrointestinal symptoms (Klaassen 1985).
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4.2 Animal

Oral LD50 values reported for various arsenic compounds range from 15 to 293
mg/kg in rats and from 10 to 150 mg/kg in other animais (EPA 1984). No
mortality occurred in rats given up to 30 mg As/kg as dry arsenic trioxide
mixed in their feed or in Swiss mice given 10.4 mg As/kg and C3H mice giveﬁ
19.9 mg As/kg as arsenic trioxide in aqueous solution by oral intubation

(NAS 1977).

Experiments to establish LCSO values and no-observed-effect levels (NOELs)
for acute inhalation exposure to arsenic compounds have not been reported.
Arsenic trioxide at 1560 pg/m® for 252 hours caused no changes in ﬁhe
behavior or appearance of 15 white rats, but whole blood cholinesterase
activity, neurologic functioning, and sperm motility were disrupted

(Kamil'’'dzhanov 1982).
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5.0 CHRONIC AND SUBCHRONIC TOXICITY

Long-term exposure to arsenic compounds is associated with a variety of
adverse effects, includingineuropathies, vascular syndromes, hematological
diseases, and decreases in immune response. Occupational exposure to
approximately 50-500 ug As/m3 (chiefly as arsenic trioxide) is associated
with subclinical neuropathy and vascular disorders (see, e.g., Lagervist et
al. 1986). The highest monthly average'arsenic concentration measured’in
California, 0.061 ug/m® (one kilometer from a secondary lead smelter), is
three orders of magnitude below this range. Also, the arsénic measured in
California included a substantial quantity of As(V) (Shimp 1986), which is
generally less toxic than As(III). Although there are few reliable data
upon which to estimate a no-effecﬁ level, it is the opinion of the staff of
the Department of Health Services (DHS) that noncarcinogénic chronic adverse
health effects are not likely to.be caused by exposure to ambient levels of

arsenic.

5.1 Animal

Three months of inhalation exposure to 1.3 ug/m® arsenic trioxide (1.0 ug
As/m%) was reported by Rozenshtein (1970) as a NOEL in female albino rats

. where effects on the nervous system, brain tissue, and blood were noted at
4.9 pg/m® (3.7 pg As/m%). This report lacks some important details, however
(See Section 5.1.1 below). Several inhalation studies in hairless mice were

concerned with tissue concentrations of arsenic rather than toxicologic



measurements (NAS 1977, Bencko and Symon 1969, 1970, Bencko 1973). Long-
term studies examining reproductive effects are described in Chapter 6.

Other effects are discussed below.

5.1.1 Central Nervous System. Rozenshtein (1970) reported that three months
of exposure to arsenic trioxide aerosols at concentrations of 3.7 and 46 pg
As/m3 impaired conditioned reflex behaviorIand caused histopathological
damage to brain tissue in rats. However, this report provides inadequate.
experimental detail to evaluate the validity of these findings: the_number
of animals was not noted and no procedure was given for either the
behavioral experiment or_monitoring the toxicant concentrations in the
exposure chambers. Stomach intubation of rats with 2 or 10 mg arsenic
trioxide (1.5 or 7.6 mg As) each day for 40 days impaired avoidance
conditioning (a behavioral index thought to reflect central nervous system
function) although no histopathological change in brain tissue was observed
(Osato 1977). A variety of ﬁeurochemical effects, including an increase in
the activity of lysosomal acid proteinase, were caused in rats by 0.77 mM
sodium arsenite (As(III), 58 mg As/1) given in drinking water for 11 days

(Valkonen et al. 1983).

5.1.2 Cardiovascular System. In one study (Carmingnani et al. 1983),

chronic exposure to sodium arsenate in drinking water (50 mg As/l) increased
rats’ vascular response to S-adrenoreceptor st;mulation, and decreased
response to angiotensin I. After 320 days of exposure, however, no changes
were noted in blood pressure, contractility of cardiac muscle, rate of

contraction of the heart, or cardiovascular reactivity to various drugs.
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In cats, electrocardiographic changes have been noted during several weeks
of exposure to arsenate or arsenite in feed (0.5-1.5 mg As/kg feed). Blood
concentrations associated with electrocardiographic abnormalities were as

low as 0.03 mg As/1 (Massman and Opitz 1954).

5.1.3 Blood. Hematological effects of arsenic in animals include decreased

hemoglobin production, seen with arsenate and arsenite in rats and cats

- (Mahaffey and Fowler 1977, Byron et al. 1967, Massman and Opitz 1954) as

well as with arsenite in rainbow trout (Oladimeji et al. 1984).
Investigators'have_identified arsenic-induced disturbanceslof the heme
biosynthetic pathway (Woodg and Fowlér 1977). The above-mentioned report by
Rozenshtein (1970) noted significant depression of the number of circulating
sulfhydryl groups in whole blood in rats exposed to 3.7 or 46 ug As(III)/m®
for two or three months. The data cited to support this observation |
represent monthly samples of 10 animals per group compared to pre-exposure
means based on 20 animals per group. Because 6f the unusual accumulation

of arsgnic in rat red blood cells, however, this observation may have little

relevance to other species:

5.1.4 Immune system. Five or twenty daily 3-hour exposures to airborne
arsenic trioxide (276 ug As/m3) inhibited pulmonary baéteriocidal activity
in mice (Aranyi et al.'1985). Sodium arsenite inhibited the production of
antibody-producing cells in mice at 0.5, 2.0, and 10.0 ppm in drinking water
(Blakley et al. 1980). Furthermore, most studies have shown arsenic to
increase sus;eptibility to infections (Vos 1977, Gainer an& Pry‘1972).

However, in.one in vitro experiment low concentrations of arsenite (10'6’5
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to 10'5'5 M) stimulated the viral plaque-inhibiting action of a certain

concentration of mouse interferon (Gainer 1972).

5.1.5 Liver. Histopathological changes in liver tissue accompany arsenic
exposure. In a study of mice, arsenite in drinking watef (50 mg As/l, and
roughly 6 mg/kg/day) caused an acute reaction characterized by enlargement
of some.mémbrane surfaces and loss of glycogen (Mohelskd et al. 1980).
Rabbits fed arsenates (lead, copper, and sodium, 20.3 mg As/kg/day)
developed liver abnormalities including cirrhosis, with some protection
afforded by alterations in diet (Von Glahn et al. 1938). Three months of
airborne exposure of fémale albino rats to 4.9 mg/m® arsenic trioxide (3.7
mg AS/m3) produced fatty degéneration of hepatic cells ﬂRozenstein 1970).
Dose-dependent structural changes in rat liver from exposure to arsenic
trioxide in drinking water; and impaired mitochondrial respiration in rats
injected with arsenite have been reported (Ishinishi et al. 1980, Ghafghazi

et al. 1980).

5.1.6 Qther Effects. Adverse effects on the skin after gastric exposure
of rats to arsenic trioxide have beqn dgscribed.(Osato 1977, see>a1so U.s.
Borax 1989). Drinking water exposure to sqdium arsenate has adversely

affected the kidneys of rats (Brown et al. 1976).

5.2 Human

Reports of chronic toxicity to humans of arsenic derive mainly from

ingestion and inhalation exposure.  The effects of high airborne exposures
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to arsenic have been intensively studied in workplace environments at
smelters. Other toxicants present in these environments may have
contributed to some of the reported effects; Regarding ingestion exposure,
many studies of chronic human exposure have been reviewed elsewhere (e.g.,

EPA 1984, NAS 1977).

5.2.1 Nervous System. Unilateral as well as bilateral neuropathy has been
reported‘in humans (EPA 1984). A peripheral neuropathy with a "stocking-
glove" distribution of dysesthesia is the most common arsenic-induced
neurological lesion (Klaassen 1985). The predominant‘clinical features
encountered in chronic arsenic neuropathy are oaresthesia, numbness, and
pain, particularly in the soles of the feet (Schoolmeester and White 1980).
Encephalopathy, headache, convulsions, personality disturbance and/or coma
have also been noted. Recovery from neuropathy induced by chronic exposure
to'arsenic compounds is generally slow, sometimes taking years. The
degenerative changes consist of resorption of myelin and destruction of
axonal cylinders, later nerve atrophy and perineural fibrosis appear

(Schoolmeester and White 1980).

Subclinical neutopachy manifested by decreased nerve conduction velocity was
associated with occupational exposures at a copper smelter in Sweden to
around 500 pg As/m® and below (Blom et al. 1985). Sweden’s occupational
standard, 50 pg As/m® (enacted in 1975) appears adequate to protect against
tne development of clinical neuropathies (Lagerkvist et al. 1986, Blom et

al. 1985).
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5.2.2 Cardiovascular System. Epidemiological evidence indicates that
peripheral vascular diseases have often been associated\with chronic arsenic
exposure. The most gignificant vascular conditions are Blackfoot disease,
RAynaud's phenomenon and acrocyanosis.1 Administration of Fowler'’s solution
(potassium arsenite) is associated with serious liver pathology, including
portal tract fibrosis, an jncrease in the number of portal veins, and

noncirrhotic portal hypertension (Morris et al. 1974).

Electrocardiographic changes have been noted prior to irreversible cardiac

or vascular damage (Weinberg 1960).

Inhalation exposures of smelter workers to arsenic have been reported to be
associated with Raynaud's phenomenon and blood pressure abnormalities
(Lagerkvist et al. 1986). The exposures received by these workers were

approximately 50-500 pg As/m® (See Section 5.2.1).

Blackfoot disease, which can involve gangrene of the extremities, was found
to be associated with arsenic-contaminated groundwater in an area of Taiwan
(Tseng 1977). The arsenic concentrations in the water ranged from 0.01 to
1.82 ppm (Tseng 1977). The prevalence of Blackfodt diseﬁse incréased with
increasing age and welljwater arsenic concentration (Tseng 1977). It has
been suggested that other known or potential vasoactive substances found in
the contaminated water may have contributed to the Blackfoot disease (EPA
1984). In additionm, arseﬁic's effects on the vasculature may also be due to
effects on neural control of arteries, with Blackfoot disease secondary to

arterial spasm in the legs (NAS 1977).
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Raynaud’s phenomenon and acrocyanosis were noted in a case of endemic
chronic arsenic poisoning in Antofagasta, Chile (Zaldfvar and Ghai 1980,
Zaldivar et al. 1978, Zaldivar and Guillier 1977). The arsenic
concentrations in this city's drinking water ranged from 0.05 to 0.96 ppm
(average: 0.60 ppm) until three years before the initial clinical study,
‘when a filter plant was installed; subsequently, the concentration ranged
from 0.02 to 0.40 ppm (average: 0.08 ppm)>(Zaldivar and Guillier 1977).
Similar vascular disorders, as well as abnormal electrocardiograms, have
been noted in vineyard workers exposed ﬁo arsenical insecticides (NAS 1977).
Autopsies of children exposed to arsenic in Antofagasta re§ea1ed fibrous
thickening of smail andAmedium-sized arteries and a hypertrophic heart

(Zaldi{var and Guillier 1977).

5.2.3 Blood. Hematological effects #re common with chronic arsenic
poisoning. Anemia and leukopenia (low levels of red and white blood cells)
are "almost universal" and are commonly accompanied by tﬁrombocytopeuia (low
platelet count) and mild sﬁbacute eosihophilia (increased numbers of
eosinophils, a type of white blood cell) (Schoolmeester and White 1980).
Brokenvnuclei, elevated numbers of mitotic figures and anisocytosis
(abnormal vafiation in red blood cell size) may also be observed in those
chronically exposed to arsenic (Schoolmeester and White 1980; Klaassen

1985).

5.2.4 Nails. Nails, as well as hair and skin, are principally composed of
keratin, to which trivalent arsenic readily binds. Transverse lines of
whiter-than-normal nail (Mees’ lines) are seen after acute and chronic

exposure to arsenic (Schoolmeester and White 1980).
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5.2.5 Skin. Chronic arsenic poisoning.nhy cause a variety of skin lesions,
some of which may be precancerous or éanéerous (Klaassen 1985). Darkening
of areas with little pigment, especially the palms of the hands and the
soles of the feet, or multiple lesions of Bowen’s disease, which can be a
cutaneous marker for various systemic neoplastic processes, may occur
(Schoolmeester and White 1980). Abnormal skin pigmentation was observed in
80% of the study population in Antofagasta, Chile (See Section 5.2.2), and

36.1% displayed hyperkeratosis (NAS 1977).

5.2.6 Irritant and Immune System Effects. Subchronic arsenic exposure can

cause a varieﬁy of irritating symptoms. A:senic-contaminated beer has
produced vomiting, diarrhea, conjuntivitis, rhinitis, laryngitis, and
bronchitis; this beer was contaminated at a level such fﬁat a moderate
 drinker would receive a dose equivalent to only a fraction of the quantity
of arsenic which would then (in 1900) have been.prescriﬁed as a treatment
for epilepsj (NAS 1977). The beer contained as much arsenic as 15 ppm, and
of some 6,000 people who became 111, 70 died (Vallee et al. 1960).. Many

arsenic compounds cause allergic skin sensitization (NAS 1977).

Dusts of arsenic trioxide dissolve in the noisturé of skin folds and mucus
membranes, causing inflammation (Dinman 1960). Exposure of workers to high
levels of‘airborne arsenic (up to 7 mg As/m®) has been associated with nasal
septum perforation, rhinopﬁaryngolaryngitis. tracheobronchitis, and
pulmonary insufficiency (EPA 1984). In general, data associating specific
concentrations of specific arsenical compounds with irritant effects are
lacking. A recent review by the American Conference of Governmental

Industrial Hygenists (ACGIH 1986) found no reports of industrial or
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experimental exposure containing'criteria on which to base an industrial

threshold limit value (TLV).

Notes

1Raynaud's phenomenon consists of intermittent vasoconstrictionm, marked by
severe pallor, in the fingers or toes (and sometimes the ears or nose).
Acrocyanosis is a condition marked by bluish discoloration of the
extremities with persistent, uneven, mottled blue or red discoloration.
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6.0 REPRODUCTIVE TOXICITY

Arsenic compounds are‘fetotoxic and teratogenic in several laboratory
animals. Specific effects on reproductive biology have been summarized and
reviews of reproductive toxicity experiments are available (EPA 1984,
Willhite and Ferm 1984, Hood 1983); Most of the experiments were not
designed to determine no-observed-effect levels (NOELs). Although some
experiments appeared to demonstrate NOELs for arsenic at specific stages of
pregnancy, at other stages these same doses were teratogenic or fetotoxic
(Willhite 1985). Highlights of relevant studies are fresented below and in

Appendix G.

Three inhalation studies have been reported. The lowest-observed-adverse-
effect level (LOAEL) in these studies is 0.76 pg‘As(III)/ms; reduced
fertility and delayed fetal ossification were reported in rats exposed to
thie level (kamkin 1982). The ﬁalidity of this report cannot be evaluated,
however, ﬁecause key experimental details were not reported. In another
study, cytological and structural damage to murine fetuses was,obsefved
after four hours of expesure to 200 ug As(I1I)/m® on each of days 9-12 of
gestatien in mice (Negymajtenyi et al. 1985). Also, exposure of male rats
to 360 ug As(III)/ﬁa for 800 hours decreased the‘period of motility of

spermatezoa (Kamil’dzhanov 1982).

Common terata seen after administration of arsenic compounds to pregnant
mammals include malformations of the brain, genitourinary abnormalities,
skeletal malformations, micropthalmia or anopthalmia (small or missing

eyes), and ear deformities (Willhite and Ferm 1984, Winship 1984). Although
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arsenic has repeatedly been demonstrated to be a teratogen in animals, there
is a lack of such data in humans (Schoélneester and Whife 1980). A single
case of premature birth and neonatal death associated with deliberate
arsenic ingestion has been reported in humans (Lugo et al. 1969). Decreased
birth weight and increased frequencies of spontaneous abortion and malformed
§ffspring have Been found in arseni:-exposed smelter workers (Nordstrom et
al. 1978a,b; 1979a,b). Although at high doses arsenic may pose a risk of
repréductive toxicity in humans, there are inadequate data to evaluate
whether any such risk is creéted by exposure to current ambient levels of

arsenic.

6.1 Human

Studies in Sweden associated reduced birthweight and 1ncrease& rates of
spontaneous abortion with employment at a smelter, the types of employment
at the smelter, and distance of residence from the smelter. The aSsoCiﬁtion
between employment at th§ smelter and spontaneous abortion was even more
pronounced when both parents were employed there (Nordstrom et al. 1978a,b,
1979a,b; Beckman 1978). For mothers who were enployeq at the smelter during -
pregnancy, malformed offspring appeared at twiée the expected rate and the
risk of multiple malformations was about four times asvhigb as expected.
There was no statistically significant association between congenit#i
malformations and distance of residence from the smelter (Nordstrom et al.
1979b). Interpretation of these findings is confounded by the presence of
toxicants other than arsenic, including lead, in the smelter processes
(Nordstrom et al. 1978a, 1979b; Beckman 1978). The studies did' not report

the arsenic concentrations associated with the adverse effects.
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6.2 Apipmal
6.2.1 Rats

Given the unusual pharmacokinetics of arsenic in rats (see Chapter 2), the
relevance of studies in rats must be assessed cautiously. Arsenic research

conducted with rats is difficult to apply to man (NAS 1977).

Kamkin (1982) reported delayed fetal ossification and a statistically
significant increase in preimplantation mortality after five months of
exposure to concentrations as low as 1 ug/m® of arsenic tr;oxide (0.8 ug
As/m%). Key details are missing from this report, however: no daté are
presénted to substantiate the claim of delayed ossification; no details are

given of the method used to assess preimplantation mortality or of the

‘procedures used in biochemical assays. Thus, the significance of this

report cannot be adequately evaluated.

The most sensitive effect noted in an airborne exposure study of male rats '
and arsenic trioxide was a.decrease in the period of motility of the
spermatozoa (Kamil’dzhanov 1982). At an arsenic concentration of 32.4
mg/m3, motility was decreased after 48 hours; at 7.95 mg/m$, after»120

hours; at 1.45 mg/m%, after 252 hours; and at 0.36 mg/m3, after 800 hours.

Intraperitoneal injection of pregnant rats with various doses of sodium
arsenate (= 7 mg A#/kg)'caused a variety of soft-tissue and skeletal
malformations in their offspring (Beaudoiﬁ 1974, also see Appendix G).
Thirty mg/kg of sodium arsenate (11 mg As/kg) was found to be the "optimum"

dose when administered on day 8, 9, or 10 of gestation. Similar results
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were observed in a later study (Burk and Beaudoin 1977), which examined

renal agenesis.

5-2.2 Hamsters

The hamster has been widely studied as a model for arsenic-induced
teratogenesis and is the most sensitive mammalian species tested. Details
of hamster teratogenesis induced by intravenous exposure to sodium arsenate

have been reported by Ferm and Saxon (1971) and Willhite (1981).

The subcutaneous implant method used by Ferm and Hanlon (1985) closely
_ approximates the near-constant-rate exposure which may result from air
pollution. Sodium arsenate (As(V)) produced teratogenic effects at the
lowest dose tested, 5.1 mg As/kg/day delivered throughout the critical
period of embryogenesis. This daily dose would correspond to an ambient air
concentration of 17 mg As/m® for a 60-kg person who inhales 18 m? of air per

‘day and absorbs all of the arsenic in that air.

Hyperthermia (induced by high ambient temperature to simulate fever) acts
synergistically with intraperitoneal 1njection of arsenate in inducing
teratogenesis and fetal mortality (Ferm and Kilham 1977). Therefore, human
fetuses of mothers who run fevers during pregnancy may be especially

sensitive to As(V).
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6.2.3 Mice

In mice, an inhalation study ﬁsing arsenic (II1) trioxide found teratogenic

. effects at three dose levels (200, 2200, and 21600 ug As/m® for 4 hrs/day

for 4 days, days 9-12 of gestation) (Nagymajtenyi et al. 1985, also see
Appendix G). The investigators examined 50 fetuses from each dose level and
a control group. The effects were not statistically significant at the two
lowest.doses, but these doses are not NOELs. Significant trends (increasing
response with increasing dose) are apparent ﬁhroughoqt the data in specific
ossifiéation defects (e.g. skull and limbs) as well as in the number of
fetuses with skeletal maifbrmations. Thg lowest dose was less than
occupational exposures of many workers, but was four orders of magnitude
higher than ambient air concentrations. Other reproductive studies of mice
exposed to arsenic by gavage, drinking w#ter and intraperitoneal injection

are noted in Appendix G.

6.3 Discussion

Trivalent arsenic compounds aré generally more toxic than As(V) compounds,
but arsehate (As(V)) has been more frequently teratogenic in animals than
arsenite (As(III)) (Hood 1983). The optimal teratogneic dose of As(V) for a
particular route of exposure may be higher than that of As(III), however.

In mice, arsenate As(V) produced more severe malformations than arsenite

" As(III); the two valence states produce characteristic patterns of

malformations (Hood 1983 at 137).
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Although in some animal experiments the optimal doses used to produce
malformations were near doses which are associated with maternal toxicity
and mortality (Hood 1983), this was not always the case (Willhite 1986a,b).
Sﬁudies showing cleaf evidence of malformations without maternal toxicity
include those of Willhite (1981) in hamsters and Morrisey and Hdttet (1983)
in mice. In the experiment by Morrisey and Mottet (1983), intraperitoneal
injection with 45 mg/kg of sodium arsenate produced exencephaly 1n’65% of
the offspring without producing signs of matermal toxicity. Furthermore, to
discount the teratogenicity of arsenic compounds on the basis of maternal
toxicity would be inappropriate because the compounds appear to have
specific targets in developing organisms (Hanlon and Ferm 1974). Arsenic
méy haQe teratogenic or other a&verse reproductive effects at high doses in
humans. Such effects would be unlikel& to occur at ambient arsenic levels
because in animals they have only been observed at much higher levels (more
tﬁan three orders of magnitude higher). However, existing data are

inadequate to rule this possibility out definitively.
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7.0 GENOTOXICITY

Arsenic compounds are genotoxic in assays of chromosome damage and

inhibition of DNA repair. Data from mammalian cell cultures suggest that

arsenic may induce mutations by its effects on chromosomes, but no inorganic
arsenic compouna consistently tests positive as a mutagen in specific-locus
test&. Inorganic arsenic has been negative in most bacterial assays teSting
for mutagenicity. This chapter presents highlights of the gentoxicity
research with arsenic; more comprehensive summaries may be found elsewhere

(e.g., EPA 1984, IARC 1987, U.S. Borax 1989).
7.1 Bacteria

Arsenic compounds have tested negative in bacterial systems for the ability
to induce mutations (Table 7-1). However, some arsenic compounds gnhance
mutation induced by ultraviolet (UV) radiation. Inorganic arsenic compounds

have tested negative in the Ames assay.

Nishioka (1975) found that sodium arsenate induced mutations in Escherichia
coli, But Rossman and colleagues (1980) were unable to replicate this result
and offered several reasons why the positive finding might have been
spurious: in particular, Nishioka used an inappropriate denominator for
calculating mutation frequencies.1 Rossman and co-workers also observed
negative results for sodium arsenite using the same strain of E, coli in &’
fluctuation test, a procedure which is more sensitive than standard agar
plate assays (Rossman ét al. 1980; see also Luria and Delbrick 1943).

Nunoshiba and Nishioka (1987) reported that sodium arsenite inhibited
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certain spontaneous and induced mutations in E. coli; they suggested that
this was mainly due to inhibition of induction of a particular gene (umuC)

involved in error-prone ("S0S") DNA repair.

Certain organic arsenical pesticides, such as thiacetarsamide sodium (TAA)
and cacodylic acid, have tested positive for mutation in E, coll assays

(Piper et al. 1979, Simmon et al. 1977).

Inorganic arsenic tested positive in the rec assay (Kanematsu et al. 1980).
When a chemical inhibits cellular growth in recombination repair-deficient
(rec’) bacteria more than in wild-type (rec+) bacteria, it is preéumed that
the test chemical damages cellular DNA. A chemical does not have to produce
mutations to be considered positive in the rec assay: the DNA damage may be
lethal rather than mutagenic. Relatively high concentrations (0.05 to 0.1
M) of arsenic compounds (including arsenic trioxide and sodium arsenate)

were used in this assay.

Arsenic is unusual among carcinogenic metal elements in that it has not been
shown to decrease the fidelity of DNA synthesis. 'Of ten metals which are
known carcinogens or mutagens, arsenic is the only one that does not

increase misincorporation of bases into DNA (Zakour et al. 1981).

7.1.1 Interactions with UV Radiation

Low concentrations of arsenite (0.1 mM) inhibit DNA repair in bacteria in
which mutations have been induced by UV light (Rossman 1981a).2 Arsenate

(up. to 0.5 mM) had no.effect on DNA repair. Slightly higher concentrations
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of both arsenite (2 mM) and arsenate (10 mM) diminished UV-induced mutation

in gxcision repair-competent strains of E, colj (Okada et al. 1983).3

In these two experiments, ar#enic demonstrated different effects at
&iffetent dose levels. At the higher doses (Okada et al. 1983) DNA
synthesis was slowed, prolonging the period for excision repair. At lower
doses, the rate of DNA synthesis was not affected: thus, the effect of the
excision repair inhibition was more pronounced (Rossman f9813). Two
conclusions can be derived from these experiments: (1) arsenite can inhibit
excision repair, and (2) both arsenité and arsenate can slow DNA replication

and synthesis.

7.2 Yeast

Sodium arsenite (As(11I)) was reported to give a "weak positive response”
for reverse mutation in the yeast Saccharomyces cerevisiase (Singh 1983), but
inadequate details were provided to interpret this result (EPA 1984). ‘Also,

the concentration of arsenite used, 0.1M, was high.

- 7.3 Mammaljan Cells

Many arsenic compounds induce chromosomal abnormalities in mammalian cells
but have not been shown to cause base-sequence mutations in the absence of
chromosomal abno:malities. Arsenic exposure 1s associated with elevated
leveié of sister chromatid exéhange (SCE) in numerous studies (EPA 1984).

Increased SCE has been observed in individuals with Blackfoot disease (see
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Chapter 5) (Wen et al. 1981). Zanzoni and Jung (1980) demonstrated a dose-
related increase in SCE in cultured human lymphocytes exposed in vitro, and
Wan et al. (1982) observed this effect in Chinese hamster ovary (CHO) cells.
Sodium arsenite injected intraperitoneally in male mice was active in the

micronucleus test, though negative in the dominant lethal test and an assay

of sperm abnormalities (Deknudt et al. 1986).

Inhalation exposure of arsenic trioxide by pregnant mice produced
chromosomal aberrations in liver cells of fetuses (Nagymajtényi et al.
1985). Exposure was & hours/day on days 9 to 12 of gestation. The number
of cells with aberrations among 200 cells increased from 6 in th§ control
group to'10, 13, and 24 in the low, medium, and high dose groups,
respectively. This number reached statistical significénce (p < 0.05) at

the high dose, 28.5 mg/m® (21.6 mg As(II1I)/m3).

Both sodium arsenite As(I11) and sodium arsenate (As(V)) induced
morphological transformation of cultured Syrian hamster embryo cells. Cleér
dose -response relationships were observed; arsenite was more potent than

- arsenate. These effects were associated with chromosome aberrations and

other cytogenetic effects (Lee et al. 1985b).

Chromosomal aberrations may explain the weak positive response observed in a
'forward mutation assay in mouse lymphoma cells (Oberly et al. 1982).
Although As(III) was negative in a hypoxanthine guanine phosphoribosyl
transferase (HPGRT) locus assay (Rossman et al. 1980), Oberly and co-workers

(1982) observed increased mutation frequenciek with compounds of As(III)



and, after metabolic activation, As(V)a in the L5178Y mouse lymphoma cell

thymidine kinase (TK) locus assay.

Amacher and Paillet (1980) reported negative results with As(V) in the TK
assay (Table 7-1). They observed increased mutation frequencies but they

did not observe increased absolute numbers of mutants.

Arsenic may affect gene expression as well as chromosomal structure.
Exposure to sodium arsenate (As(V)) at concentrations as low as 1.3 x 10.5 M
:induced transformation of Syrian hamster embryo cells (DiPaolo and Casto,

1979). The karyotype of the transformed cells was not reported.

Arsenic also affects mitogenesis. In an experiment by McCabe and co-workers
(1983), very low concentrations of arsenite (As(III), 2 x 10'6 M) or

arsenate (As(V), 5 x 1076

M) increased the raﬁe of mitogenesis, as measured
bj the rate of incorporation of [3H]-thymidine inﬁo DNA in human lymphocytes
stimulated to divide by phytohemagglutinin (PHA). Higher concentrations (4
x 10°% M arsenite or 5 x 10 ° M arsenate) inhibited mitogénesis.
Stimulation of mitosis may be a mechanism by which arsenic induces epidermal
hyperkeratosis, a potentially precancerous lesion. Any increase in skin
cell mitosis 1ncreasés the opportunity for the 1ntrod§ction of errors in the
DNA replicaﬁion process (McCab; et al. 1983). The maximum contaminant level
set by the U.S. énvironmental Protection Agency for arsenic in drinking

7

water is 0.05 mg/l, or 6.7 x 10”7 M (NTP 1985, 40 CFR 141.11).

Tsutsumi' and colleagues (1980) found inhibition of [3H]-thymidine uptake

with exposure to dissolved arsenic trioxide (As(III)) in murine lymphocytes.
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The lowest As(III) concentration tested was about 5 x 10.6 M, which may

explain why these investigators saw no stimulation of mitogenesis.

7.3.1 Human Cells

7 0 3.1 x 1079 n)

Sodium arsenite (As(III)) at concentrations (7.7 x 10°
comparable to the arsenic levels found in fhe urine of smelter workers
caused chromosomal aberrations in human lymphocytes exposed in vitro
(Nordenson et al. 1981). The low concentratipn produced a statistically
significant increase in gaps, and at 1.5 x 10'6 M, chromatid breaks became
significant. Arsenite-induced chromosome breaks, although not statistically

significant, were also apparent. Sodium arsenate (As(V)) tested negative at

these séme concentrations.5 This study did not employ metabolic activation.

Researchers observed statistically significant increases in the frequency of
aberrations (gaps, chromatid breaks, and chromosome breaks) in lymphocytes
cultured ffom smelter workers (without in vitro exposure). The exposure
concentrations producing these effecté wvere not available (Nordenson et al.

1978, Nordenson and Beckman 1982).

7.3.2 Interactions with UV Radjation and Other Mutagens

Afsenic compounds have been shown.to potentiate the genotoxic effects of UV
light in mammalian cells as well as in bacteria. ‘In cultures of CHO cells
exposed to UV light, sodium arsenite increased the frequency (per 106 viable
cells) of forward mutations to 6-thioguanine resistance, but did not

increase the pumber of 6-thioguanine resistant cells (Lee et al. 1985a).
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This suggests that the reported elevation of mutation frequency may be an
artifact of differential killing of 6-thioguanine sensitive (nonmutant) CHO
cells versus 6-thioguanine resistant cells. Lee et al. (1985a) also
repofted synergism between arsenite and UV light in producing chromosome
aberrations and cytotoxicity. Arsenite was also found to be negative for

forward mutation to ouabain resistance.

Sodium arsenite caused a synergistic increase in chromosome aberrations
caused by ethyl methanesulfonate in dividing CHO cells, human fibroblasts,
and human lymphocytes, but not in cultures of these cells that were in
stationary phase (Huang et al. 1§37’. Based on these findings, the
experimenters suggested that sodium arsenite might selectively kill cancer

cells when used in combination with some cancer drugé (Huang et al. 1987).

7.4 Immune Suppression and Viral Transformation

Inorganic arsenic enhances the susceptibility of mice to infection by
pseudorabies, encéphalomyocarditis, and Rauscher>ieukémogenic viruﬁes (Vos
1977). Arsenic may promote carcinogenesis’and tumor growth by suppressing
tﬁe immune system (NAS 1977). As(III) compounds are in the group of metal
salts showing tﬂe most synergism with virally induced morphoiogical

transformation (Casto et al. 1979).

7.5 Conclusions

Arsenic compounds are clastogenic and induce both SCE and chromosome

aberrations but have not been shown to cause base-pair substitutions or
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frame-shift mutations. They may inhibit DNA repair. They inhibit the
immune system and may play a role in the transformation of mammalian cellé
by viruses. As(V) required metabolic activation to induce a positive
response in a mammalian cell forward mutation assay, and appears to be

less potent than As(III) in several assays.

Notes

1For the denominator, Nishioka used the size of the initial inoculum rather
than the final size of the plated population. Rossman and co-workers also
pointed out that Nishioka’s control values (number of mutants per plate)
were lower than theirs, that Nishioka's experimental values. (mutants per
plate in the arsenite-treated sample) were not very different from their
controls, and that the survival rate reported by Nishioka at an arsenite
concentration of 0.8 mM for 15 min was comparable with the survival rate .
they found after treatment at 25 mM for 1 hour. These inconsistencies cast
serious doubt on the positive finding of Nishioka.

ZLow concentrations of arsenite (0.1 mM), but not arsenate (up to 0.5 mM),
enhanced UV-induced reverse mutagenesis at the trp locus in WP2 E, coli
strains which can carry out excision repair of UV-damaged DNA. This effect
was not seen in excision-repair deficient strains, so Rossman (1981a)
proposed that arsenite interferes with excision repair.

3Again, no marked genotoxic effect was seen in an excision-repair deficient
strain. In this investigation, arsenite and arsenate also had cell-
protective effects in a rec  strain exposed to UV-radiation. Arsenite, and
to a lesser degree, arsenate, inhibited uptake of thymidine. From these
results, the authors hypothesized that the arsenic compounds enhanced the
error-free excision repair of UV-damaged DNA by retarding DNA replication
and prolonging the period of time for excision repair.

4Although sodium arsenite (As(III)) did not require metabolic activation in
order to show a positive response, sodium arsenate (As(V)) required
activation by a S9 liver homogenate. It is likely that the S9 fraction
contained enzymes which reduced the As(V) to As(III) and that As(III) was
the active species in this assay.

vSThis result is not consistent with the hypothesis that As(V) can substitute

for phosphorous and weaken DNA structure. However, higher concentrations
of arsenate may be required to produce a clastogenic effect.
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TABLE 7-1 SUOWARY OF MUTAGENICITY OF ARSENIC: GENE MUTATIONS

Results

Comments

Reference Test systea Chenica) Information

Nishioka, Reverse sutation laAst)2

1975 in E. cold .  8.0x10" n ta w2
Strains: 1.6 % 10 % 1n w2 uvra
w2 (trp7) 1.6 x 107" n 1 0871

W2 werh (weh”, trp’)
571 (recA”, trp’)

- Seurce: MNakara! Chemical

LT (reagent
grade)

Sotvent: nzo

m:oz positive

for mutations in

WP2 and WP2 wvrA

but not fn osn.
Incresses were approxt-
®etely 10x background.

Doses of arsenite were
selected to k117 60-70X of
cells,

Lack of mutagenests In CHS71
suggests that a rec function
is required for sutagenesis
in E. cold.

" Rossman et al. (1981) were:

unsble to reproduce thess
sutation studies. They
claimed (3) that the {nduced
sutatfon frequencies observed
by Mishioka were within the
noreal range of background,
(b) that they observed a 31-fold
difference in cytetonicity
studies compared to Nishioke,
and (c) that Nishioka used
en fncorrect method for
deteraining sutation
frequency.

Source: EPA 1984 and Oberly et al. 1982
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TABLE 7-1 (continued)

Reference Test systom Chemical Information Results Comments
Rossman . Induction of NVOI"I'. ' nusoz: 50 p) of 0.3 M In Arsenic did not 1. Resuits indicate that
et al,, wutations in E. coli spot tests with increass the mutation arsenic may inhibit SOS
1980 at the trp locus. HPMS-NF (30°C), frequency in any of repair.
WP2, WPH, and the assays. Arsenic
Assays Strains wP10. showed a dose-
' . dependent decrease
Spot test W2 (trp ) NaAsO,: 10 p) of 0.01 M in ' in mutstions in
Plate teast wzs (trg o WWPA-) . spot. test UPMS- HP“S-NF at 42°C.
Fluctustion WP6 (trp , ‘NF, 10 ul of 0.1 M '
test polAl’) fn spot test WPAA -WF.
w10 (trp , NaAsO,: 25 =M in plate tests
 recAl’) w2,
wPaA - (tep .
um'e s itV Msﬂz: 0.4, 1,2, M In
sti ). tif-} fluctuation test
autation confers w2,
& thermally

inducible SOS repair
systen resuiting in
normal sutation at
30°C and & 20-fold
increase in sutation

at €2°C.
Lofroth Satlmonel1a microsome Arsenite and arsenate Negative 1. Mo data available since
and Ames, assay ' ' information comes froam an
1978 abstract.
(abstract
only)
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TABLE 7-1 {continued)

Reference - Test system Chemical Information Results Comments
Singh, Gene conversion at the m;oz (0.1 R added Negative for 1. Study lacking sufficlent
1903 trp locus and reverse to well), volume not conversion, experimental detalls,
sutation at the 1tv indicated) positive for
locus in S. cerevisiae. sutstion.
Solvent: nzo
Strain Q? = : :do 3-40 twmﬂ'o:ll H: 1:92
Amacher Forward gene mutation st the uazwuo‘ Negative 1. Exposed 3 hrs at
and thyeidine kinase (TN) VYocus Ooses tested: (0.83 x rec.
Peillet,  in mouse LS178Y cells. 1074, 1.1 %107,
1980 147 x 10°%, 1.96 x 107, 2. Survivel ranged from
. 2.26 x 104 w) 66X at the low dose
to 35X at the high

Source: Fisher dose,

Solvent: Normal saline 3. Other metals such as
cadmium, nickel, and
trans-platinum were
positive.

Rossmen Induction of forward mutations NaAs0, Mo increased 1. UVC and WNNG used as

et al., - fin Chinese hamster cells in 0.5 x 1076 w, 2 days) sutation positive controls.

1900 vitro at HGPRT locus and the ousbain resistance :
sodium-potassium ATPase locus. . (5.0 % 16°5 m,. 1 hour) 2. Doses of srsenite used

ousbain resistance

(20 x 10°% W, 1.5 hours)
thioguanine resistance
100 x 1076 W, 25 ain)
thioguanine resistance

varied from slightly
iohibitory to cel)
growth to fairly
toxte.
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TABLE 7-1 (continued)

lefonnci Test system Chemical Informat .un Results Coaments

Oberly forward gene .uut;'on ' uu\so‘ (3.0 n w". 1.7 NMsoz was Chemical exposure was for
etal.,  at the thyaidine kinase x 1070, 118 x 0e, positive for the 4 hours.

1982 (TK) Yocus {n souse 15S.4x10 , 19.2x 10 W)

LS178Y cells,

Mo HASO, (7.5 x 1005, 9.7 x
1005, 11.8 x 107, 14.0 x
105w

Source: Mallinckrodt

three highest doses
tested in the
absence of $-9 mix;
NAZMMO. was negative
in the dbsence of an
Aroclor-induced rat
$-9 maix; n.zwno‘ was
positive st the three
highest doses tested
in the presence of
an $-9 mix.

Only positive dats were shown;
negative results were only
sentioned in the text,

The spontaneous mutation rate
varied a great deal between
experisents; between 2.5 and
17.9 autints per 105 survivors.
Most of the arsenic-induced
sutant frequencies were between

_or just slightly above this

spontaneous range.

The Increases in sutant
frequencies occurred at very
low survival levels for both
compounds; the highest doses
ceused 97X lithality.

At survivals sbove 10X noné
of the mitant frequencles
txcesded the Vimits of the

control sulant frequercy
rénge.
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8.0 CARCINOGENICITY -- ANIMAL DATA

Arsenic is unique in that it is a human carciﬂogen for which carcinogenicity
has not been conclusively demonstrated in animals. Arsenic produces tumors
in animals, but these tumors are rarely malignant. The few reports of
carcinogenic effects of arsenic compounds in animals are sériously flawed.
The National Toxicology Program (NTP) has not conducted a standard bioassay
of inorganic arsenic carcinogenesis. A recent compilation of carcinogenesis
studies (EPA 1984)'15 reprinted here as Table 8-1; the most imﬁortant
studies are discussed below. In 1980, the International Agency for Research
on Cancer.(IARC) found that there was '1nadequate evidence" for the
carcinogenicity of arsenic compounds in animals (IARC 1980). There is

currently not sufficient evidence of such carcinogenicity.
8.1 Inhalation

Two animal studies of arsenic carcinogenicity used inhalation exposure. The
results of this research were negative. Results of these experiments have
been published only as abstracts or interim reports. Berteau et al. (1977,
1978) tested 60 female mice of a tumor-susceptible strain with 30 cagemates
and 30 controls housed separately. The test mice were exposed to a
respirable aerosol of As(III) (containing approximately 27 mg As(III)/m3)
for 40 minutes/day for 26 days and 20 minutes/day thereafter. Inhaled doses
were approximately 1.3 mg As/kg/day and 0.69 mg As/kg/day (Berteau et al.
1977). At 55 weeks into the exposure regimen, no evidence of neoplasia had
been encountered grossly or in histological studies of a few sacrificed

animals (Berteau et al. 1978). From the fifth week of exposure onward, the
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experimental animals consistently weighed less on average than their.
cagemates who, in turn, weighed less bn average than the controls. This was

the only treatment effect noted.

' Glaser and co-workers presented negative results from an inhalation study of
arsenic trioxide at a recent conference (Glgser et al. 1986). For 18
months, 20 rats inhaled approximately 60 ug As/kg/day and 40 rats inhaled
approximately 20 pg As/kg/day (assuming a breathing rate of .10 liter/min.
"and 0.5 kg rats). The rats were subsequently housed in clean air. These
researchers presented a tabulation of their results, but did not mention
important methodological details, including the method of housing tﬁe
animals, randomization of animals to dose groups, and sampling to vefify
exposure levels. Furthermore, as discussed in Chapter 2, rats are probably
an inappropriaté animal model of arsenic toxicity. Also, while the daily
dose in the study by Berteau and colleagues was adequately representative of
occupational exposure associatéd with cancerr(see Chapter 9), the daily
doses émployed by Glaser and co-workers were at least an order of magnitude
lower, represenﬁative of only the low end of the range of concentrations to
which smelter workers were exposed. Finally, the researchers tested fewer
animals than reqqired by standard cancer bioassay protocols, thereby
limiting the power of the study to observe statistically significant
effects. These factors suggest that the negative result reported by Glaser

and co-workers is not surprising.
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8.2 Intratracheal Instillation

Infratracheal instillation ﬁypically involves anesthetizing animals and
introducing a suspension into the trachea with a special syringe. from the
trachea, the suspension can flow into the lungs and the test substances may
be absorbed. Compared with inhalation studies, intratracheal instillation
may allow larger doses of suspected carcinogenic substances to be deposited-
and retained in the lung. However, irritation produced by particles in the

suspension may confound tumorigenicity testing.

In several animal bioassays that used intratracheal instillation, arsenic
induced tumors. In aﬁ arsenic (III) trioxide-treated group of 47 male
hamsters, Pershagen and colleagues (1984) found three carcinomas (versus
none in 53 controls): two of bronchi or lungs (an adenocarcinoma, and an
anaplastic cércinoma) and one of larynx or trachea (a squamous cell
carcino@a). These carcinomas were not statisticaliy significant when
considered in relation to the concurrently treated controls. However,
considering additional controls.(49 male hamsters from the same colony that
had been identically treated one year earlier), causes the carcinomas to
become statistically significant (p = 0.01, one-tailed test) (Pershagen et
al. 1984). Without considering the additional controls, the experimenters
found a statistically significant (p < 0.01) increase in the incidence of
papillomas'and adenomas and adenomatoid lesions in the treated group. These
researchers concluded that "[t]aken together, the data provide strong
evidence that arsenic trioxide can induce lung carcinomas" (Pershagen et al.
1984 at 227). 1In female hamsters, Ishinishi and Yamamoto (19§3) induced

benign lung tumors (adenomas) by instillation of a suspension of solid
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arsenic trioxide in a phosphate buffer. Ohyama et al. (1988) induced
alveolar cell hyperplasia, but no lung tumors, in male hamsters, by 15
weekly instillations of arsenic trioxide or gallium arsenide; gallium

arsenide markedly decreased survival of the animals.

As(V) has also induced pulmonary tumors by intratracheal instillation.
Calcium arsenate induced lung adenomas in male hamsters in a recent
experiment (Pershagen and Bjérklund 1985) which_used an exposure regimen

nearly identical to that used b& Pershagen and colleagues in their 1984

study of arsenic trioxide.

In the report of that study; Pershageﬁ and collegues (1984) noted a positive
interaction between arsenic trioxide and benzo[a]pyrene (B[a]P) in the

induction of adenomatous lung tumors in hamsteré.

8.3 Other Routes of Exposure

8.3.1 Subcutsneous injection. Osswald and Goerttler (1971) produced an
{ncreased incidence of leukemia and lymphoma by subcutaneously injecting
sodium arsenate (As(V)) into pregnant mice and, postnatally, their
offspring. Effects were seen in both the mothers and the offspring.
However, there was no control group exposed to the appropriate vehicle
solution (EPA 1984). The report of lung tumors produced in CFLP mice by
subcutaneous injection of arsenic trioxide (Téble 8-1) did not note whether

the tumors were malignant (Rudnai and Bdrzsényl 1981, EPA 1984).
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8.3.2 Oral. Among many studies to use the oral route of exposure (Table 8-
1), only one reported positive findings. Tumors,iincluding adenocarcinomas
of the skin, lung, and lymph nodes, were noted in mice given Fowler's
solution (potassium arsenite), but the report lacks experimental details

necessary for critcal assessment (Knoth 1966, as reviewed in EPA 1984).

8.3.3 nziﬁking_!ggg;* Rather than inducing tumors, arsenite at 3 ug As/l in'
drinking water reduced the total tumor incidence 15 male ana female white
Charles River CD mice. The rednc;ion was statistically significant: from
32% of 170 controls to 10.7% of 103 treated mice. A small feduction of
malignant tumor incidence (from 8.8% to 5.8%) was not significant, however

(Kanisawa and Schroeder 1967).

In another study, arsenic in drinking water enhanced the growth rate of
'séontaneous' (common) mammary tumors in female inbred C3H mice (Schrauzer
and IShma§1‘1974,:Schrauzer etlal. 1978). Iq thisvresearch, which also
inves;igatedvthe proﬁective effect of selenium, all of the tumors in the
arsenicftrgated group appeared before the tumors in the selenium-treated
group, all of which appeared before the tumors in the control group. Two
parts per million Aé (2 mg As/liter) (arsenite) abolished the tumor-

protective effect of 2 PPR Se (selenite).l'

8.3.3 Drinking water exposure after pretreatment. Sodium arsenite (As(III))
promoted kidney tumors in a bioassay designed by Emmelot and Scherer (1980)
to increase the rate of liver tumors. Rats fed arsenite after partial
hepatectomy and intraperitoneal injection with diethylnitrosamine had more

kidney tumors than rats treated with partial hepatectomy and the nitrosamine
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alone (7 in 10 treated rats compared to 1 in 7 untreated, p < 0.03)
(Shirachi et al. 1983). It is unclédr whether the partial hepatectomy
affected formation of the kidney tumors. The relevance of this study is
quéstionable because the test animals were rats, and rat metabolism of
arsenic is anomalous (See Chapter 2). Additionally, As(III) treatment

significantly lowered the body weights of the rats.
8.4 Arsenic as a Tumo omot

The hypothesis that arsenic méy act as a tumor promoter has been tested but
not proven in animals. Arsenic trioxide in drinking water given to three
strains of mice (at 80 mg As/liter) failed to promote grafted skin tumors
initiated by methylcholanthrene (Milner 1969). In one §f the strains tested
arsenic had a protective effect. Neither arsenic trioxide (80 mg As/liter
in drinking water) nor sodium arsenate (by skin application in a 1.58%
aqueous solution) tested positive for promotion of 7,12-
dimethylbenz(a)anthracene (DMBA) - or urethan-initiated tumors in Swiss mice
(Baroni et al. 1963). Potassiﬁn arsenite in chow (1.2 mg As over a 5-day
period) did not affect the incidence of DBMA-induced tumors or DBMA-induced
. and croton oil-promoted tumors in female, skin tumor-susceptible mice
(Boutwell 1963). The arsenite did inhibit weight gain. Milner (1969) has
suggested that at the doses employed in some animal studies, arsenic, as a

weak poison, may inhibit tumor promotion.
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Notes

The 1974 paper (Schrauzer and Ishmael 1974) reported that all of the
exposed mice that developed tumors were hyperactive. Under normal
maintenenance, hyperactive mice of this strain do not develop spontaneous
mammary tumors (Schrauzer and Ishmael 1974). The tumors in controls must
have been in nonhyperactive mice. In humans, no similar behavioral
correlate to arsenic tumorigenesis has been reported.
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TASLE 8-1 SWMMARY TABLE OF EXPERINENTAL STUDIES OF ARSENIC CARCINOGENESIS

Route Species (Strain) Compound Vehicle Results Reference Remarks
ora) Mice (C57816) Asy0y Tap water - Hueper and Shortened life
: or 12X aqueous Payne, 1962 span of treated
ethanot (aq. ethanol) vs,
control.
Oral Nice (Swiss) As',O, Drinking water - Dargni et al,,
; 196
Oral Nice (Swiss) NaAsOy Drinking water - Kanisawva and Shortened Yife
‘ : Schroeder, 1967 span, Yow dose.
Oral Nice (WR]) Asg0y Orug (Psor- +(1) Knoth, 1966 Significance cannot
' o fntern) or be determined, un-
Fowler's solu- complete reporting
tion by author.
Oral Nice (CIH/SE, female) NaAsOy Drinking water - Schrauzer and
: Ishmael, 1974
Oral Rats (not specified) Phg(As0,)s Mot specified - Fairhall and Poor survival
. Caz(As04)y #itler 1941 in treated. As
‘ ' reviewed by 1ARC
_ (vo). 23, 1980)
oOral Rats (Bethesda Dlacks) As,04 Tap wvater - Huepar and Payne,
or BQUEOUS 1962
ethanol (12X)
Oral Rats (Oshborne-tendel) RaAs0, Diet - Syron et al., Reduced survival
Ia.ls‘. 1967 at highest dose.
Oral Rats (Long Evans) NaAsO, Drinking water - Kanisewa and Low dose.
: o Schroeder, 1969
Ora) Rats (Wistar) Pb+(Rs04)g Diet - Kroes et o)., High mortality and
NagAsl, Dist - 1974 2 tumors (Incidence
Pog(As0,)g ¢ NDEA Diet - not reported
NaghAs0q ¢ MOEA Dlet - observed in lead

~a?

arsenate group).



- YABLE 8-1 (continued)
Route Species (Strain) _ Compound Vehicle Results® Reference " Remarks '
Oral Oog NaAsO, or Diet - Byron et al., Weight loss, early
RagAsO, 1967 mortality, short
’ duration of experi-
sent. '
Inhalation Nice (not specified) MaAs0, Aqueous serosol - Bertesu ot al., Reported in on
: * 1978 sbstract. fors, high
' i incidence in controls.
Jntratracheal flats (Vistar King) (1) As,0, Not specified - Ishinishi ot al.,
fnstillation male (2) Copper ere - 1977 :
€3.95% :
Arsenic)
(9) Flue dust - One tumor observed
fn treated, not sig*
. v " mificant.
Intratracheal fats (\iluir Ring) Asg0, Aqueous - Ishinishi ot One tumor observed
instidlation sale © e solution al., 1976 fn treated, not sig-
anificant. A
1ntratrachea) fats (BOIX) Cag(As0,), Bordesux * Ivankovic et Results cannot be
fastillation : : aixture al., 1979 sttributed te arsenic
{contains alone,
CUSO. and
Ca(0H)4)
Intratracheal Golden Namsters (males) As 0, ¢t 8P ’ Carbon carrier . Parshagen ot Adenomas signifi-
instillation * + dilute HS0, al., 198) cently greater than
* controls (p < 0.01).
Carcinomas in )
treated anfaals vs.
0 in contrels.
Intratracheal Golden Hamsters As, Ny Phosphate buffer ¢ Ishinishi and As,0, was tumori-
fnstidlation (female) : Yasamoto, 1963 genit (n o dose

response fashion.
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TABLE B-1  (continued)

Route Specles (Strain) Compound Vehicle Results® Reference Remarks
Intratracheal fats Ore dust con- Not specified A Chung and 'Uu. Possible confoun
fnstéllation taining As at 1982 ing effects of

two levels of . Other elesent
content sent, unknown.
apparent differ-
ences in lung c¢
cer with differe
As levels in dus
Skin painting Nice (not specified) KAsO, and Ethanol - Leftch and Neubaver (1947)
(application) As,04 Kennaway, 1922 failed to confit
: : this observation
Skin painting Nice (S) KAs0, Methane! - Salaman and As reviewed by
(application) followed by Roe, 1956 IARC (vol. 23, 1}
croton ofl
in acetone
Skin patating Nice (Reckland (1) MAs0, 80X ethano! - Boutwell, 1963 As reviewed by
(application) all-purpose) followed by JARC (Vol. 23, )
croton ofl tn »
benzene
Skin patnting Mice (Rockland (2) OvBA acetone " Mot carcino- Boutwell, 1963
(opplication) aV1-purpose) followed by genic
KAsO, in 80X
ethanol

Skin patnting
(application)

swcuMWs
injection

Rice (Swiss) .

Nice (Swiss) female
Progeny ‘

Q) NayAs0,

(2) N.,A!O.
followed by
croton ofl}
and DMBA

N.;A’o.
NajAsOg -

Water contatning
Tweean 60

Water con-
taining
Tween 60

Vater
Water

No promotional

activity
observed

Baroni et al.,
1963

Osswald and
Goerttler, 1971




TABLE 8..1' {continued)

Route species (Strain) Compound ‘Vehicle Results® Reference Remarks
Subcutaneous fats (randos-bred) Cag(As,), Paraffin - Arkhipov, 1966 As reviewed by
isplant sale aldino d pellets 4 JARC (Vol. 23, 1980).
Subcutaneous Rats (random-bred) Ca*(kso.), Sunflower oil - Arkhipov, 1968
fnjection asale albino
Subcutaneous Mice (CFLP) As.0, Aqueous solu- . Rudnal and Histological
injection ' tion -Borzsony, 1981 description of
(pre-natal ¢ tumors poor.
post-natal)
Intravenous Mice (Swiss) Ma As0 Water . Osswald and
injection female * Goerttler, 1971
Intrasuscullary Rats (Osborne-Mendel) Arsenic Metallic - Hueper, 1954
fnjection
Intramuscullary Rabbits Arsenic Metallic - Hueper, 1954
injection o
Oral Hice (Swiss) - . Asy,04 and Orinking water - Baroni et al.,
croton ofl, 1963
DMBA or urethan
Oral Mice (STS) Arsanflic acid Diet - Boutwe)), 1963 As reviewed by

or KAsD,

followed by OMBA
(skin) then
croton oil (skin)
in benzene

1ARC (Vold. 23,
1980).

(®) ¢ statistically significant excess tumors obse
- no statistically significant excess tumors o

Suurce: EPA 1984

rved over controls
f treated vs. control or no tumors observed

{
v




9.0 CARCINOGENICITY -- HUMAN DATA

The carcinogenic effects of arsenic in humans are well documented in the
epidemiologic literature. The International Agency for Research on Cancer
(IARC) evaluated arsenic in 1980 and classified "arsenic and arsenic
compounds" in Group 1, which inclﬁdes the "chemicals and groups of chemicals
(wvhich) are causally associated with cancer in humans.” Since this document
evaluates health effects of airborne arsenic, only those humah studies
involving exposure via inhalation are considered for use in the quantitative
risk assessment. Ingestion of arsenic is associated with cancer at sites ‘
different from those associated with arsenic inhalation: ingestion is

associated with skin cancer, while inhalation results in lung neoplasms.

Ingestion of arsenic in drinking water and medicinal preparations is
associated with skin cancer and potentially precancerous skin lesions
(kefatosisvand hyperpigmentation) (EPA 1984). Arseﬁical medications
(chiefly Fowler’s solution, potassium arsenite) were mainly prescribed for
skin con¢itions such as psoriasis and eczema, boﬁh of which may predispose
one CO.develop arsenical-induéed cancer, thus confounding the study of the
relationship between arsenic and skin cancer (Neubauer 1947, EPA 1984).
Nevertheless, arsenical skin cancer has also occurred subsequent to
treatment for conditions such as anemia, asthma, epilepsy, and rheumatism

(Neubauer 1947, Schoolmeester and White 1980).

Positive associations between the level of arsenic in drinking water and the
prevalence of skin cancer have been observed in particular areas of Poland,

Argentina, Chile, and Taiwan (Tseng 1977). High drinking water levels of
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arsenic have been measured in Lassen County, Caiifornia (wvhere well water
from 72 households contained from =< O.i to 1.4 mg/!) and in counties of
Oregon (range: 0-2.15 mg/L, avg.: 0.008 mg/f) and Idaho (averages for two
communities: 0.18 and 0.27 mg/?). Epidemiological studies in these areas
failed to disclose any significant relationships between arsenic levels in

drinking water and cancer (Goldsmith et al. 1972, NAS 1977b, EPA 1984).

‘Levels of arsenic in California's public drinking water supplies are
generally as low as 0.00Sng/l and are often not detectable (Spath 1987).
However, certain localities in the central valley have higher levels in

- their drinking water; for example, levels i{n Hanford have ranged from 0.05

to 0.1 mg/2 (Spath 1987).

Arsenic-associated skin cancer often occurs on areas with little
pigmentation, including palms and soles; in this regard it differs from skin
cancer associated wiﬁh exposure to the sun or ultraviolet radiation (EPA
1984). Skin cancers associated with arsenic exposure are mainly of two
hi§;oPgthologica1 types: squamous carcinomas in keratotic areas and basal

cgll carcinomas (EPA 1984).

Table 9fi (EPA,71984) ptésents a synopsis of the human cancer studies which
involve either occupafional or envirommental exposures to airborne arsenic.
Most of the‘table is reproduced directly from the EPA document and is
organized by: (15 occupational smelter studies, (2) studies involving
environmental exposure to smelter emissions, and (3) studies involving
nonsmelter exposures to arsenic. The fifth through.last-page of the table

were produced by DHS to include studies not in the original EPA table.
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Table 9-2 (Lee-Feldstein 1983) is a summary of the occupational studies
through 1981 concerned with respiratory cancer mortality. More recent

occupational studies are discussed in the text.

This report preseﬁts an overview of the evidence from the occupational

studies only, with an emphasis on the most recent studies. For a more

detailed summary of other studies on airborne exposure to arsenic, see EPA

1984. For a review of studies of communities exposed to arsenic-producing
industries, see Hughes et al (1988), who noted (p. 407) that such studies
"had insufficient statistical power to detect the small increases in risk
that may occur. Even the most powerful studies were not designed to detect
relative risks less than about 1.2 and the majority of the studies had
little power to detect risks under 2.0.* These authors conclude that "null
findings do not rule out the possibility of excess risks that may be

significant from a public health viewpoint.”

Following the overview of the occupationallstudies is a discussion of
potential confounding from other carcinogenic chemicals and from smoking.
The possible interaction between arsenic and smoking is also addressed.
Exposure assessment is discussed in Chapter 11, "Carcinogenic Risk
Assessment®, because this topic is particularly relevant to the derivation

of an exposure-response relationship.

9.1 Overview of the Occupational Studjes

The major industries in which the carcinogenic effects of arsenic exposure

have been studied are copper and other types of smelting, mining, and
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insecticide manufacturing or application. An increase in respiratory cancer
is consistently associated with occupational exposure to arsenic. In most

instances the increase has been large in magnitude and of high statistical

significance.
9.1.1 Smelter and Mining Exposures

Cancer mortality has been studied among workers employed in three major
smelters in the U.S., in (1) Tacoma, Washington, (2) Anaconda, Montana, and
(3) Garfield, Utah. Smelter workers in Sweden (Ronnskarverken) and in Japén
(Sagnoseki-Machi) and cohorts of both miners and smelter workers in China
have also been studied. For all of these arsenic-eprsed workers, a
significantly increased risk of respiratory cancer wasrobservéd. Five other
small smelters with relatively lower concentrations of arsenic have also

been examined.

The Tacoma, Washington céhort has been the subject of numerous published
reports; among these, Enterline and Marsh (1982) and Enterline et al.
(1987a) examined the longest follow-up period. The 1982 report used
cumulative doses based on urinary As néasurenénts. Standardized mortality
ratios1 (SHRs) for respiratory cancer ranged from 170 for those receiving
the lowest intensity and shortest duration of exposure, to 578 for those
with the highest intensity and with 20-29 years duration of eXposurez.. A
strong dose-response relationship was evident only when the analysis was
limited to the 582 retired workers in the cohort (see Table 9-3).
Cumulative doses (measured as As in urine) ranged from <2000 ug/f -years to

>15,000 ug/2 -years, and the corresponding SMRs ranged from 142 to over 300.
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Effects were strongest in the decade after exposure ceased, with SMRs as
high as 833 in the first five years following termination for workers with
high intensity exposure for 20-29 years. The implications of this pattern

of effect are discussed in Appendix B.

In the 1987 reanalysis, Enterline and colleagues improved their exposure
measurements by incorporating new1y>ava11abie historical air sampling data
(Enterline et al. 1987a). This allowed recalculation of the conversion from
urinary arsenic concentrations to airborne exposure levels. The findings
differ from thevehrlier analysis in that the dose-response relatiﬁnship
appears more clearly (see Table 9-4). The authors fitted models which
allowed for nonlinearities in the data and found that a concave-downward
curve (decreasing slope with increasing dose)_provided the best fit between
the SMRS and cumulative exposure based on air concentrations. A linear
relationship worked best when exposure was expressed in ufinaty
measurements. To explain the nonlinearity when aif measurements were used,
the authors éuggested that the bioaQailabiliFy of atsenic’may be dose-

dependent (Enterline et al. 1987a) or that workers in areas with high air

concentrations may have taken steps to reduce their exposures (Enterline

1986).

The Anaconda, Montana cohort was also the subject of numerous publicationms.

The earliest report was by Lee and Fraumeni (1969), and a follow-up through

1977 was conducted by Lubin et al. (198i); Follow-up from 1938 through 1977
was reported by Welch et al. (1982) and Lee-Feldstein (1983,_1986, 1989).

Higgins et al. (1985) extended follow-up through January 1, 1981.
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Lee-Feldstein (1983, 1986) divided the 8,045 men of the full study group
(with 196,000 person-years of follow-up) into nine subcohorts based on
arsenic exposure and year of first employment. The two women in the study -
group were excluded from the analyses. Year of first employment was divided

as follows:_prior to 1925, between 1925 and 1947, and between 1948 and 1955.
The work areas at the smelter had been classified as having heavy, medium,

or light exposure based on measurements of As, 04 levels which had been

ranked on a 1 to 10 scale. Person-time of follow-up was divided into

arsenic exposure categories (heavy, nedium,dor light) based on the heaviest
exposure area in which each i{ndividual had worked for that time period.

When considering only those men ﬁho had be;n in their maximum exposure

category for at least 12 months, each of the nine subcohorts, except for one
subgroup which had a very smail sample size, showed significantly elevated
respiratory cancer rates relative to the combinsd male population of Idaho,
Montana and Wyoming (Lee-Feldstein 1983). In the earliest-employed cohort,
heavy or medium arsenic exposure was associ#tod with higher SMRs than light
arsenic exposure. In;:he second employment date cohort, a dose-response

trend was observed (increasing exposure was associated with increasing SMR).

No dose-response trend was observedlin th; lgtest-employed cohort; this may
have been due to a general decline in A3203 concentrations in the smelter .
atmosphere over time or insufficient time for the observation of many

respiratory cancer deaths (Lee-Feldstein 1983).

Lee-Feldstein (1983) also investigated the association of sulfur dioxide
(502) with respiratory cancer in this cohort. Industrial hygiene
measurements had also been mede for sulfur dioxide. As with arsenic,

members of the study group who had worked less than 12 months in their
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maximum exposure category were excluded from the analysis. In the earliest-
employed cohort, the highest SMRs were observed in the medium As203-heavy
802 and heavy A3203-med1un 502 groups. Among those employed later, the
greatest excess respiratory cancer mortality was in the heavy A5203amedium
7802 group. From these findings, one could not conclude that arsenic
trioxide was the primary envirommental agent causing the excessive
respira;ofy cancer seen in the study group (Lee-Feldstein 1983).
Nevertheless, Lee-Feldstein (1983) ﬁointed to two §ther studies, those of
Ott et al. (1974) and Mabuchi et al. (1979), as evidence suggesting that
Aséo3 was the primary agent; these studies, she noted, reported on

nonsmelter groups exposed to arsenic without concurrent exposure to SOZ‘

A separate analysis by Lee-Feldstein (1986) incorporated quantitative
exposure estimates based on industrial hygiene data collected between 1943
and 1958.3 Her analysis used the measurements of airborne arsemic
concentfations-(ﬁortis 1978) but not the estimatesvof_the proportion of a
workday spent in each area by men employed there (Lee-Feldstein 1986).
Arsenic exposure was assumed to be "light" where employment records listed
work areas as "unknown." Each calendar yeqr of follow-up for each worker
was divided into seven categories of cumulative exposure. In all but the
latest-employed cohort, a statistically significant linear dose-response
relationship was observed between arsenic exposure and the directly
standardized death rate (DSDR) fo: respiratory cancer. Nevertheless, the
shape of the dose-response curve is not clearly linear, and actually
resembles the concave-downward curve observed for the Tacoma cohort

(Enterline 1987a, Hertz-Picciotto 1989). A similar analysis using exposures
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estimated by taking geometric rather than arithmetic means revealed no

significant trends.

In the réport of this quantitative analysis, Lee-Feldstein (1986) reiterated
that the latest-employed cohort may not have been followed long enough to
display a dose-related mortality pattern. In addition, she noted that the
men in this cohort tended to be older than those in the previous cohort when
hired and may have experienced prior exposures which confound the
relationship between arsenic exposure and respiratory cancer mortality.
Statistically significant SMRs were observed in chis study in some of the
groups with the lowest cumulative exposures: in the second employment-date
cohort, even the group with the lowest cumulative exposure levels (less‘than
10 mg/m’-ﬁonths [833.3 ug/m3-years]) experienced a stgtistically significant

SMR (183, 15 deaths observed vs. 8.2 expected) (see Table 9-5).

The most recent analysis by Lee-Feldstein used a nested case-cénttol study
to ;ompare five indices éf exposure: maximum category, time-weighted average
(TWA) based on arithmetic or geometric means, and cumulative dose based on
arithmetic or geometric means. Each was a significant predictor of lung
cancer risk. Lee-Feldstein also found that men who were younger at the
start of employment Qere at greater risk for lung cancer than those who

bégan employment later in life.
Welch et al. (1982) analyzed records for 1800 men from this same cohort

(100% of the heavily exposed and a random sample of 20% of the remainder)

and used three separate indices of exposure: time-weighted avérage (TWA),
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30-day ceiling, and cumulative. A strong dose-response relationship was

observed regardless of which index of exposure was used (see Table 9-6).

Using the same methods as were used by Welch et al., Higginﬁ et al {1985)
confirmed these results in an analysis which extended the follow-uﬁ for four
additional years and included the-full cohort of 8,044 men (see Table 9-7).
In the full cohort, there was sufficient statistical power for the low-
exposure workers to show a significantly elevated lung cancer death rate.
Results were essentially unchanged when exposure was lagged 20 years (i.e. a
20-year latency was assumed) or when alternative exposure assumptions were

made.

The Garfield, Utah smelter was studied by Rencher et al. (1977), who found a
three- to five-fold increase in the proportion of deaths due to lung cancer v
among smelter workers when compared to éorkers in the mine or concentrator.
The data from this study are‘examined in greater detail elsewhere (see

- Appendix A).

Similar results, albeit with higher SMRs, were reported by Tokudome and
Kuratsune (1976) who studied 839 copper smelter wquers in Japan. A dose-
response effect on respiratory cancer was observed using either duration of
employment or intensity of exposure. SMRs rose from 563 to 735 to 1905 for
<10, 10-20, and >20 years exposure, respectively. The p-values for every
subgroup were less than 0.01. SMRs were 635, 1250 and 1485 for light,
medium and heavy exposures, respectively. These investigators observed
that, for the same duration of employment, risks were greater among those

employed in earlier periods.
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Wall (1980) examined workers at the Ronnskarverken smelter in Sweden. The
lung cancer SMR for the cohort consisfing of all males employed for 3 months
or longer was 288, using Swedish national population rates for
standardization; but because local lung cancer rates were about half the
national rates, these workers actually experienced lung cancer mortality at
about five times the rate of residents of the county. For workers in the
high exposure areas of the plant, rates were two to three times higher

still. No quantified exposure data were reported.

Pershagen et al. (1981) conducted a nested c;se-control study within the
cohort at Ronnskarverken, focusing on the interrelationship of smoking,
arsenic and lung cancer. For smokers and nonsmokgrs, the age-standardized
rate ratios (SRRs) were 3.0 and 2.9. Among roaster workers, the most
heavily exposed in this plant, the SRRs were 6;4 and 4.5. This paper is
discussed further in Appendix A. Exposures were not quantified in this

analysis.

Another study of cancer incidence and mortality among workers gt'the
Ronnskar smelter confirmed the excess lung cancer risk using 3 different
reference populations (Sandstrom et al. 1988): all males in Sweden, males in
the same county, and males in the same municipaiity. Nonsignificant
increases were also observed in the incidence rates of cancer of the
digestive organs, and of the urogenital organs. An analysis of age-adjusted
rates by calendar year showed a decline in lung cancer starting in the mid-
1970s, possibly due to lower exposures, earlier notification of health
problems, and/or changing smoking habits (in view of the smoking-arsenic

synergism -- see below). However, even among the most recently hired
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cohort, lung cancer incidence was greater than expected. No duantified

exposure data were evaluated.

Jarup'et al. (1989a) conducted further follow-up of the Ronnskar cohort
studied by Wall'(1980). They observed 3,916 male workers through 1981, and
obtained comﬁlete follow-up for over 99% of the cohort, covering over
125,000 petson-years. Lung cancer deaths were exaﬁined in relation to
quantified estimaté# of arsenic exposure. Exéosure estimates were based on
measurements taken since 1945, and for earlier periods, om an assessment
that utilized production figures, changes in éroduction methods, and records

of sick leave specific to each workplace and time period.

The SMRs for lung cancer increased with cumulative arsenic exposure whether
or not a 10-year latency period was assumed, and whether or not exposure was
lagged by 5 years (Jarup et al. 1989a). These results were unchanged when a
weighting procedure was used to adjust for different.age distributions in
the different exﬁosute groups. Elevated.tisks were‘aiso found in every
level of cumulative exposure when the analysis was stratified by year of
hire. The effect of intensity of exﬁosure appeared to be greater thaﬁ that

of duration.

The shape of the dose-response curve, using cumulative exposurés, was either
curvilinear, or linear with an elevateé 1nterce§t. The latter could occur
if smelter workers tended to smoke more than the general population used for
standardizacioh, however, no smoking data were available in this analysis.
Subsequent analyses in which smoking data were coilected in a nested case-

control design (Jarup 1989b) appear to show "negative" confounding,
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particularly at the higher dose levels.. That is, the estimated relative
risks are larger after controlling for smoking. A cﬁrvilinear relationship
is supported by the fact that the confidence intervals for the SMRs at each
dose point include the concave-downward function fit to the data of

Enterline et al. (1987a).

Taylor et al (1989) conducfed a case-control study among‘tin miners in China
to examine the relationship between arsenic eprsure and lung cancer.

Living cancer cases (N=107) and age-matched controls were interviewed to
obtain employment and smoking histories. Cumulative arsenic exposure was
quantified using industrial hygiene data. After adjusting for tobacco use
and radon exposure, the risk of lung cancer for subjects in the highest
quartile of arsenic exposure was 22.6-fqld higher than f;r those in the
lowest quartile. As in the studies by Lee?Feldstein (1986), Enterline et al
(1987a), ﬁnd Ja:up et al (1989a), the data appear to be consistent with a
concave-downward dose-response relationship. Duration but not intensity of
e#posure appeared to be avpredictor of lung cancer risk. Also, those with
only smelter experience had a higher risk than those with only mining
experience, but there were too few cases in the former group to draw any

definitive conclusion.

Another report from China covers a cohort consisting of workers employed at
two copper smelters, one arsenic smelter and a mine (Wu 1988). It is not
clear whether the arsenic smelter and the mine were the same oneslin which
the case-control study of Taylor et al. (1989) was conducted. Wu reported
thaf nearly 19,000 person-years were followed, resulting in 40 lung cancer

deaths. The overall SMR was 678 (95& confidence interval = 511;882). A
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strong dose-response was observed but exact figures were not published in

the report.

Enterline et al. (1987b) analyzed data from eighf smelters with fairly low
levels (relative to the Anaconda, Tacoma, and Ronnskar smelters) of arsenic.
One of the smelters lacked data to estimate individual exposures, and

another had arsenic levels too low to estimﬁte individual exposures. Of the .
remaining smelters, one was the Garfield plant studied by Rencher et al.
(1977). The years of follow-up covefed 1949 to 1980. The relationship of
lung cancer morﬁality to arsenic exposure ﬁas,evaluated using a cohort
analysis, and also by means of a nested case-controi study which

simultaneously adjusted for sulfur dioxide exposuré and cigarette smoking.

When examiﬁed by smelter in the cohort analysis, only the Garfield smelter
had a significantly elevated SMR. When data from the six smelters were
combined, the results suggested an‘increasing trend'in risk with increasing
exposure (p=.06). Results of the casé;céntrol analysis. were based on
fitting a logistic regression model. A significant effect was observed for
cumulative expo#ure té arsenic (expressed as a continuous variable) and for
smoking, regardless of whether these exposufes were measured in their
‘original units or transformed to ﬁheirvsquare roots. The effect of sulfur
dioxide was either not significant, or protective, after controlling for

arsenic and smoking.
The'exposure level at the Garfield plant corresponded to the lowest 2
exposure levels in the Tacoma smelter (Enterline 1987a). The other 5

smelters examined in this study (Enterline 1987b) each had exposures less
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than 1/5th the level of the Carfield plant, and had fewer than 1/2 as many
workers or person-years. Thus the poﬁer to detect an increase in lung
cancer mortality in these smelters separately was low. Using the dose-
response relationship observed for the Tacoma smelter, DHS staff calculated

the power to detect effects in each of these studies to range from .05 to

.28.

9.1.2 Insecticide Mapufacturing Exposures

Major reports on cancer and 1nsectic1dernanufactuxing exposures to afsenic
were by Ott et al. (1974), Baetjer et al. (1975@); Mabuchi et al. (1979),
and Sobel et al. (1988). A recent study of orchardists who potentially
sprayed arsenic-containing pesticides'is also reviewed kWicklund et al.

1988).

The report by Mabuchi et al. (a more extensive follow-up of the #ane cohort
Baetjer analyzed) found a sharp increase in the lung cancer SMR with
increasing duration of employment among those predominantly exposed to
arsenic, although no incre#se was observed for those with exposure to
arsenic only. Howevér, more than 99 percent of this latter group were
employed for five yéars or less.

ott et al. (1974) observed a'hhrked increase in respiratory cancer mortality
with ihcreasing cumulative dose (see Table 9-8). This analysis used the
proportion of deaths due to respiratory cancer, rather than the actual death
rates. Expected déaths were calculated based on a regression line fit to

the data on nonexposed decedents. In this regression, predictor variables
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were age and calendar year of death; the outcome variable was the proportion
of deaths due to respiratoty cancer. The ratio of the observed proportion
to the expected proportion is a proportionate mortality ratio, or PMR. In
this cohort the PMR rose from 0.6 for those exposed to <l mg As cumulative
dose, to 7 for those exposed to =2 96 mg As. Losses to follow-up were high

in this study: 20s%.

Sobel et al. (1988) updated the study by Ott et al. on insecticide
manufacturing workers by ascertaining deaths for 9 additional years of
follow-up'and by tracing more than 99% of those who had been lost to follow-
up in the study by Ott et al. During the 9 follow-up years, 7.8 lung cancer
cases were gxpectéd, using U.S. mortality rates, while 9 were observed.

This yielded a non-statistically significant SMR of 116 for the recent
period. The authors did not use local, regional, or statewide rates for
comparison. In this study, a measure of individual cumulative dose in mg/m3
-‘ﬁonths was céﬁsttucted using information froi area monitoring data and
interviews with veteran personnel. ‘However, these exposure estimates were
not used to analyze dose-re;ponse relationships. ‘Instead,_the investigators
shdwed that increasing duration of exposure produced no trend in lung cancer
mortality.i No expl#nation was givén for not utilizing the quantified
exposure data. Elevated SMRs were.observed among workers with short-term
employment whose eﬁployment terminated even as long as 45 or more yéars

previously.

A recent case-control study of deaths among orchardists (Wicklund et al.
1988) found no association between exposures to arsenic-containing

pesticides and respiratory cancer, after controlling for smoking. All
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exposure information was obtained fron;ﬁext-of-kin proxies. If.the
informaﬁt could not recall what pesticide was used by the deceased, but was
able to recall the years of orchard work, exp§sure or lack of exposure was
pfesumed based on the years when lead arsenate was used. The percent of
exposures which were presumed based on such information was not reported.
If informant ihformation was inaccurate, and these inaccuracies were not
associated with the cause of death of the deceased, then the results would
be biased towards the null. Given that outdoor spraying could lead to
exposures that are considerably lower than those 6f smelter workers, it is
not clear how large the predicted risk would be, and therefore how great the
discrepancy between the findings in orchardists as compared with other

occupationally exposed groups.

9.1.3 Summary of Findings

For smelter workers, the association between respiratory cancer nortality
and arsenic exposure is a consistent, replicable finding of substantial
magnitude with a clear dose-response relatiénship, and high statistical
significance. The mortality data on wvorkers employed in the manufacturing
of 1nsecticides'pr§v1de further evidence that arsenic acts as a respiratory
tract carcinogen. The probability of such repeated and consistent findingé
being due to chance is vanishingly small. The lack of association between
lung cancer deaths and arsenic exposure in the study of orchardists could
have been due to low power, misclassification bias, chance, or unusual
properties (solubility, particle size, retention in lungs) of lead arsenate.
It should be noted that the smelter studies involved primarily arsenic

trioxide exposures, while in the insecticide manufacturing plants,
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‘significant exposures were to lead arsenate and calcium arsenate, as well as

arsenic trioxide.

There is a bias toward underestimating risk because of the healthy worker
effect, i.e. self-selection into the workforce of healthy individuals, with
sick individuals either leaving or not entering the workforce. However,
bias from most other sources is likely to be small. Selection criteria
usually included some minimum period of employment to ensure a minimum level
of exposure for those included in the study. Classification 6f exposure was
based on employment records and therefore, was blind to outcome and not
subjéct to the differential biases that occur in interview studies. Any
misclassification of exposure would have been nondifferential (1ndependent
of outcome status) and could result in an underestimate of the true risk,

but not an overestimate.

As seen in Table 9-2, the range for the overall respiratory cancer SMR from
studies of occupational éohorts eprsed to arsenic is 160 to 912, with many
studies reporting an SMR of around 300. As described above, heavily exposed
workers experienced much higher SMRs. With relative risks this large, any
confounder would have to carry risks of the same magnitude (i.e. about 3)
and be found among the exposed about three times as‘frequencly as in the
general population (Cornfield 1959). Furthermore, where a dose-response
relationship was observed between arsenic exposure and ;utcome, the

confounder would have to increase in prevalence as arsenic exposure

increased.
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The staff of'DHS concludes that the association between arsenic and
respiratory cancer is not explained By confounding and that the results of
these studies provide aﬁple support for the conclusion of IARC that arsenic
and/or arsenic compounds are»carcinogenic in humans. The following sections
discuss the evidence for confounding due to (1) othér chemical carcinogens

in the workplace; and (2) smoking.

9.2 Confounding

Occupational exposure to arsenic is almost always accompanied by exposure to
other potential or known carcinogens. The staff of DHS éoncludes that other
“s;spect“ chemicals do not appear to have confounded the relationship
between arsenic and respiratory cancer in these studie;. The staff of DHS
also concludes that the potential effect of smoking as a confounder in these
studies was too small to explain the strong association observed between

arsenic and respiratory cancer.
9.2.1 Confounding by Other Workplace Carcinogens

Several studies addressed the potential for confounding due to other

exposures at the workplace.

In the smelter studies, concern over the role of S0, was raised by several
investigators. Among workers with very high arsenic exposures, Enterline
and Marsh (1982) compared those with essentially no sulfur dioxide exposure
to those with low to moderate exposures and found'§he_SHRs to be similar.

Rencher et al. (1977) conducted a crude analysis, and therefore could not
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separate the effects of As from those of 802 because of the high correlation

between these exposures (correlation = .87).

In a more extenéive follow-up of the Garfield smelter workers a crude
analysis showed a dose-related effect of sulfur dioxide exposure expressed
as years of peak exposure (Enterline et al. 1987b). However, after
controlling for smoking and arsenic exposure, the effecﬁ of sulfur dioxide
was not significant, and when the exposure variables were transformed to
their square roots, sulfur dioxide appeared to significantly "protect”
against lung cancer. When data from the 5 other smaller smelters were also
included in the model fitﬁing, SO2 was not a significant predictor of lung

cancer mortality.

To control for the high correlation between As and 502 exposures, Lubin et
al. (1981) and Welch eé al. (1982) fitted a multivariate‘modél to the
Anaconda smelter data; After controlling for heavy or medium arsenic
exposures and for length of employment, there was no significant increase in
risk for heavy or medium 502 exposure. After controiling for SO2 and length
of emﬁloyment, the effects of arsenic remained. The authors reported that

the studies lacked statistical power to detect interactions.

Pershagen et al. (1981) cénducted a case-control Study of lung cancer deaths
among male smelter workers. Among smokers the small increases in risk among
those with high sulfur dioxide exposure could have been due to arsenic
exposure. There appeared to be too few nonsmokers to draw any conclusions

regarding an effect of SO2 in this group.
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In the most recent cohort study of the Ronnskar smelter workers (Jarup et
al. 1989a), elevated risks were founa at all levels of‘exposure to sulfur
dioxide, but there was no evidence of a dose-response. Since. the analysis
of sulfur dioxide did not control for arsenic exposure, an independent

effect of sulfur dioxide could not be established.

Welch et al. (1982) noted that 436 workers were potentially exposed to
asbestos in their arsenic-exposed cohort of 1800. Exclusion of these

workers from the analysis did not alter the SMRs for respiratory cancer.

Taylor et al. (1989), after adjusting for smoking, stratified their analysis
by both arsenic and radon exposure among tin miners in China. While the
radon effect may have been stronger, a large independent effect of arsenic

exposure was still apparent.

In their study of insecticide manufacturing workers, Mabuchi et al. (1979)
found no dose-response relationship Between lung cancer and the duration of
high exposure to nonarsenicals. In contrast;;a steep dose-response wag seén
for duration of high exposure tﬁ inorganic arsenicals (rising from <100 to

1365 and 2750 for <4 months, 15-24 yé;rs, and >25 years, respectively).

~ The staff of DHS conclude that other chemicals are not likely to eﬁplain the
sharp 1n§¥ease in respiratory cancer deaths that has been observed. Studies
involving workers aﬁ four smelters (Tacoma, Anaconda, Garfield, Ronnskar)w
consistently fail to find an independent effect on lung cancer from SO2
exposure. The absence of consistent dose-response relationships for 802 and

for nonarsenical pesticides is noteworthy. Similarly, an effect of arsenic
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is seen independent Qf asbestos or radon exposureé. As noted above, the
sheer magnitude of the observed associations between arsenic and lung
cancer, particularly among those heavily exposed, is strong evidence against
confoupding. The possibility that interactions between arsenic and other
chemicals enhanced the carcinogenic response cannot be excluded, but since
the other exposures alone cannot explain the excess cancers, this, in fact,

strengthens the evidence for the role of arsenic in the etiology of cancer.

9.2.2 Confounding by Smoking

If more or heavier smokers were represented ;mong the arsenic-exposed

cohorts than among the comparison population, the observed relationship
betweéﬁ arsenic and respiratory cancer might be spurious, i.e., the

increased cancer rate might actually have Seen due to smoking. Several

authors have addressed this possibility.

Two nested case-coﬁtrol studies collected smoking information for workers
exposed to arsenic. Taylor et al (1989) examined living lung cancer cases
’and age-matched controls from a cohort of tin miners in China who were
interviewed about smoking, residence, diet, prior medical conditioms, etc.
Significantly elevated odds ratios for arsenic exposure were seen at all
levels of smoking. Entérline et al. (1987b) also conducted telephomne
interviews with relatives of workers at 6 smelters in the U.S..who had died
of 1ﬁng cancer; these researchers fbund a significant arsenic effect in a
iogistic regfession model which included terms for years smoked and years

since start of smoking.
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Among cohort studies, the most detailed information on workers' smoking
habits was presented by Welch et al. t1982), who obtained data on 82% of
their sample. While these smelter workers included more snokers than the
Urs; adult male population, the differences in smoking habits among workers
in different exposure cetegories were very small (Table 9-9). The SMRs for
respiratory cancer among smokers and nonsmokers were.calculeted separately,
and each group showed an increasing trend with increasing exposure to
arsenic (Table 9-10).4 While smoking could be responsible for some of the
elevation in respiratory cancer mortality for this cohort, d;frerencee in

risk between exposure groups cannot be explained By smoking.

Several other studies of respiratory cancer mortality collected informetion
on smoking habits of arsenic-exposed workers. In all, the nonsmokers who
were exposed to arsenic experienced elevated death rates from reepiretory
cancer. Nonsmoking smelter workers in Utah had four to five times the
percentage of deaths duevto iuné.cancer as nonsmoking workers in other sites
of the same copper corporation (Teble A;l, Appendix A) (Renchgr et al.
1977). Nonsmoking smelter workers in Washington had a reletiye risk five
times that of nonsmoking males in the state as a vhole (Table A-3, Appendix
A) (Enterline 1983). Nonsmoking arsenic exposed workers in Sweden had an
age-adjusted relative risk of three compared to nonsmoking workers in the
same plant with no ersenic exposure (Table A-b Aypendix A) (Pershagen et
al. 1981), and 8.4 compared to nonsmoking residents of an unexgosed region

of Sweden (Table A-5, Appendix A) (Pershagen 1985).

Other epidemiologic studies lack data on smoking habits of arsenic-exposed

workers, but present indirect evidence that the arsenic-exposed cohort under
, oy
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study did not include an excess of smokers. If the SMRs are not elevated
for causes of death (other than lung cancer) which are usually associated
with smoking, then the likelihood of smoking explaining the excess in lung
cancer deaths is lower. Mabuchi et al. (1979)_presented SMRs for'
bronchitis, emphysema and cancers of the oral cavity, pharynx and esophagus,
none of which was elevated. Lgbin et al. (1981) found no significant
increases in deaths from other smoking-related cancers, but did find a
significant increase in deaths from other respiratory diseases. This was
the same cohort from which Welch et al. (1982) took a random or total sample
in each exposure group and found an excess of smokers. Ott et al. (1974)
reported no significant excess of deaths due to emphysema or chronic
bronchitis. Although no smoking data were presented in the published
report, these authors stated that smoking habits of a cross-section of
arsenic- exposed workers did not differ from those of the general population

in that area, nor did smokiﬁg habits differ by arsenic exposure level.

While the distribution of emokers among workers exposed to arsenic may, in
some instances, have had a small confounding effect on the association
between arsenic and respiratory cancer, the staff of DHS concludes that the
observed association between arsenic and respiratory cancer is not a
spurious one due to such confounding. This conclusion is based on} (1) the
high relative risks observed among the arsenic-exposed workers, (2) the data
of Welch et al. (1982) showing an arsenic-related dose-response effect
unaccompanied by any increase in the proportion of smokers in the higher
arsenic exposure categories, (3) the resulte of Pershagen et al. (1981),
Rencher et al. (1977), and Enterline (1983), who all found eleveted rates of

respiratory cancer deaths among nonsmokers, (4) the stratified analysis by
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Welch et al. in which smékers and noﬁsnékers separately exhibited a dose-
related effect of arsenic exposure, And (5) the finding of a significant
arsenic effect after adjustment for smoking in two case-control studies, one
of tin-miners in China (Taylor et al. 1989), and one of workers at 6
smelters with relatively low occupational exposure to arsenic (Enterline et

al. 1987b).

9.3 Interactions with Other Carcipogens’
Before evaluating the interactions if arsenic with other carcinogens, some

definitions of terms are provided.

(a) The "peasure" of effect must be seiected. ‘From studies on arsenic and
smoking the 'néasures' which could be calculated were risk :atios,s the
proportion of deaths, and risk differences.

(b) Interaction is present when the effect from one exposure (e.g. arsenic)

changes in the presence of another exposure (smoking).

The measure of effect determines a reference scale which is ei&her,additive
(if measure of effect = risk differencef or multiplicative (if measure of
effect = risk or rate ratio). As an example, the following table shows lung

_cancer mortality risk relative to that of nonsmokers unexposed to arsenic:

Arsenic
Controls Exposure
Nonsmokers 1.0 5.1
Smokers 7.2 77
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On an additive scale, arsenié exposure increases risk by 4.1 (risk units),
and smoking increases risk by 6.2. With reference to an additive scale, the
fourth cell should have 1 + 4.1 + 6.2 = 11.3 (= background + arsenic effect
+ smoking effect). On a multiplicative scale, arsenic multiplies risk by a
factor of 5.1, and smoking multiplies it by 7.2. Therefore, on a
multiplicative scale, the fourth cell would have a risk of 1x51x7.2=
36.7. The calculated risk for the ar#enic-exposed smokers in this study
was actually 20.7, which was between the additive and multiplicative risks

(see Appendix A, Table A-3).

Note that an interaction which is less than multiﬁlicative implies that
nonsmokers will have higher risk ratios due to arsenic than smokers. In the
table above, psing 20.7 in ;he fourth cell, the arsenic risk ratio is five
for nonsmokers, but tﬁree for smokers; however, the excess risk or risk
difference fqr afsenic is 4.1 (5.1 - i.O) for nonsmokers, but 13.5

(20.7 - 7.2) for smokers. For.addressing publiq health céncérns, the risk
difference is considered fo be more relevant than relative risk (Rothman et
al. 1980, Kleinbaum et al. 1982, p. 411). There is much debate as to which

measure is appropriate for evaluating 1nteractibn.

A few reports addressed the potential for interaction between arsenic and
sulfur dioxide. For the Anaconda cohort,-thin ét al. (1981) reported that
the power of'their study was insufficient to detect such an interaction.
This was related to the lack of an independent SO2 effect. A similar
situation appears to apply to the data of smelter workers in Sweden
(Pershagen et al. 1981), in Tacoma, Washington (Enterline and Marsh 1982),

and in the six smaller U.S. smelters. The one case where an interaction was
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observed involved a “protective® main effect of 802 at the Garfield plant
that was less protective in the presence of arsenic. Interactions with
other compounds such as aromatic hydrocarbons or process additives could not

be evaluated as there were mo appropriate data available.

Numerous reports either addressed the interaction of smoking and arsenic, or
presented data that allow such an analysis: Rencher et al. (1977), Welch et
al. (1982), Enterline (1983), Pershagen et al. (1981), Pershagen (1985),
Enterline et al. (1987b), Taylor et al. (1989), and Jarup et al. (1989b).
Five of those presenting stratified analyses are discussed in detail in
Appendix A, which also includes tables summarizing the separate and joint

effects of arsenic and smoking observed 1ﬁ each of five studies.

The results from the five studies are summarized in Table 9-11. Using four
different measures of effect, three studies indicate the joint sffects of
odcupational arsenic exposure and smoking to be greater than additive-but
less than multiﬁlicative. One occupational and one environmental comparison

indicate a joint effect that is multiplicative.

Thfee recent studies also address the arsenic-smoking interaction. Taylor
et al. (1989) reported finding no evidence of a synergistic interaction
between arsenic and smoking. The data actually were not adequate to
evaluate this interaction because (1) there were almos; no nonsmokers, and

(2) there appearéd to be no main effect from smoking alone.

- Jarup et al. (1989b), and Pershagen (1990) conducted a nested case-control

study in the cohort of Ronnskar smelter workers and found that the
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interaction between arsenic and smoking is intermediate between additive and

multiplicative.

Enterline et al. (1987b) used logistic regression to analyze lung cancer
cases and controls at the 6 smaller U.S. smelters. The two-way and three-
way interactions between arsenic exposure and smoking variablesvﬁere not
significant; that is, a multiplicative interaction of arsenic and smoking
could not be rejected. (Since the logistic model assumes multiplicative
effects for two separate variables, the test of interaction terms is»a test

for deviation from a multiplicative relationship.)

It appears, therefore, that the joint effects of smoking and arsenic are not
additive. They may be as high as multiplicative, though they may be less.
None‘of:the currently available evidence suggests more than a multiplicative
effgct.,vThe finding 6f an interaction which is gre;ter than additive,
-:éferréd to>g$ éynergism, constitutes further evidence of a causal role for

arsenic in the etiology of respiratory cancer.
o e

The;staff of DHS finds the evidence for carcinogenicity’due to inhaled
aréénic tobﬁe étrong. This conclusion is based on (1) the high relative
risks seen in these occupational studies, (2) the high statistical
significance of these studies, (3) the evidence for a dose-fesponse using
different indices of exposure, and different measures of response, (4) the
data of Welch et al, (1982) showing a dose-response effect of arsenic while

the proportion of smokers remained constant from one level of arsenic
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exposure to the next, (5) the data of Welch et al. (1982), Enterline et al.
(1987b), Jarup et al. (1989b), and Ta&lor et al. (1989) showing strong dose-
related effects of arsenic after controlling for smoking, (6) the four
studies showing increased risks among nonsmokers, (7) the seven studies
indicating a synergistic interaction between snokiﬁg and arsenic exposure;
(8) the consistency of the arsenic-related effect among cohorts which are
geographically dispersed (Jap#n, Sweden, China, and several states of the
U.S.), (?) the consistency of the arsenic-related effect from several
sources of exposures: smelting, mining, and insecticide manufacturing, and
(10) the failure of potential confounding from other workplace exposures to

explain the observed association.

Notes

1SHR = [# observed deaths] + [# expected deaths] + 100, where the number of
expected deaths is based on age-, sex-, race- and calendar-year-specific
rates in the general population. '

2The reference population was white males from the state of Washington.

3These data are contained in Morris’ 1978 testimony regarding a proposed
federal standard for occupational exposures to inorganic arsenic (Lee-
Feldstein 1986). ’ ‘

4The SMRs from Welch et al. (1982) shown in Table 9-10 were calculated based
on general population rates (Weiss 1983, Higgins et al. 1983). If the
arsenic-exposed smokers had been compared to general population smokers,
their SMRs would have been lower. Conversely, if arsenic-exposed
nonsmokers had been compared to general population nonsmokers, their SMRs
would have been higher. Thus the relative risk of respiratory cancer death
due to arsenic exposure is probably even higher among nonsmokers than it is
among smokers in this cohort, even though it appears to be lower. This
issue, however, does not affect the clear finding of a dose-related effect
of arsenic regardless of smoking status.

5Risk ratio = [risk in exposed] + [risk in unexposed].
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TABLE 9-1

SUMMARY OF EPIDEMIOLOGIC STUDIES OF CANCER IN RELATION TO AIRBORNE ARSENIC EXPOSURE*

Study Population Author(s)

Type of Study

Results

Highlights and Deficiencles

Pinto and 8ennett

Smelter workers-Tacoms, _
(1963)

washington (Analysis of
deaths for 1946-1960)

Sseltar workers-Tacoma,  Milham and Strong

washington (follow-up (1970)
from 1950-1971) )
Saelter workers-Yacoma, Pinto st al.
Washington (follow-up mm)

froms 1949-1973)

Enter)ine and
Marsh (1962)

Smelter workers-Tacoma,
Washington (Followup
from 1941-1976)

Lee and Fraumeni
(1969)

Smeliter workers-
Anaconda, Montana
(Foliow-up from
1938 to 1963)

Smelter workers-
Anaconds, Montana
(Follow-up from
1964 to 1977)

Sampie of 1800 of the Welch et al
saelter workers- (1982);
Anaconda, Montana Higgins et al.
(Follow-up from (1982)

1938-1977)

% Source: Adapted from EPA 1984

Lubin et al. (1981)

Proportionate
sortality

" Cohort

Cohort .

Cohort

Cohort

Cohort

Cohort

No dif!er;nce in lung cancer pro-
portionate mortality between
exposed and unexposed workers.

40 observed lung cancer desths
versus 18 expected (P <0.001).

32 otserved respiratory cancer
deaths, versus 10.5 expected
(P <0.05). Dose response seen
by urinary arsenic levels and
by duration and intensity of
exposure.

104 respiratory cancer deaths
observed versus $2.5 expected
(P <0.01). Dose response found
by intensity and duration of
exposure, .

147 respiratory cancer deaths
observed versus 44.7 expected
(P <0,01). Oose response found
by intensity and duratfon of
exposure.

146 respiratory cancer deaths
versus 88.7 expected (P <0.01).

24 respiratory cancer deaths
versus 4.6 expected (P <0.01)

in the heavy expasure category.
Dose response found by intensity
(both time-weighted average and
ceiling level categories) of
exposure.

Workers leaving the plant before retirement
were not tncluded. In the classifica-
cation of workers by exposure, the
*non-exposed” group apparently were
exposed since they also had high levels

of arsenic in the urine.

Urinary arsenic levels of persons Viving
around the smelter decreased with dis-
tance from the smelter.

Study consisted of only pensioners.

Short-term high-intensity arsenfc exposures
appeared to have s greater effect Lhan did

long-term low-intensity exposures; $0, expo-
sure was found to have little or no effect..

A dose response was found between exposure
to sulfur dioxide and respiratory cancer
mortaltity. Exposure to sulfur dioxide 1d
not be separated from exposure to arsenic,
however, -

Exposure to sulfur dioxide was not found to
have an independent effect on cancer risk

Analysis of Jung cancer mortality by 50,
exposure found that $0, did not play an
important role in the respiratory cancer
process.
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9-1 (continued)
Study Populetion Author(s) Type of Study Results High)ights and Deffciencies
Saelter workers- Lee-Feldstein Cohort 302 resp‘ratory cancer deaths
Anaconda, Montans (1983) : observed versus 105.8 expected
(fFollowup froe (P <0.01). ODose response found
1938 to 1977) by duratfon and exposure.
Lung cancer from the Axelson et o). Case-contro! for smeiter workers, the lung Exposure to sulfur dioxide did not adcear 2

parish where the
fonnskar smeltar fs
Yocated .

Lung cancer deaths in
the city of Sagsnoseki-
sacht, Japan

Copper smelters in
Sagnoseki-machi,
Japan

Saelter workars in
Magna, Utah

Residents Viving near

a smelter In EV Paso.
Texas :

(1978)

Kuratsune et al.
(1974)

Tokudome and
furatsune (1976)

.Rencher ot ol.

€1977)

Rom et a). (1982)

Case-control

Cohort

Proportionate
sortality and
cohort

Clse-con;rol

cancer sortality odds ratio was
4.6, there also was & signifi-
cantlv (P <0.02) elevated risk
of leukesia and syeloma asong
smelter workers.

sg% of lung cencer cases were

found %0 be former sselter work-
ers versus 15.68% in controls.

29 trachea, lung, and bronchus
cancer deaths versus 2.44 ex-
pected (P <0.01); 3 observed
colon cancer deaths versus 0.59
enpected (P <0.05). A lung can-
cer dose response was seen by

length of esployment and level of

sxposure.

1 percent of the deaths were lung
cancer deaths compared to 0 to
2.2 percent for other factory
workers and 2.7 percent for the
State; the lung cancer death

rate was found to be 10.1 per
10,000 versus 2.1 snd 1.3 per
10,000 for mine workars and

the State, respect!ve!y.

No association was found between
lung cancer and distance fros the
plant. :

be associated with lung cancer.

The cause of death Visted on the dealh cer-
tificate was validated using cdetaided gpati=c-
togic analysis.

The latent pcrlod ranged from 13 to S0 years,
with an average of 17.6 years. .

E€ffects of algration, smoking and ocCups-
tion were not considered.
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9~1 (continued)

Study Population

Author(s)

Type of Study

Results Highlights and Deficiencies

Arsenical pesticide
sanufacturing workers

Retirees of an
arsenical pesticide
plant in Baltimore,
Maryland (follow-up
froe 1960 to 1972)

Retirees of an

arsenical pesticide
plant in Baltimore
Maryland (follow-up
1936 to 1977) i

Wenatchee Valley

orchard workers in
the state of Washington

German vintners

ote et al. (1974)

Baet jer et al.
(197%)

Mabuchi et al.
(1979)

Nelson et al.
(1973)

Roth (1958)

Proportionate
mortality and
cohort

Proportionate

mortality and

cohort

Cohort

Cohort

Proportionate
mortality

10.2X and 3.5% of deaths in the A respiratory cancer mortality dose response
exposed group were from cancer was not found below an average dosage of

of the respiratory system and 3890 mg of arsenic, but above that dosage
{rom lymphatic and hemato- there was a good dose response. [t should
poietic cancers, except leukenia, be noted, however, that all of the respira
respectively, versus 5.7 and 1.4%X tory cancer at or below 3890 mg had less

in the controls; the cohort mor- than one yeasr of exposure. Thus, ft s un-
tality study found 20 respiratory likely that those deaths were due o arsenic
cancer deaths and 5 deaths of the exposure.

lvmphatic and hematopoietic

tissues versus 5.8 and 1.3 ex-

pected, respectively (both signi-

ficant at P <0.01). .

The proportionate mortality ratio The cohort study was limited to pensioners
(PMR) was 6.58 for respiratory only:

cancer (P <0.05); for cause-

specific mortality the observed-

to-expected ratios were 16.67 for

respiratory cancer and 50 for

tymphatic cancer (both with

P <0.05).

12 observed lung cancer desths
versus 3.6 expected (P <0.05);
a dose response by duration of
o=, loyment was seen for those
with exposure of high intensity.

No difference was found between
the cohort and the state of
Washington for overall cancer
mortality or for lung cancer
mortality.

0f 47 autopsies among vintners No controls were used. There was ro
with chronic arsenic intoxica- f{ndication of how the autopsy cases
tion, 64% of the deaths were due were selected.

to cancer, 60% to lung cancer;

6 of the 47 and 13 of the 47

were reported to have liver and

skin tumors, respuctively.
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9~-1 (continued)

4

Study Population

Author(s)

Yype of Study

Results

Hightights and Deficiencies

Residents of Deer lodge
and Silver Bow Counties,
Montans

A1} counties (n the
United States with
seelters ’

Residents near &
saelter in Utah

Residents near Ronnskar=
verken smelter in
northern Sweden

Population surrounding
an arsenical pesticide
facility

Arsenical sheep dip
sanufacturing workers

Newman et al.
(1976)

8lot and Fraumeni
(197%)

Lyon et al.
(I

Pershagen et al.
19

Hatanosli et al,
(1976, 1981)

Hi1l end Faning
(1948)

Ecotogical
correlation

Ecological
corretation

tlscecontrol

Ecologica)
correlation

Ecological
correlation

Proportionate
sortality

There was an increase found in

No adjustment was made for cancer cases

the incidence of lung cancer among which may be occupationsl.

sen. 1n one of the cities there
was also an incresse in lung can-
Jer <4RONQ women,

Average lung cancer wortality
rates were significantly eleva-
ted for both males and females
in 36 counties with smelters
processing copper, 1ead, or
tinc ores.

No association between cancer
and distance froa the smeiter
was found. .

A significantly higher sortelity
rate for lung cancer was noted
for wen in the exposed ares.

The increase was no longer sig-
nificent when occupational cases
were excluded, however.

The lung cancer sortality for
males in the census tract in

.which the plant was located was

3-4 times higher than the con-
trol tracts (P <0.05).

29.) percent ¢. deaths were due
to lung cancer versus 12.9 per-
cent of deaths among workers in
the seme geographic area who were
not exposed to ersenic (P <0.05).
The excess in cancer deaths was
mainly due to an excess {n Tung
cancer and skin cancer.

Lysphosa cases which may have sn assoclation
with arsenic exposure were used as controls.
Effects of smoking, sigration, and occupa®
tion were not considered. L

When excluding occupational cases of Yung
cencer from the study population, lung
cancer cases for 8 comparadble occupational
group were not excluded from the comparison
population.

. The difference in the lung cancer sortal ity

rate in the index tract could not be ex-
plained by occupation.



TABLE 9-1 (CONTINUED)

SUMMARY OF EPIDEMIOLOGIC STUDIES OF CANCER IN RELATION TO AIRBORNE ARSENIC EXPOSURE

Results

Highlights and Deficiencies

Study Population Author(s) Type of Study

Smelter workers at vall s (1980) Cohort

Ronnskarsverken in

northern Sweden

Lung cancer cases and Pershagen G, Case-control

controls among et al. (1981) study nested

Ronnskarverken copper within a
cohort

smelter workers

Lung cancer cases and Pershagen G (1985) Case-control
matched controls among

residents near

Ronnskarsverken smelter

in northern Sweden

Lee-Feldstein Cohort

€1986)

Smelter workers-
Anaconda, Montana
(Follow-up from 1938
to 1977)

Using national rates, the snn’ for lung cancer was
288, for stomach cancer 174. Using local county
rates, lung cancer incidence was elevated 5-fold.
Life expectancy was inversely related to length of
exposure fn two departments with highest arsenic
levels.

Age-standardized rate ratios were 3.0 for arsenic (no
smoking), 4.9 for smoking (no arsenic) and 14.6 for
combination of both exposures.

Mining work was associated with age-adjusted ORs of
10.4 among nonsmokers and 35.2 among smokers;
smelter work was associated with age-adjusted ORs of
8.4 (nonsmokers) and 26.2 (smokers). Residence near
smelter was associated with age- and occupation-
adjusted ORs of 2.3 (nonsmokers) and 2.2 (smokers).

Observed respiratory cancer deaths in 3 cohorts
(defined by year of first employment) were 114, 110
and 38, compared to expected deaths 23.5, 45.7 and
16.9 respectively (p<.01 for each of these). Found

a linear relationship between.cumulative exposure
based on arithmetic means of air samples in the plant
and respiratory cancer scrtality.

Detailed analysis was done for year and age
at first employment, and for latency.
Potential contribution to excess from exposures

‘to other chemicals is not evaluated but other

exposures included Pb, soz, Cd, Cu, and other
chemicals.

Daily tobacco consumption among the smokers did
not differ between exposure categories.
Multiplicative effect found for combination of
arsenic caposure and smoking.

Confounding due to smoking or residence in a
house with potential radon exposure could not
explain increase in lung cancer risk among
those residing in exposed areas, nor asmong
smelter workers. Differs from 1981 report by
Pershagen et al. in hat arsenic exposure per se
is not examined.

Estimates of exposures did not utitize time-
exposures factors, i.e. it was assumed that
each worker spent 100% of his time at the
location where measurements were make. Found
an elevated risk even for low cunulative
exposures. Study included over 190,000 person-
years of follow-up. --

1 ,
SMR = standardized mortality ratio defined as ([observed number of deaths] % [expected number of deaths]) x 100 where the expected number of deaths is based on
age-, sex-, and calendar year-specific rates in the general population.
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" TABLE 9-1 (CONTINUED)

Study Population Author(s) Type of Study Results Highlights and Deficiencies
Smelter workers, Higgins et al. Cohort Dose-response trends using three different indices Approx. 200,000 person-years of follow-up.
Anaconda, Montana  (1985) (N=8044) of exposure (ceiling, time-weighted average [TWA], Essentially replicates for the whole cohort the
(follow-up from and cumulative). Using cumulative exposure, SMRs findings of Welch et al. (1982), who had analyzed
1938-1981) rose from 142 for those with lowest exposure 1o 396 a subset. Used quantified exposure data, but
in the high exposure group. cumulative exposure was assigned incorrectly:
final cumulative exposure was assigned to every
person-year of a given worker.
Lung cancer deaths  Lee-Feldstein Case- Compared 5 different indices of exposure (maximum No smoking data were collected. Time-exposure
and matched (1989) control, category, TWA [arithmetic means], TWA [geometric factors were not used in quantifying exposure.
controls among nested in means}, cumulative [arithmetic means], and Assumes an exponential relationship between
smelter workers, cohort (280  cumulative [geometric means]). Found that eachof  exposure and lung cancer, although the actual
Anaconda, Montana cases, 1583 these was a significant predictor of lung cancer risk. relationship appears to be supralinear.
(follow-up from controls) Men who were younger at first employment had
1938-1977) greater risk than those first employed later in life.
Smelter workers, Enterline et al. Cohort Found supralinear dose-response, using estimates of Used air measurements of arsenic to reanalyze an
Tacoma, Washington (1987a) (N=2802) air exposures, with SMRs from approx. 140 to 480. earlier study (Enterline and Marsh 1982) that had
(follow-up from Best fit was a power function. Determined urine-to-air characterized exposures as urinary arsenic.
1941-1976) relationship using data from departments with both .
types of measurement.
Smelter workers at Enterine etal.  Cohort in cohort analysis, lung cancer SMR significantly Exposure levels were low at the Garfield smetter,
eight U.S. plants, (1987b) (N=6078), alevated only for the Garfield smelter. Case-control and very low at all the other smetters, resutting in
including Garfield and nested  analysis found significant arsenic effect after low power: range was 0.05 to 0.28 to detect
Smelter (follow-up case- simuttaneously adjusting for smoking and sulfur increase predicted by dose-response from
from 1949-1980) control dioxide. After controlling for arsenic and smoking, Tacoma smelter.
sulfur dioxide had no adverse effect.
Smelter workers, Sandstrom et Cohort 120 incident lung cancer cases observed versus No quantified exposure data were used.
Ronnskarsverken, al. (1988) study of 51.7, 35.8, or 45.2 expected using as referents Decline in incidence over time could be due to
- northern Sweden incidence males from all of Sweden, the county, or the declining exposures, earlier medical notification,
(follow-up from (N=611) municipality. Age-adjusted incidence rate appearsto  or changing smoking habits.
1958-1982) have begun declining in the 1970s.



TABLE9-1(C. INUED)

Highligms and Deficiencies

Study Population Author(s) Type of Study Results
Smelter workers, Jarup et al. Cohort Overall SMR=372 (106 observed versus 28.5 . Extended the follow-up of Walil (1980). Includes
Ronnskarsverken, (1989) (N=3916) expected, 95% C.1.=304-450). Strong positive dose-  over 125,000 person-years of follow-up. No
northern Sweden response, either supralinear or finear with elevated smoking data were collected. Rates were

intercept. Dose-response unchanged when standardized for residents of county.

exposure was lagged or a latency period was

assumed. Intensity of exposure showed more of an

effect than duration of exposure. No dose-response

was observed for sulfur dioxide exposure.
Living lungcancer = Tayloretal. Case- Comparing the 2nd, 3rd, and highest quartiles of Individual cumulative exposures were based on
cases in 1985 and (1989) control, exposure 1o the lowest quartile, odds ratios (ORs) industrial hygiene measurements and
age matched living nested in were 6.8, 23.9, and 22.6, indicating a strong, occupational history. Arsenic effect was
controls among tin cohort (107  supralinear, dose-response. These ORs were independent of smoking and of radon. Smoking
miners in China cases, 107  adjusted, using logistic regression, for age, radon appeared to have little or no effect, perhaps

controls) exposure, year of starting employment, and duration  because there were almost no nonsmokers. it
of smoking. - was therefore difficult to evaluate synergism
) between arsenic and smoking.
Pesticide . Sobel et al. Cohort In new follow-up period, observed 9 lung cancer More complete ascertainment than in original
manufacturing (1988) (N=611) deaths versus 7.8 expected based on U.S. study. Did not use local, regional or statewide
workers. (Extends population, SMR=116. Elevated SMRs did not rates for comparison. Used industrial hygiene
follow-up of Ott et al. decline with time since exposure ended. data to quantify individual exposures, but did not
by 9 years) . report analyses using these exposure estimates.
No explanation was given for not using this
information.

Lung cancer deaths  Wicklund et al. Case- Exposure to only lead arsenate was reported or interviews conducted with proxies only. Analyses
between 1968 and (1988) control (155 presumed for 9 cases and 11 controls; the smoking- were adjusted for smoking using Mantel-
1980, and matched cases, 155  adjusted OR was 0.79. Exposure to both lead Haenszel method. Lead arsenate exposure was
deceased controls controls) arsenate and DDT exposure was reported or presumed if the proxy reported that the

among orchard
workers in the state
of Washington

presumed for 89 cases and 89 controls; the smoking-
adjusted OR was 1.12. No dose-response was
observed based on acres, years, or acre-years.

deceased had sprayed before 1945. Strong
possibility of misclassification, which would
probably have been nondifferential, given that
deceased controls were used. :
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TABLE 9-2

SUMMARY OF OCCUPATJONAL STUDIES CONCERNED WITH RESPIRATORY CANCER MORTALITY AND ARSENIC EXPOSURE

[Lee-Feldstein 1983}, copper smelter 8,045 1938-77 3,522 609 302.

Deaths
Respira- SMR‘
No. of persons in tory Respiratory
Study Study Period of observation Total No. Cancer Cancer Cancer
Lee and Fraumeni 1969, copper ’ o 8,047 1938-63 1,877 305 147 329
“ smelter ; ‘
ott el al. 1974, insecticide 603 ) 1940-73 95 35 20 345
manufacturers '
Tokudome and Kuratsune 1976, 839 1949-71 157 55 29 912
copper smelter
Rencher et al. 1977, copper smelter . 244 1959-69 244 41 17 306
Pinto et al. 1978, pensioners from ’ 527 ‘ 1949-73 324 69 32 305
copper smelter
Mabuchi et al. 1979, pesticide . 1,050 males 1946-77 197 47 23 168
manufacturer .
Wall 1980, copper smelter 3,958 Unspecified-1976 953 245 ” 500, locally
288, nationally
Enteriine and Marsh 1980, copper 2,776 1941-76 1,061 232 104 190
smelter »
Lubin et al. 1981, copper smelter 5,403 1964-77 1,628 304 146 165
285

1SMR = gtandardized mortality ratio, defined as ((observed number of deaths) / fexpected number of deethsl) x 100.

(From Lee-Feldstein 1983, Table 9)



TABLE 9-3

Respiratory Cancer Deaths and Standardized
Mortality Ratios (SMRs)! by Cumulative Arsenic
Exposure at Time of Retirement Among 582 Retired
Workers Aged 65 Years and Over: Tacoma,
Washington, Copper Smelter

Cumulative
Exposure
(pg As/l urine) . Observed Expectedt SMR
(-years) Deaths Deaths
<2000 1 0.70 142.3
2000- 3 1.65 181.8
3000- 6 4.39 136.8
6000- 5 1.64 305.3
9000- 6 1.74 345.5 *
12000- 6 1.53 393.2 %%
15000+ 7 2.30 304.9 *
* p < 0.05.
** p < 0.01

t Based on Washington state white males

1SMRs = standardized mortality ratios, defined as ([observed number of
deaths] / [expected number of deaths]) x 100.

Source: Enterline and Marsh 1982, Table 10.
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TABLE 9-4

RESPIRATORY CANCER MORTALITY FOR 2802 TACOMA SMELTER WORKERSI'

Follow-Up Starting Follow-Up Starting At
On _Entry Into Study Termination Of Employment

enic sure Observed Ex ected2 §ﬂg3 ected2 §ug3

‘ , Observed Expected Expected
Cumulative (ug/m~ -years)

<750 9 6.6 136 6.3 144

750- 15 8 170 7.3 206"

2000- 19 10.3 184% 7.8 242°

4000- 2 16.3 205° 7.3 288°

8000- | 23 10.4 221° 6.9 332°

20000- ST .9 264° 3.2 409°

45000+ 4 1.2 339 .8 477*

lFrqm En;egliqe et al. 1987, Table 2

zBaqed on rates for vhite males in the State of Washington

3SMR = standardized mortality ratio defined as ([observed number of deaths] % [expected number of

deaths]) x 100 where the expected number of deaths is based on age-, sex-, and calendar year-
specific rates in the general population

ap<.05

Jp<.01



TABLE 9-5

RESPIRATORY CANCER MORTALITY FOR 4099
ANACONDA SMELTER WORKERS

Arsenic Exposure Observed Expected st
Cumulative (ug/m® -years)
<833 | , 15 8.2 1831
833- 2% 9.2 | 260"
2,083- 22 15.2 145
8,333 o 40 15.8 2531
41,667- 16 6.4 251
208,333- 7 0.9 798!
416,667 5 1.1 469t

1SMR - standardized hortality ratio; defined as ([observed number of

deaths] / [expected number of deaths]) x 100 where the
expected number of deaths is based on age-specific rates for
vhite males in the general population of Idaho, Montana, and
Wyoming.

1p < .05
*> = .01

(Adapted from Lee Feldstein 1986, Table 3; these data are from
"Cohort II", the workers first employed between 1925 and 1947)
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TABLE 9-6

RESPIRATORY CANCER MORTALITY FOR 1800
ANACONDA SMELTER WORKERS

Arsenic Exposure Observed Expected  SMR'
VA (ug/m®)
<100 1 '_ 7.9 138
100- 22 7.3 303"
500- 29 7.7 375"
" 25,000 18 2.6 704~
30-Day Ceiling (pg/n3)
<100 8 6.2 129
100- - 4 34 116
500- 41 11.8 348"
25,000 27 4.1 662"
Cumulative (pg/m®-years)
<500 o 4 s 69
500- 9 5.7 157
2,000- 27 6.8 400"
212,000 40 7.3 s

1SMR - standardized mortality ratio, defined as ({observed number of
deaths] / [expected number of deaths]) x 100.

*p s .01

(Adapted from Welch et al. 1982, Tables 7 and 9)
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TABLE 9-7

RESPIRATORY CANCER MORTALITY FOR 8044
ANACONDA SMELTER WORKERS

Arsenic Exposure gbserved Expected svp!t
TWA (pg/m®)
<100 76 50.3 151%
100- 125 50.4 2485
500- 115 39.3 203"
25,000 | 22 4.1 538"
30-Day Ceiling (pg/m®)
<100 s 30.0° 150
1 100- 20 110.5 190
L 500- 220  90.4 243*
25,000 - 53 13.2. 402”
Cumulative (pg/m® -years)
<500 st 45.9 142
500- ' 67 37.5 179"
2,000- Y P 265"
>12,000 8 248 39"

lSMR = gtandardized mortality ratio, defined as ([observed number of

deaths] / [expected number of deaths]) x 100.
A1l entries were significant at p £ .05
*p < .01

(' : (Adapted from Higgins et al. 1985, Tables 21 and 22)
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TABLE 9-8

RESPIRATORY CANCER MORTALITY
AMONG 1982 DECEDENTS PREVIOUSLY
EMPLOYED IN A CHEMICAL MANUFACTURING PLANT

CUHULATIVET '
EXPOSURE OBSERVED =+
(mg As) ' OBSERVED EXPECT ED1 EXPECTED
a 1 1.77 .6
1- 2 1.01 2.0
2- 4 1.38 2.9
4- 3 1.36 2.2
6- 3 1.70 1.8
12- 2 97 - 2.1
'24- 3 77 3.9
60- 5 | .79 6.3
> 96 E g2 1.0

1'Ass:umes inhalation of 4 m3 air/8-hour day. This almost

certainly underestimates exposure.

1Expected deaths were calculated by fitting a multivariate
regression line to the proportion of deaths due to respiratory
cancer using age and date as predictor variables.

(Excerpted from Ott et al. 1974, Table &)
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TABLE 9-9

SMOKING HABITS BY LEVEL OF ARSENIC EXPOSURE
FOR 1800 ANACONDA SMELTER WORKERS

ARSENIC EXPOSURE SMOKING HABITS
(ug/m®, TWA) % NONSMOKERS % SMOKERS % UNKNOWN
(CIGARETTES ONLY)
<100 13.2 66.5 (60.9) 20.3
100- : 13.1 68.3 (60.7) 18.6
500- -  13.6 69.2 (59.8) 17.2

25,000 | 13.7 ' 71.2 (62.3) 15.1

(Excérpted from Welch et.al. 1982, Table 11)
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TABLE 9-10

RESPIRATORY CANCER MORTALITY BY ARSENIC EXPOSURE
STRATIFIED BY SMOKING HABITS

s sMR 12
(pg/m®, TWA)
SMOKERS NONSMOKERS
<100 | 120 | 95
100- 312 S ' 89
500- | 359 286

25,000 803 : 620

1SMR - standardized mortality ratio, defined as ([observed number of deaths] /
[expected number of deaths]) x 100.

2These values are misleading, since smokers and nonsmokers in the cohort were
compared separately to a general population comprised of both smokers and
nonsmokers. A better analysis would have compared smoking workers to smokers in
the general population and nonsmoking workers to nonsmokers in the general
population.

(Adapted from Welch et al. 1982, Table 12)
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TABLE 9-11

SUMMARY OF THE EPIDEMIOLOGIC EVIDENCE
REGARDING THE INTERACTION OF SMOKING AND ARSENIC
ON RESPIRATORY CANCER

MEASURE OF EFFECT .__JOINT EFFECTS OF ARSENIC AND SMOKING

>Additive but
Additive <Multiplicative Multiplicative

RENCHER et al. % of deaths due X

(1977) to lung cancer

WELCH et al. SMR1 X

(1982) '

ENTERLINE (1983) Absolute death rate . X

PERSHAGEN et al. SRR® : X

(1981)

PERSHAGEN (1985) SRR® 3
Occupational: X 3
Environmental: : X

1Standardized mortality ratio

2Standardized rate ratio

The observation of a different degree of synergism for environmental as opposed
to occupational exposures is discussed in Appendix E.
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10.0 MECHANISMS OF TOXICITY AND CARCINOGENICITY

This chapter discusses mechanisms by which arsenic induces adverse health
effects, and addresses the questions regarding a tﬁreshold for carcinogenic
effects, the evidence fqr initiation of cancer, and the’aﬁparent
contradiction between the résults of animal and human studies investigating

carcinogenicity.

10.1 General Mechanisms

Two mechanisms have been proposed as explanations for the toxic and

carcinogenic effects of arsenic (see e.g., EPA 1984):

1. Trivalent arsenic attacks free sulfhydryl (-SH) groups on enzymes and
other proteins (Schoolmeester and White 1980, Willhite and Ferm 1984, -
Knowles and Benson 1984). This mechanism affects a wide variety of enzymes,
including transaminases, oxidases, dehydrogenases, kinases, lipase, acid
phosphatase, liver arginase, cholinesterase, and qdenyl cyclase (Willhite
and Ferm 1984, Schoolmeester gnd White 1980). The clinical significance of
most of these inhibitions 15 uncertain (Schoolmeester and White 1980).
Pentavalent arsenic does not act as a sulfhydryl reagent (Johnstone 1963),

though it undergoes reduction to As(III) in vivo.

A primary.effect of As(III) is interference with energy metabolism.
As(III) disrupts the pyruvéte oxidase system by combining with the two
sulfhydryl groups of lipoic acid to form a six-ﬁembered ring (Winship 1984,

Schoolmeester and White 1980, NAS 1977).
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2. The mechanism of action most often attributed to pentavalent arsenic is
"arsenolysis” in which inorganic As(V) competes with iﬁorganic phosphate to
form unstable arsenate esters in the place of more stable phosphate esters
(Schoolmeester and White 1980, Willhite and Ferm 1984). As DNA and RNA are
held together by phosphate ester linkages, arsenic substitution for
phosphorous may cause breaks in these nucleic acids (Schoolmeester and White
1980, EPA 1984). For acute and chronic toxicity, arsenolysis is ;onsidered
a less important mechanism than sulfhydryl group inhibition by As(III)
(Schoolmeester and White 1980); but for teratogenesis arseénolysis may be

more important.

10.2 JTexratogenic Effects

Pentavalent arsenic is more damaging than As(III) in certain aspects of
teratogenesis possibly due to the proposed nucleic acid-weakening effect of
As(V) (arsenolysis). Different genes are active during organogenesis and

development than in later life.

Researchers investigating the action of copper and cadmium (Hanlon and Ferm
1974) h#ve suggested that metal teratogens may act by interfering with the
transfer of specific growth-controlling factors, possibly hormones, across
the nuclear membrane by interacting with protein carriers. Since trivalent
arsenic interacts with sulfhydryl groups-of protein, As(III)bnayrbe'
teratogenic by this mechanism. Since As(V) cpnpbunds’are reduced to the

trivalent state, they may act similarly.
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10.3 Genotoxic and Carcinogenic Effects

Both sulfhydryl group binding and-arsenolysié have been proposed as
mechanisms for genotoxic effects of arsenic (See Chapter 7, Section 10.1,
and"EPA 1984). Arsenic compounds are clastogenic and elevate rates of
sister chromatid exhange (Oberly et al. 1982, Clive et al. 1979). They have
not: however; beén shown to cause base-pair substitutions or frame-shift
mutations. Observations in the TK system (Oberly et al. 1982,'011ve.et al.
1579) indicate that both As(III) and As(V) compounds can cause heritable
loss of function of a gene. In Chinese hamster ovary (CHO) cells, the
highest clastogenicity of sodium arsenite was detected at the border between
the G1 and S stages of the cell cycle (Lee et al. 1986d). Data indicate
that arsenite is co-clastogenic with ethyl methanesulfonate (EMS) in these
cells only in the_G1 and early S étages of the cell cycle whereas caffeine

acts only in the late S and/or G2 stages (Jan et al. 1986). However,

treatment during the G2 phase potentiated chromatid exchanges and breaks

induced by UV light or 4-nitroquinoline l-oxide (Lee et al. 1986c).

P

Arsenic éompounds inhibit the immune system and a may play a role in the
transformation of mamﬁalian cells by viruses. They have induced
morphological tfansformation of Syrian hamster embryo cells without co-
treatment (Lee et al 1985b). ﬁécently, researchérs found that sodium
arsenite and sodium arsenate amplified the dihydrofolate reductase gene and
conferred methotrexate resistance in mouse 3T6 cells; this effect may relate
to arsénic's cérc{hogenicity since amplification of oncogenés is found in

many éumors (Lee et al. 1988). One author has suggested that effects of
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As(V) on semiconductor properties of DNA may affect carcinogenesis

(Marczynski 1988).

10.4 Threshold Effects
10.4.1 Arsenic Epidemiology and Thresholds

Lamm and Lederer (1984) have argued that there is a threshold for arsemnic-

induced carcinagenesis. They cite the lack of an elevated risk in the low-

eiposure groups in several of the occupational studies. This argument is

not convincing for several reasons:

a. Frequently the mortality rates of occupational cohorts are lower than
those of the general population because occupational cohorts are heal;hier.
This is known as the "healthy worker effect,” and has been well
characterized in the epidemiologicai literature (McMichael 1976, Fox and
Collier 1976). This phenoneﬁon could explain the lack of an elevated risk

in low-exposure groups.

D. Low exposures are not expected to produce large increases in respiratory
cancer deaths. Even so, Higgins et ni: (1985) found statistically
significant excesses in all the low-exposur; categories, regardless of
whether exposure was assessed using cumulative dose ot a tin;-weighted

average. Lee-Feldstein (1986) found significant excesses in the low-

exposure categories for those hired before 1947.

c. The size of the low-dose group is frequently too small to have the

statistical power to detect the small increase in risk which uight be
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predicted from_low-level exposure. Where significant excesses were not
observed in the low-exposure groups, the power to detect increased mortalicy
given true SMRs (standardized mortality ratios) of 125, 150 and 200 ranged
from 10% to 60% (Table 10-1). The risks predicted by the risk assessment
contained in this document (Chapter 11) for those 1h the low-exposure
categories of these studies were too small to be detectable with a

probability of even 10%.

DHS staff conclude that the epidemiological evidence does not support a

threshold-mediated mechanism for carcinogenicity by arsenic compounds.

10.4.2 Arsenic Toxicology and Thresholds

A threshold dose of a toxicant is one below which a specified outcome does
not occur. While threshold models for carcinogenesis (based on, for
example, saturation of detoxification enzymes, the existence of DNA repair
mechanisms, or recurrent toxicity) have been proposed, none has been

convincingly demonstrated.

In the case of arsenic, there is evidence of genotoxicity with little
evidence of specific-locus mutagenicity (Sée Chapter 7); The mechanisms of
genotoxicity mentioned above (Section 10.3) are not neceséarily associated
with a threshold. A single instance of sulfhydryl grouﬁ binding to an
enzyme might result in misrepair or breakage of DNA.. Likewise, a single
instance of arsenolysis might result in DNA damage. The staff of DHS agrees
with the conclusion of the International Agency for Research on Cancer

(IARC) that there is insufficient evidence to justify creating separate
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classes of carcinogens (based on mechanism) for which different risk
assessment methods would be used (IARC 1983). In the absence of compelling

evidence to the contrary, DHS treats carcinogenesis as a nonthreshold

phenomenon.

As summarized in Chaptér 9, the evidence for human carcinogenicity of
arsenic is strong. In contrast, the evidence for animal carcinogenicity is
equivocal (Chapter 8). Because the animal studies are not uniformly
negative1 and because no animal carcinogenicity bioassay has been conducted
according to a sﬁandardized protocol (suchras that of the Na;ional

. Toxicology Program), these studies do not definitively establish or preclude
the carcinogenicity of arsenic in animals. Intratracheal instillation of
arsenic, which has produced pulmonary tumors in experimental animals, gllows
greater deposition and retention of toxicants than ordinary inhalation and
may irritate pulmonary tissue (See Chapter 8).2 For inhalation, the staff
6f DHS concludes that the animal studies are not adequate to evaluate the
potential for arsenic’s carcinogenicity in nonhuman species. In only one
inhalation study were animal exposures adequately representative of human
exposures associated with cancef. Other possible éxplanations for
qualitatively different responses of humans and animals to arsenic include
differences in pharmacokinetics, target tissues, and sensitivity to

toxicity.

Human lung is structurally and histochemically different from that of

laboratory animals. The Clara cell, the principal source of the secretory
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lining material for the bronchioles and the site within the lung for the
metabolism of xenobiotic substances by the cytochrome P-450 system, differs
among species. Ultrastructurally, human Clara cells appear different from
those of sﬁall animals; for example, the human cells have little agranular
endoplasmic reticulum (AER), which is found in abundance in Clara cells of
mice, rats, hamsters, guinea pigs, and rabbits. Although there appears to
be a correlation between AER abundance and cytochroﬁe P-450 activity,
Plopper (1983) noted that P-450 activity ha# not been assessed in species
whose Clara cells have little AER in the adult. It is possible that lab
animal lung can detoxify arsenic- (or other compounds involved in pulmonary
carcinogesis) where human lung cannot. A variety of differences in
pulmonary histochemistry among species, as well as among humans of different

blood types, have been tabulated (Spicer et al. 1983).

Species differences in clearance of xenobiotic substances, bacteriocidal
activity, and biological response to a variety of pulmpnhry toxins have been
reported, and therefore toxic effects observed in laboratory species may not

necessarily be generalized (Brain and Mensah 1983).

The skin is an organ in which arsenic-associated cancer has been found in
humans but not in repeated experiments with laboratory animals. Epidermis, .
like lung tissue, is epithelial. Compared to most lab animals, humans have

relatively hairless epidermis with a thicker squamous cell layer.

Arsenic may induce cancer through a mechanism which does not involve direct
binding or damage to the DNA of somatic cells, such as inhibition of DNA

repair, induction of dormant genes, or suppression of immune system
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responses. Laboratory animals could be less susceptible than humans to
induction of cancer by these indirect mechanisms. It may also be that other
toxic effects from the doses of arsenic compounds used in animal studies

inhibit tumor promotion (Milner 1969).

In summary, the animal data with respect to arsenic-induced carcinogenicity
are generally inadequate and neither confirm nor contradict the human
evidence. The reasons for the discrepancy between animal and human data

have not been identified.

10.6 W&n

Some investigators have proposed that arsenic may act as a promoter in
carcinogenesis and not as an initiator (Enterline and Marsh 1982, Brown and
Chu 1983a, 1983b). Evidence supporting this position includes: (1) an
observed decline in the relative risk of lung cancer after termination of
employment at a smelter (Enterline and Marsh 1982), (2) the absence of
strong data demonstrating caréinogenicity in animals with short lifetimes
(see Chapter 8), and (3) several standard mutagenicity assays in which

arsenic tests negative (see Chapter 7).

Even if arsenic is not a carcinogen in animals, this would not preclude a
role as an initiator of cancer in humans. For instance, if the carcinogenic
agent is a metabolite, then a particular metabolic pathway, unique to

humans, could explain arsenic’s induction of cancer.
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 The fact that arsenic has not been showh to be directly mutagenic also does
not preclude a role for arsenic in initiating a tumorigenic response. If
most DNA repair mechanisms ar; rapid responsesAto comhon events, then
arsenic’s inhibition of such repair may be almost simultaneous with the
insﬁlt that induces a somatic mutation. Most of ﬁhe mechanisms of action
proposéd for arsenic (for example, competition with phosphate groups,
c1astogenesi§,Abinding to sulfhydryl groups on enzymes, and inhibition of
DNA‘reéair) could either initiate tumors or act so early in the carcinogenic

process as to be indistinguishable from the initiating event.

One possible mechanism of aréenic carcinogenesis involves‘mutation by a
chromosomai mechanism (See Section 10.3, above). By chromosomal
rearrangement or clastogenesis, arsenic might initiate or stimulate the
inappropirate transcription of a gene involved with cell transformation.
Fo¥ exaﬁple, a clastogenic event might inactivate a suppressér sequence in
an operon, Such an event could occur at an early or late stage in a

carcinogenic process.

1f an agent acts solely as a promotér of cells that have already undergone
irreversible changes, then the time period between exposure to the agent and
diagnosable cancer could be relatively short. The epidemiologic evidence
weighs more strongly towards longer latency periods between exposure to
arsenic and respiratory cancer death, but age at first exposure could be a
c§nfounding factor.. In one cohort of occupationally exposed workers,

the pattern of'risk with time since termination of exposure does not support

arsenic acting solely as a promoter (see Appendix B).
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The staff of DHS concludes that the evidence for arsenic acting only in the
late stages of carcinogenesis is not convincing. Therefore, the risk
assessment presented in Chapter 11 makes no assumption regarding the timing

of arsenic's carcinogenic activity.

Notes

1Ingestion studies in both mice and rats of a wide variety of strains are
uniformly negative. Skin painting studies in mice are also negative. Two
routes produced mixed results: {ntratracheal instillation and subcutaneous
injection. Intramuscular injection was negative in rats and rabbits while
intravenous injection was positive in mice. Finally, only two cancer
bioassays used inhalation as the route of exposure. For one of these
studies, no final report was ever published (Bertesu 1986). The other
study (Glaser et al. 1986) used an inappropriate animal model, too few
animals, and relatively low doses. :

2The statistically insignificant malignant tumors seen in intratracheal
jnstillation experiments (See Chapter 8) do not moot the questions raised
by the discrepancies between animal and human findings with regard to
arsenic carcinogenesis.
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TABLE 10-1

POWER TO DETECT EXCESS MORTALITY
GIVEN PREDICTED AND SPECIFIED SMRs!?
AMONG ARSENIC-EXPOSED WORKERS
IN LOW DOSE CATEGORIES?

Statistical Power to Detect

Observed Predicted Excess Mortality Gjiven:
_SMR = __SMR® Predicted SMR of:
SOURCE ___SMR:* 125 150 200

Enterline et al. (1987) :
Lowest cumulative dose "143.8 109.3 .05 .10 .24 .60

Lee-Feldstein (1986) ‘
Cohort I1I1 (hired 134 115.4 .07 .10 - .20 .46
after 1947) Lowest
cumulative dose

1 .

SMRs = standardized mortality ratios defined as ([observed number of deaths] +
[expected number of deaths] x 100 where the expected number of deaths is
based on age-, sex-, and calendar year-specific rates in the general
population.

) S ,
Only categories for which the SMR was not significantly elevated are shown.

3
Based on the risk assessment of Chapter 11 and on the midpoint of the range

of exposures.

4
See note 3. These SMR values are found in the next column to the left.
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11.0 CANCER RISK ASSESSMENT

The staff of DHS has used human data for 1;5 cancer risk assessment of
arsenic because (1) these data showed a strong, consistent Associationvwith
increaséd respiratory cancer in epidemiologic studies, (2) quantitative
exposure measurements were made in several of these studies, and (3) élear.
'dose-response relationships were observed. No risk assessment has been
conducted using animal data because the cancer bioassays using relevant
routes of exposure have been negative and because no adequate inhalation
bioaséay has been published. There may be an additional cancer risk
resulting from deposition of airborne arsenic onto soil, crops, or sources
of water. Risks due to ingestion of arsenic that makes its.way into the
food chain or water supply were not evaluated for this document. It is

recommended that these secondary routes of exposure be taken into account

for evaluating risks due to point sources.

A quantitative risk assessment was conducted for ambient exposures_using
data_frpm two cohorts of smelter workers: one from Anaconda, Montana, and
the other from Tacoma, Washington. Direct linear models were fitted to
these dose-response data, and unit risks for low-level exposures were
obtained By applying the fitted model to background respiratory cancer death
~ rates in both California and the U.S., using separate lifetables for males
and females. Finally, the excess risks to California residents from ambient

arsenic exposure were derived by multiplying the unit risks times average

concentrations measured in the state as reported in Part A.
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Chapter 9 describes the occupational studies on which this quantitative
cancer risk assessment was based. Tﬁe quality of data from these
occupational studies is discussed in detail below. The exposure assumptions
used by Lee-Feldstein (1986) differ markedly from those used by Welch et al.
(1982), Lubin et al. (1981) and Higgins et al. (1985), and are likely to
result in underestimates of potency.1 Nevertheless, risk estimates based on
the dose-response dat# in the Lee-Feldstein (1986) paper are included in
this document for comparison with other éstimates.
A recent reanalysis of the Tacoma cohort incorporated newly available
historical data on air concentrations in the plant, and reassessed the
previously reported conversion of urinary concentrations of arsenic to air
levels (Enterline et al. 1987). In this analysis the best-fitting model for
| relating cumulative airborne arsenic exposures to lung cancer mortality was
curvilinear: the slope decreased as dose increased. Because this
relationship yields an extremely steep slope at low doses, and because such
an extreme departure from linearity resulted in implausibly high estimates
of risk at low doses, the staff of DHS did not use the model fitted by
Enterline et al. for quantitative risk aésessment,vbut instead fitted linear

models to subsets of the data and to adjusted data from their report.

The carcinogenic risk assessment for arsenic is discussed in six sections:
(1) the strengths of and uncertainties in the data;

(2) uncettainties due to dose-response assumptions;

(3) the model and its assumﬁtions;

(4) the extrapolation to the California and U.S. populations to obtain

unit risks;
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(5) comparisbn with other risk assessments; and

(6) calculation of risk at ambient levels of arsenic in California.

The staff of DHS considers the predicted risks presented in this chapter to
be the best estimates>availab1e at the present time. Estimates derived in
any risk assessment are not exact predictions, bﬁé rather represent
plausible estimates based on current scientific knowledge and methods. It
i§mimbortant to recognize that uncefCainties are present both in the data
and in the extrapolation process, and that these uncertainties necessitate

the use of assumptions. In the presentation of this risk assessment, the

staff has attempted to explain the assumptions made at each step, and the

direction in which each assumptibn may affect the risk estimates.

11.1 Strengths and Limitatjons of the Data
11.1.1 Mmmg&mu&

- The quantitative cancer risk assessment for arsenic considered data from the

occupational mortality studies of smelter workers in Anacopdé, Montana by
Welch et 51. (1982), Higgins et al. (1985) and Lee;Feléstein (1986), and in
Tacoma, Washington by Enterliﬁe et ai. (1987). The strengths of the;e_‘
studies are: (1) the use of detailed quantitative exposure estimates based
on individuallwork histories 1hnc§mbina£ion with industrial hygiene surveys
going back to‘the i946’s (1938 for som; departmeﬁts in the Tacoma plant);
(2) over 45,000 person-years (PY) of follow-up for 1800 workers (Welch et
al. 1982), approximately 200,000 PY for 8000 workers (Higgins et al. 1985
and Leé-Feldstein 1986) and over 70,000 PY for 2802 workers (Enterline et

al. 1987); (3) the demonstration of a clear dose-response relationship of
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respiratory cancer mortality to cumulative arsenic exposure (in all of these
reports) and to several other indices of exposure (Welch et al. 1982,
Higgins et al. 1985, Lee-Feldstein 1989); (4) the s;milarity in smoking
habits for workers with different levels of -arsenic exposure (Welch et al.

1982); (5) the demonstration of an arsenic-related dose-response for

nonsmokers and smokers separately (Welch et al. 1982); (6) the finding of no

change in the standardized mortality ratios (SMRs) when workers in the
Anaconda plant exposed to asbestos were removed from the analysis (Welch et
al. 1982, Higgins et al. 1985); and (7) the finding of an arsenic effect
independent of 802 exposure at the Tacoma ﬁlant (Enterline and Marsh 1982),
and at the Anaconda plant (Lubin et al. 1981). (A similar finding was noted
by Pershagen et'#l. (1981) and by Jarup et al. (1989) for workers at the

Ronnskar plant).

Data from the study by Jarup et al. (1989) of smelter workers at
Ronnskarsverken would also have been appropriate for a risk assessment.
However, the analyses for this document were completed pfior to publication
of these data, and a careful comparison of the dose-response information
revealed that these data Gould not yield a substantially different risk
value from the analysis presented herein. Graphs of Hertz-Picciéttd'ef al.
(1989) show that the dose-response data froﬁ Ronnsﬁar do not differ markedly
froﬁ the Tacoma data. DHS staff have calculated 95% confidence intervals on
the SMRs from the Ronnskar workers and each of these includes the value
predicted by the Tacoma dose-response data. For these reasons, a risk

asseésment based on the data of Jarup et al. (1989) is not presented.
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Lee-Feldstein (1989) fitted logistic regression models to several different
indices of exposure: cumulative, peak and time-weighted average. The
cumulative exposure data were hot different from those réported bvaee-

Feldstein in 1986 and evaluated for this risk assessment.

Industrial hygiene area samples provided the basis for the exposure
estimates. For example, at the Anaconda plant; a total of 702 neasurementé
were taken between 1943 and 1965 where arsenic was known or suspected to be
present (Morris 1978) 1In the analysis of Lee-Feldstein et al. (1986), work
areas were ranked on a relative scale from 1 to 10. These were grouped and
mean measurements were assigned to each group of work sites. For each
individual worker, time spent in each work area was based on his employee
record. For each calendar-year of observation his cumulative exposure was
estimated as the sum of three t;rms:'[time spent in heavy (wedium, light)
eiposure areas] X [mean heaﬁy (medium, light) exposure]. Analyses were

conducted using both arithmetic and geometric means.

For the analysis of ﬁiggins et al. (1985), there were 826 measurements taken
from the same time period. Samples collected atAéach work location were
averaged, and then weighted by an exposure factor feptesentiﬁg an estimate
of the fraction of time spent at the location. This calculation produced an
exposure index for each deparfment. Departments for which no measurements
were available were assigned fo.the light exposure grouping, siﬁce
measutéments were taken wherever substantial exposures were suspected. Each
worker’s exposure was calculated by multiplying the exposure index by the

time spent in each department, based on work records, and summing over all
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the departments. The workers were then diviaed into four levels based on

their final cumulative exposure.

Exposure estimates for the Tacoma plant (Enterline et al. 1987) were based
on both urinary arsenic and air concentration measurements. Expoéures were
estimated for each department and each year or group of years. First,
departmental urinary arsenic values were reported as geometric means from
individual workers (these data covered thé periods 1948-52 and 1973-75).
Using departments where both types of measurements were available, a
urinary-to-air conversion was estimated. Next, this conversion was applied
to departments lacking air monitoring data. Augmenting these data with air
measurements from 1938 onwards (which were themselves weighted to reflect
work-time spent at each sampling site), the exposures for each year in each
of the fifteen departments with pre-1970's measurements were derived by
linear regression. These regression lines had similar slopes and therefore
the median percent decline was used to extrapolate back in time for those

- departments lacking data between 1938 and the 1960’'s. For all departments,
pre-1938 exposures were assumed to equal 1938 estimates. Individual work

histories were used to calculate exposures for each worker.

Unlike Welch et al. (l982) and Higgins et al. (1985), Lee-Feldstein (1986)
#nd Enterline et ai. (1987) correctly apportioned person-years of follow-up
into exposhre categories: when a worker begins employment, his person-years
‘of follow-up should fall in the lowest exposure category, until he has
accumuiatéd.a large enough dose to move to the next exposure category, and

so on (Breslow and Day 1987). Because the analyses of Welch et al. (1982)

and of Higgins et al. (1985) assigned every person-year of a given worker to
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his final exposure level, exposures were grossly overestimated for a large
proportion of person-years. - In particular, this would inflﬁte the person-
years in the heavy exposure categories and defl#te them in the lower
exposure categories;‘however, the deaths would not be redistributed, since
the highest exposure level has been achieved at the time of death.
Schneiderman et al. (1979) suggested that the use of final exposure level
underéstimates potency. However, the degree to which the different exposure
categories are affected, the distribution of person-years into the exposure
categories, and the uﬁderlying shape of the true dose-response curve may

influence the estimated slope in an unpredictable manner.

These studies showed clear increases in lung cancer mortality which were
related to quantified arsenic exposures. Additionally, major confounding
influencés could be ruled out (See Chapter 9). Therefore, the data from
these studies were suitable for conducting a risk assessment. ‘Sihce the
analysis of Weich et al. (1982) was essentially replicated by Higgins et al.
(1985) using the full cohort and a slightly longer fpllow-up period, only

the latter was considered for this risk assessment. .

11.1.2. Limitations of the Data

Uncertainties in the quantitative interprétation of the data used for this
risk assessment derive from four main sources: (a) the accuracy of the
éiposure assessment for workers in the cohort, (b) the accuracy of the
measures of cancer mortality, (c¢) the potential effects of confounding

factors, (d) demographic characteristics of the cohort, which differ from
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those of the general population, and (e) characteristics of ambient

environmental exposures, which may differ from smelter exposures.

11.1.2a Uncertainties in the exposure estigates

Uncertainty as to the validity of the exposure estimates in the Anacénda
smelter stems from (i) applying exposure levels measured in 1943-1965 to
both earlier and later years, (ii) applying department-based data to
individual workers, (1115 using the average measurement to represent job
sites with widely ranging exposure measurements, (iv) using time-exposure-
factors (i.e., factors representing the proportion of a workday'actﬁally
spent in a location with exposure to arsenic by persons employed there)
determined during one period for earlier and later periéds (Higgins et al.
1985), (v) assuming that workers spent their entire workday at a given
worksite (Lee-Feldstein 1986), and (vi) assuming that unmeasured job sites

involved light exposures only.

Assumptions (i), (ii), (iii) and (iv) were likely to involve inaccuracies

' that underestimated some exposures and overestimated others. It is’unclear
which biases would predominate and ﬁhgther these errors are éystematically
related to the outcome, respiratory cancer death. Thus,‘one cannot
determine whether the misclassification of exposure would be differential or
nondifferential. Therefore, the net direction of such errors is unknown.
Assumption (v) leads to substantial overestimation of exposure, which biases
estimates of unit risk downward. Assumption (vi), if wrong, is likely to
undefestimate the exposure, and therefore to bias estimates of unit risk

upﬁard.

11-8



In the Tacoma study exposure assumptions were: (i) the use of urinary-to-air

relationships from some departments to estimate air exposures in departments

where only urinary arsenic data were available, (ii) the application of 1938

exposure estimates to the years 1926-1938, and (iii) thé use of linear
interpolation and extrapolation to estimate_air concentrations for some
departments for some years., Because the departments with urinary data were
not random, it is unclear what type of biases would be incurred by .
assumptions (i) and (iii). Assumption (ii) would probably undefestimate the

very early exposures, leading to an overestimate of risk.

In both the 1986 report of Lee-Feldstein and the 1987 report of Enterline
aﬁd colleagues, no adjustment was made to the exposures in consideration of
a possible latency period: for those individuals who continued to work at
their respective smel;ers. exposures continued to be accumulated up to (or

close to) the end of observation. This would tend to underestimate potency.

11.1.2b Uncertainties in the outcome data

In the study of Higgins et al. (1985), losses to follow-up represented 4.5%
of the cohort. In the 1986 study by Lee-Feldstein, follow-up loss was
approximately 10%. In the study by Enterline et al. (1987), those with

unknown status comprised 1.8%. If those lost to follow-up were more (or

less) likely to die of lung cancer than those who were traced, then the

estimates of risk could be too low (or too high). If loss to follow-up were
independent of the cause of death (respiratory cancer vs. other), then no
bias would result, since these persons only contributed years prior to being

lost. Loss to follow-up is usually more éommon for living than deceased
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subjects. The staff of DHS believes that any bias due to differential loss
to follow-up in these studies would have a negligible effect on the unit

risk estimation.

11.1.2¢. W@Mm&m
carcinogens

While the evidence overwhelmingly supports the conclusioﬁ that the observed
excess in respiratory cancer is primarily due to arsenic exposure (see
Section 9.2), partial confounding from smoking and other workplace exposures
cannot be precluded, and this effect could introduce bias in the observéd
ratios. Considering that Welch et al. (1982) showed a similar distribution
of smokers at all levels of arsenic exposure, and that three separate
analyses of these cohorts (Welch et al. 1982, Lubin et al. 1981, and
Enterline and Marsh 1982) which controlled for either 502 or asbestos
exposures showed no significant incremental risk beyond that due to arsenic
alone, the staff of DHS concludes that bias due to confounding is likely to
be small. Error in the estimated mortality ratios resulting from |
jnteractions is discussed below (see Section 11.4 and Appendix E).

P

11.1.2d Characteristics of the cohort

The dose-response relationships used for estimating the unit risk were
observed in adult white male workers. No reports of sex differences in
arsenic’s caréinogenicity are available. Risks for younger age groups
resulting from environmental arsenic exposure could be underestimated fﬁr

several reasons: (1) children are more likely to play in dirt contaminated
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by arsenic emissions and receive higher exposures than adults; (2)
trécheobronchial particle ﬁeposition is génerally more efficient in smaller
(younger) individuals than in larger (older) people (Phalen et al. 1985);
and (3) rapidly proliferating lung tissues in groﬁing children and
adolescents may be more susceptible to carcinogenic agents. A study of
cigarette smoking among U.S. veterans reve#led higher overall mortality
ratios among men who began smoking before the age of 20 as compared to those
who began later, after controlling for duration (Kﬁhn, 1966). DHS staff
conducted a sensitivity analysis which indicated that under a multiplicative
model the error due to larger effective’doses at younger agés_is not likely

- to be Iarge. i.e., is probably less than two-fold.
11.1.2e b cupationa e

The use of occupationai data to extrapolate risks at ambient environmental
levels involves several.assumptions: (1) that the potency of As(III) does
not différ from that of As(V), and (ii) that the percent of arsenic
deposited or absorbed in the lung 1s‘simiiar for the two types of exposure.
Since ambieﬁt_environmental eprsures involve a smaller proportion of
As(III), the effect of a potency difference would be to cause overestimation
of risks from ambient exposures, however the magnitude of such
overeStiﬁation wéuld deﬁend on both the differeﬁce in As(III):As(V) ratio
and the difference in potency. The effect of dissimilarity in the

deposition or absorption rate is unknown.
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11.1.3 Uncertainties in the Epidemiological Data Used for this Risk
Asgessmgn; .

Table 11-1 lists the uncertainties due to data-related assumptions and other
assumptions discussed below. Also included in the table are the direction
and estimated magnitude of error due to these assumptions. The staff of DHS

knows of no way to quantify the effects of these assumptions.

11.2 Dose-Response Assumptions

In order to use occupational dose-response data for estimating risks'from
continuous low-level ambient exposures, it is assumed that the cumulative
lifetime dose is a reasonable summary measurement forAe;timating the
carcinogenic potency of arsenic. Thus, for the purpose of this risk
assessment, short-term high exposures afevconsidered equivalent to long-term
low exposures provided the cumulative dose is the same. Kodell et al.
(1987) showed the effect of this assumption on extrapolations ftom bioassays
with lifetime exposures to estimate risks from short-term intermittent
exposures. They concluded that, dépending‘on the stage of carcinogeneﬁis
affected, excess risk could Be overestimated by several orders of magnitude,

or underestimated by less than an order of magnitude.

In our risk analysis for arsenic, the extrapolaﬁion goesrin the opposite
direction: from shorter occupatiohal exposures to lifetime envirommental
exposures. If arsenic acts only at middle or late stages, the use of
cumulative lifetime dose in the occupational setting may overestimate risks

for continuous lifetime exposure. Otherwise (if arsenic acts on early
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'stages), the use of cumulative doce may underestimate risks from
environmental exposures. Environmental exposures typically begin in
childhood. Since the smelter workers’ exposure was accrued only during
adult life, if arsenic functions strongly in the early stages of
caccinogenesis, the occupational studies did not observe the full potential
carcinogenic impact of arsenic because competing causes of death intervened.
On the other hand, short occupational cxposures may be more potent than the
same cumulative dose spread out over a lifetime. This could simply be due
to the intensity of occupational exposures or, if arsenic functions most
strcngly in the later stages of carcinogenesis, this could be because
workers are older and have more initiated cells than do children. Counter-
arguments could be offered, however, (e.g., children have greater cell
turnover and may therefore be more vulnerable) and none of these hypotheses

can be substantiated for arsenic at this time.

While some empirical data have shown a dose-rate influence on

carcinogenicity for specific compounds (e.g. Litt}efiéld and Ga&lor 1985),
there are no data available for arsenic’s carcinogenicity which
distinguishes an effect of dose-rate different from that of cumulativc
exposure. The report by Higgins et al. (1985) reported dose-related effects
using 3 different exposure iﬁdices: 30-day ceiling, time-weighced average
(TWA), and cumulative. The data could not distinguish between the effect of
the 30-day ceiling and the TWA. Furthermore, the relationship between TWA
exposure and lung cancer SMR did not differ from the relationship between
cumulative exposure and lung cancer SMR. Lee-Feldstein (1989) conducted a
similar analysis on a nested case-control study and had similar findings.

Reports by both Higgins et al. (1985) and Lee-Feldstein (1986, 1989)
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indicate that cumulative arsenic exposure is a sensitive predictor of lung
cancer mortality: significantly elevated SMRs were observed even among those

receiving low cumulative occupational exposures.

Another major assumption is that a dose-response relationship at a high
range of exposures can be used to predict risks at a low range. For each
cumulative exposure group designated by Higgins et al. (1985), Lee-Feldstein
(1986) or Enterline et al. (1987), the mean (if published) or the midpoint
was used in estimating the slope parameter, 8, of the models discussed in
Section 11.3. Separate values for 3 were estimated from eachvreport. The
cumulative exposure levels and equivalent ambient exposures are shown in

~ Table 11-2. These exposures Are approximately two to fqur orders of
magnitude higher than exposures Califormia residents.a;e expected to receive
(75 yrs at 1.9 ng/m® = 143 ng/m® -years = 0.14 ug/m% -years). The
uncertainty due to applying dose-response data obsefved at such high levels
to ambient exposures is large in comparison to the uncertainty from many of
the other assumptions. However, the staff of DHS know of no way to quantify
this uncertainty. It is frequently expected that the direction of error due
to the use of a linear extrapolation will be towards overestimation of the
true risk. This expectation appears to be based on observations in 1ifetime

animal experiments with data of fewer dimensions and greater homogeneity

than epidemiologic data.

Using linear extrapolation and cumulative lifetime dose is likely to entail
the greatest uncertainties of any of the assumptions used in this risk

assessment,
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