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This document is in draft form. It has not been formally released by the U.S. Environmental
Protection Agency and should not at this stage be construed to represent Agency position on this
chemical. It is being circulated for review of its technical accuracy and science policy
implications.

0000
Arsenic, Inorganic; CASRN 7440-38-2; 00/00/0000

Human health assessment information on a chemical substance is included in IRIS only
after a comprehensive review of toxicity data by U.S. EPA health scientists from several program
offices, regional offices, and the Office of Research and Development. Sections | (Health Hazard
Assessments for Noncarcinogenic Effects) and 1l (Carcinogenicity Assessment for Lifetime
Exposure) present the positions that were reached during the review process. Supporting
information and explanations of the methods used to derive the values given in IRIS are provided
in the guidance documents located on the IRIS website at http://www.epa.gov/iris/backgr-d.htm.

STATUS OF DATA FOR INORGANIC ARSENIC CASRN 7440-38-2

File First On-Line 02/10/1988

Category (section) Status Last Revised
Oral RfD Assessment (1.A.) On-line 02/01/1993
Inhalation RfC Assessment (1.B.) No data 00/00/0000
Carcinogenicity Assessment (11.) On-line 00/00/0000

I. HEALTH HAZARD ASSESSMENTS FOR NONCARCINOGENIC EFFECTS

The RfD for inorganic arsenic is currently being reassessed. There is no RfC available
for inorganic arsenic.
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__ILA. REFERENCE DOSE (RfD) FOR ORAL EXPOSURE

Substance Name — Arsenic, inorganic
CASRN -- 7440-38-2
Section I.A. Last Revised -- 02/01/1993

The RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a
daily oral exposure to the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime. The RfD is intended for use in
risk assessments for health effects known or assumed to be produced through a nonlinear
(presumed threshold) mode of action. It is expressed in units of mg/kg-day. Please refer to the
guidance documents at http://www.epa.gov/iris/backgr-d.htm for an elaboration of these
concepts. Because RfDs can be derived for the noncarcinogenic health effects of substances that
are also carcinogens, it is essential to refer to other sources of information concerning the
carcinogenicity of this chemical substance. If the U.S. EPA has evaluated this substance for
potential human carcinogenicity, a summary of that evaluation will be contained in Section Il of
this file.

NOTE: There was not a clear consensus among Agency scientists on the oral RfD. Applying the
Agency's RfD methodology, strong scientific arguments can be made for various values within a
factor of 2 or 3 of the currently recommended RfD value, i.e., 0.1 to 0.8 ug/kg/day. It should be
noted, however, that the RfD methodology, by definition, yields a number with inherent
uncertainty spanning perhaps an order of magnitude. New data that possibly impact on the
recommended RfD for arsenic will be evaluated by the Work Group as it becomes available.
Risk managers should recognize the considerable flexibility afforded them in formulating
regulatory decisions when uncertainty and lack of clear consensus are taken into account.

___LA.1. ORAL RfD SUMMARY

Critical Effect Experimental Doses* | UF | MF RfD

) _ _ NOAEL: 0.009 mg/L

Hyperpigmentation, keratosis and | converted to 0.0008
ossible vascular complications -

p p mg/kg-day 3E-4

Human Chronic oral exposure mg/kg-day

LOAEL: 0.17 mg/L

Tseng, 1977; Tseng etal., 1968 | converted
to 0.014 mg/kg-day

*Conversion Factors -- NOAEL was based on an arithmetic mean of 0.009 mg/L in a range of arsenic concentration
of 0.001 to 0.017 mg/L. This NOAEL also included estimation of arsenic from food. Since experimental data were
missing, arsenic concentrations in sweet potatoes and rice were estimated as 0.002 mg/day. Other assumptions
included consumption of 4.5 L water/day and 55 kg bw (Abernathy et al., 1989). NOAEL = [(0.009 mg/L x 4.5
L/day) + 0.002 mg/day] / 55 kg = 0.0008 mg/kg-day. The LOAEL dose was estimated using the same assumptions as
the NOAEL starting with an arithmetic mean water concentration from Tseng (1977) of 0.17 mg/L. LOAEL = [(0.17
mg/L x 4.5 L/day) + 0.002 mg/day] / 55 kg = 0.014 mg/kg-day.

2



Draft IRIS Summary Do not cite or quote
__1LA.2. PRINCIPAL AND SUPPORTING STUDIES

Tseng, W.P. 1977. Effects and dose-response relationships of skin cancer and blackfoot
disease with arsenic. Environ. Health Perspect. 19: 109-1109.

Tseng, W.P., H.M. Chu, S.W. How, J.M. Fong, C.S. Lin and S. Yeh. 1968. Prevalence of
skin cancer in an endemic area of chronic arsenicism in Taiwan. J. Natl. Cancer Inst. 40: 453-
463.

The data reported in Tseng (1977) show an increased incidence of blackfoot disease that
increases with age and dose. Blackfoot disease is a significant adverse effect. The prevalences
(males and females combined) at the low dose are 4.6 per 1000 for the 20-39 year group, 10.5 per
1000 for the 40-59 year group, and 20.3 per 1000 for the >60 year group. Moreover, the
prevalence of blackfoot disease in each age group increases with increasing dose. However, a
recent report indicates that it may not be strictly due to arsenic exposure (Lu, 1990). The data in
Tseng et al. (1968) also show increased incidences of hyperpigmentation and keratosis with age.
The overall prevalences of hyperpigmentation and keratosis in the exposed groups are 184 and 71
per 1000, respectively. The text states that the incidence increases with dose, but data for the
individual doses are not shown. These data show that the skin lesions are the more sensitive
endpoint. The low dose in the Tseng (1977) study is considered a LOAEL.

The control group described in Tseng et al. (1968; Table 3) shows no evidence of skin
lesions and presumably blackfoot disease, although this latter point is not explicitly stated. This
group is considered a NOAEL.

The arithmetic mean of the arsenic concentration in the wells used by the individuals in
the NOAEL group is 9 pg/L (range: 1-17 pg/L) (Abernathy et al., 1989). The arithmetic mean of
the arsenic concentration in the wells used by the individuals in the LOAEL group is 170 pg/L
(Tseng, 1977; Figure 4). Using estimates provided by Abernathy et al. (1989), the NOAEL and
LOAEL doses for both food and water are as follows: LOAEL - [170 pg/L x 4.5 L/day + 2
pg/day (contribution of food)] x (1/55 kg) = 14 pg/kg/day; NOAEL - [9 pg/L x 4.5 L/day + 2
pg/day (contribution of food)] x (1/55 kg) = 0.8 pg/kg/day.

Although the control group contained 2552 individuals, only 957 (approximately 38%)
were older than 20, and only 431 (approximately 17%) were older than 40. The incidence of skin
lesions increases sharply in individuals above 20; the incidence of blackfoot disease increases
sharply in individuals above 40 (Tseng, 1968; Figures 5, 6 and 7). This study is less powerful
than it appears at first glance. However, it is certainly the most powerful study available on
arsenic exposure to people.

This study shows an increase in skin lesions, 22% (64/296) at the high dose vs. 2.2%
(7/318) at the low dose. The average arsenic concentration in the wells at the high dose is 410
Mg/L and at the low dose is 5 pg/L (Cebrian et al., 1983; Figure 2 and Table 1) or 7 pg/L (cited in
the abstract). The average water consumption is 3.5 L/day for males and 2.5 L/day for females.
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There were about an equal number of males and females in the study. For the dose estimates
given below we therefore assume an average of 3 L/day. No data are given on the arsenic
exposure from food or the body weight of the participants (we therefore assume 55 kg). The
paper states that exposure times are directly related to chronological age in 75% of the cases.
Approximately 35% of the participants in the study are more than 20 years old (Figure 1).

Exposure estimates (water only) are: high dose - 410 pg/L x 3 L/day x (1/55 kg) = 22
pa/kg/day; low dose - 5-7 pg/L x 3 L/day x (1/55 kg) = 0.3-0.4 pg/kg/day.

The high-dose group shows a clear increase in skin lesions and is therefore designated a
LOAEL. There is some question whether the low dose is a NOAEL or a LOAEL since there is no
way of knowing what the incidence of skin lesions would be in a group where the exposure to
arsenic is zero. The 2.2% incidence of skin lesions in the low-dose group is higher than that
reported in the Tseng et al. (1968) control group, but the dose is lower (0.4 vs. 0.8 pg/kg/day).

The Southwick et al. (1983) study shows a marginally increased incidence of a variety of
skin lesions (palmar and plantar keratosis, diffuse palmar or plantar hyperkeratosis, diffuse
pigmentation, and arterial insufficiency) in the individuals exposed to arsenic. The incidences are
2.9% (3/105) in the control group and 6.3% (9/144) in the exposed group. There is a slight, but
not statistically significant increase in the percent of exposed individuals that have abnormal
nerve conduction (8/67 vs. 13/83, or 12% vs. 16% (Southwick et al., 1983; Table 8). The
investigators excluded all individuals older than 47 from the nerve conduction portion of the
study. These are the individuals most likely to have the longest exposure to arsenic.

Although neither the increased incidence of skin lesions nor the increase in abnormal
nerve conduction is statistically significant, these effects may be biologically significant because
the same abnormalities occur at higher doses in other studies. The number of subjects in this
study was insufficient to establish statistical significance.

Table 3 (Southwick et al., 1983) shows the annual arsenic exposure from drinking water. No data
are given on arsenic exposure from food or the body weight (assume 70 kg). Exposure times are
not clearly defined, but are > 5 years, and dose groups are ranges of exposure.

Exposure estimates (water only) are: dosed group - 152.4 mg/year x 1 year/365 days X
(1/70) kg = 6 pg/kg/day; control group - 24.2 mg/year x year/365 days x (1/70) kg = 0.9

pa/kg/day.

Again because there are no data for a group not exposed to arsenic, there is some question
if the control group is a NOAEL or a LOAEL. The incidence of skin lesions in this group is
about the same as in the low-dose group from the Cebrian et al. (1983) study; the incidence of
abnormal nerve conduction in the control group is higher than that from the low-dose group in
the Hindmarsh et al. (1977) study described below. The control dose is comparable to the dose to
the control group in the Tseng et al. (1968) and Hindmarsh et al. (1977) studies. The dosed group
may or may not be a LOAEL, since it is does not report statistically significant effects when
compared to the control.
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This study shows an increased incidence of abnormal clinical findings and abnormal
electromyographic findings with increasing dose of arsenic (Hindmarsh et al., 1977; Tables 111
and VI1). However, the sample size is extremely small. Percentages of abnormal clinical signs
possibly attributed to As were 10, 16, and 40% at the low, mid and high doses, respectively.
Abnormal EMG were 0, 17 and 53% in the same three groups.

The exact doses are not given in the Hindmarsh et al. (1977) paper; however, some well
data are reported in Table V. The arithmetic mean of the arsenic concentration in the high-dose
and mid-dose wells is 680 and 70 pg/L, respectively. Figure 1 (Hindmarsh et al., 1977) shows
that the average arsenic concentration of the low-dose wells is about 25 pg/L. No data are given
on arsenic exposure from food. We assume daily water consumption of 2 liters and body weight
of 70 kg. Exposure times are not clearly stated.

Exposure estimates (water only) are: low - 25 pg/L x 2 L/day x (1/70) kg = 0.7 pg/kg/day;
mid - 70 pg/L x 2 L/day x (1/70) kg = 2 pg/kg/day; high - 680 pg/L x 2 L/day x (1/70) kg = 19
pa/kg/day.

The low dose is a no-effect level for abnormal EMG findings. However, because there is
no information on the background incidence of abnormal clinical findings in a population with
zero exposure to arsenic, there is no way of knowing if the low dose is a no-effect level or
another marginal effect level for abnormal clinical findings. The low dose is comparable to the
dose received by the control group in the Tseng (1977) and Southwick et al. (1983) studies.

The responses at the mid dose do not show a statistically significant increase but are part of a
statistically significant trend and are biologically significant. This dose is an equivocal
NOAEL/LOAEL. The high dose is a clear LOAEL for both responses.

As discussed previously there is no way of knowing whether the low doses in the Cebrian
et al. (1983), Southwick et al. (1983) and Hindmarsh et al. (1977) studies are NOAELS for skin
lesions and/or abnormal nerve conduction. However, because the next higher dose in the
Southwick and Hindmarsh studies only shows marginal effects at doses 3-7 times higher, the
Agency feels comfortable in assigning the low doses in these studies as NOAELS.

The Tseng (1977) and Tseng et al. (1968) studies are therefore considered superior for the
purposes of developing an RfD and show a NOAEL for a sensitive endpoint. Even discounting
the people < 20 years of age, the control group consisted of 957 people that had a lengthy
exposure to arsenic with no evidence of skin lesions.

The following is a summary of the defined doses in mg/kg-day from the principal and
supporting studies:
1) Tseng (1977): NOAEL = 8E-4; LOAEL = 1.4E-2
2) Cebrian et al. (1983): NOAEL = 4E-4; LOAEL = 2.2E-2
3) Southwick et al. (1983): NOAEL = 9E-4; LOAEL = none (equivocal effects at 6E-3)
4) Hindmarsh et al., (1977): NOAEL = 7E-4; LOAEL = 1.9E-2 (equivocal effects at 2E-3)
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___LLA3. UNCERTAINTY FACTORS

UF — The UF of 3 is to account for both the lack of data to preclude reproductive
toxicity as a critical effect and to account for some uncertainty in whether the NOAEL of the
critical study accounts for all sensitive individuals.

MF — None
_ LA4. ADDITIONAL STUDIES/COMMENTS

Ferm and Carpenter (1968) produced malformations in 15-day hamster fetuses via
intravenous injections of sodium arsenate into pregnant dams on day 8 of gestation at dose levels
of 15, 17.5, or 20 mg/kg bw. Exencephaly, encephaloceles, skeletal defects and genitourinary
systems defects were produced. These and other terata were produced in mice and rats all at
levels around 20 mg/kg bw. Minimal effects or no effects on fetal development have been
observed in studies on chronic oral exposure of pregnant rats or mice to relatively low levels of
arsenic via drinking water (Schroeder and Mitchner, 1971). Nadeenko et al. (1978) reported that
intubation of rats with arsenic solution at a dose level of 25 pg/kg/day for a period of 7 months,
including pregnancy, produced no significant embryotoxic effects and only infrequent, slight
expansion of ventricles of the cerebrum, renal pelves and urinary bladder. Hood et al. (1977)
reported that very high single oral doses of arsenate solutions (120 mg/kg) to pregnant mice were
necessary to cause prenatal fetal toxicity, while multiple doses of 60 mg/kg on 3 days had little
effect.

Extensive human pharmacokinetic, metabolic, enzymic and long-term information is
known about arsenic and its metabolism. Valentine et al. (1987) established that human blood
arsenic levels did not increase until daily water ingestion of arsenic exceeded approximately 250
pg/day (approximately 120 pg of arsenic/L). Methylated species of arsenic are successively 1
order of magnitude less toxic and less teratogenic (Marcus and Rispin, 1988). Some evidence
suggests that inorganic arsenic is an essential nutrient in goats, chicks, minipigs and rats (NRC,
1989). No comparable data are available for humans.

__LLA5. CONFIDENCE IN THE ORAL RfD

Study — Medium
Database — Medium
RfD — Medium

Confidence in the chosen study is considered medium. An extremely large number of
people were included in the assessment ( > 40,000) but the doses were not well-characterized and
other contaminants were present. The supporting human toxicity database is extensive but
somewhat flawed. Problems exist with all of the epidemiological studies. For example, the Tseng
studies do not look at potential exposure from food or other source. A similar criticism can be
made of the Cebrian et al. (1983) study. The U.S. studies are too small in number to resolve
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several issues. However, the database does support the choice of NOAEL. It garners medium
confidence. Medium confidence in the RfD follows.

___LLA6. EPADOCUMENTATION AND REVIEW OF THE ORAL RfD
Source Document — This assessment is not presented in any existing U.S. EPA document.

This analysis has been reviewed by EPA's Risk Assessment Council on 11/15/1990. This
assessment was discussed by the Risk Assessment Council of EPA on 11/15/1990 and verified
through a series of meetings during the 1st, 2nd and 3rd quarters of FY91.

Other EPA Documentation — U.S. EPA, 1984, 1988

Agency Work Group Review — 03/24/1988, 05/25/1988, 03/21/1989, 09/19/1989, 08/22/1990,
09/20/1990

Verification Date — 11/15/1990

Screening-Level Literature Review Findings — A screening-level review conducted by
an EPA contractor of the more recent toxicology literature pertinent to the RfD for Arsenic
(inorganic) conducted in September 2002 identified one or more significant new studies. IRIS
users may request the references for those studies from the IRIS Hotline at hotline.iris@epa.gov
or (202)566-1676.

___LA7. EPA CONTACTS
Please contact the IRIS Hotline for all questions concerning this assessment or IRIS, in

general, at (202) 566-1676 (phone), (202) 566-1749 (fax), or hotline.iris@epa.gov (email
address).

__1.B. REFERENCE CONCENTRATION (RfC) FOR INHALATION EXPOSURE

Substance Name — Arsenic, inorganic
CASRN -- 7440-38-2
Section 1.B. Last Revised -- 00/00/0000

The RfC is an estimate (with uncertainty spanning perhaps an order of magnitude) of a
continuous inhalation exposure to the human population (including sensitive subgroups) that is
likely to be without an appreciable risk of deleterious effects during a lifetime. The RfC
considers toxic effects for both the respiratory system (portal-of-entry) and for effects peripheral
to the respiratory system (extrarespiratory effects). The inhalation RfC (generally expressed in
units of mg/m°) is analogous to the oral RfD and is similarly intended for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed threshold)
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mode of action.

Inhalation RfCs are derived according to Methods for Derivation of Inhalation Reference
Concentrations and Application of Inhalation Dosimetry (U.S. EPA, 1994). Because RfCs can
also be derived for the noncarcinogenic health effects of substances that are carcinogens, it is
essential to refer to other sources of information concerning the carcinogenicity of this chemical
substance. If the U.S. EPA has evaluated this substance for potential human carcinogenicity, a
summary of that evaluation will be contained in Section |1 of this file.

___1.B.1. INHALATION RfC SUMMARY
Not available at this time.
__1.B.2. PRINCIPAL AND SUPPORTING STUDIES
Not applicable.
___1.B.3. UNCERTAINTY FACTORS
Not applicable.
___1.B.4. ADDITIONAL STUDIES/ICOMMENTS
Not applicable.
___1.B.5. CONFIDENCE IN THE INHALATION RfC
Not applicable.
___1.B.6. EPADOCUMENTATION AND REVIEW OF THE INHALATION RfC
Not applicable.
Agency Completion Date -- _ / /|
___1.B.7. EPA CONTACTS
Please contact the IRIS Hotline for all questions concerning this assessment or IRIS, in

general, at (202) 566-1676 (phone), (202) 566-1749 (fax), or hotline.iris@epa.gov (email
address).

Il. CARCINOGENICITY ASSESSMENT FOR LIFETIME EXPOSURE
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Substance Name — Arsenic, inorganic
CASRN -- 7440-38-2
Section Il. Last Revised -- 00/00/0000

This section provides information on three aspects of the carcinogenic assessment for the
substance in question: the weight-of-evidence judgment of the likelihood that the substance is a
human carcinogen, and quantitative estimates of risk from oral and inhalation exposure. Users
are referred to Section | of this file for information on long-term toxic effects other than
carcinogenicity.

The rationale and methods used to develop the carcinogenicity information in IRIS are
described in the Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a) and the
Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to Carcinogens
(U.S. EPA, 2005b). The quantitative risk estimates are derived from the application of a low-
dose extrapolation procedure and are presented in two ways to better facilitate their use. First,
route-specific risk values are presented. The “oral slope factor” is a plausible upper bound on the
estimate of risk per mg/kg-day of oral exposure. Similarly, a “unit risk” is a plausible upper
bound on the estimate of risk per unit of concentration, either per pg/L drinking water (see
Section ILB.1.) or per pg/m® air breathed (see Section 11.C.1.). Second, the estimated
concentration of the chemical substance in drinking water or air when associated with cancer
risks of 1in 10,000, 1 in 100,000, or 1 in 1,000,000 also is provided.

__I1LA. EVIDENCE FOR HUMAN CARCINOGENICITY
_ LAl WEIGHT-OF-EVIDENCE CHARACTERIZATION

In accordance with the Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a),
inorganic arsenic is determined to be “carcinogenic to humans” due to convincing
epidemiological evidence of a causal relationship between oral exposure of humans to inorganic
arsenic and cancer. Arsenic is a multisite carcinogen with numerous studies finding arsenic
associated with increased incidences of a number of different types of cancers. The carcinogenic
effect of arsenic has been reported for populations in many different countries.
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___11LA.2. HUMAN CARCINOGENICITY DATA

Numerous epidemiologic investigations, each conducted differently and containing its
own biases (e.g., lack of confounding variables, possible recall bias, etc.), provide support for an
association between oral exposure to inorganic arsenic and cancer including skin, bladder,
kidney, lung, liver, and prostate. The most extensively studied population is from southwest
Taiwan. This is because between 1910 and 1920, water supplies were changed from shallow
surface water wells to artesian wells, which were subsequently found to contain high levels of
arsenic in various regions. Studies in these endemic regions of Taiwan have found increases in
all of the aforementioned cancer types. The link between these cancers and arsenic exposure in
drinking water also have been observed in other parts of the world, including Japan, Chile, and
Argentina. Therefore, it is unlikely that any single environmental factor (e.g., nutritional habits)
associated with a single population is entirely responsible for the increased cancer rates.
Although many studies did not account for confounding variables (e.g., cigarette smoking in
association with lung cancer), the positive associations between arsenic intake and cancer risk
were still observed in studies that did account for confounding variables (e.g., life style habits,
age, and socioeconomic status).

Most of the epidemiology studies examining the relationship between arsenic exposure
from drinking water and cancers are ecological in nature and are therefore subject to the
limitations inherent in such studies (e.g., lack of measured individual exposure). For a number of
reasons, the southwest Taiwanese data set remains the most appropriate source for estimating
bladder and lung cancer risk among humans (NRC, 1999, 2001; SAB, 2000, 2007), despite
lacking individual water consumption and non-water arsenic intake information. Strengths of the
data include the size of the population, the reliability of the population and mortality counts, the
stability of residential patterns, the homogenous lifestyle as confirmed by surveys, the long-term
exposures, the extensive follow-up (almost 900,000 person years), the large number of exposed
villages (42), and the large number of cancer deaths (1152 recorded from 1973-1986). Population
records in Taiwan have been well kept since 1905, and death certificates include all primary
cancers. In addition, cancer cases were pathologically confirmed in some of the Taiwanese
studies.

Lung and bladder cancer mortality in the southwest Taiwanese population using data
from Chen et al. (1988a, 1992), and Wu et al. (1989) have been chosen as endpoints in the dose-
response modeling because they are the internal cancers most consistently observed and best
characterized in epidemiological studies of arsenic exposure (NRC, 2001). Dose-response
modeling conducted by Morales et al. (2000) for the lung and bladder endpoints from the same
southwestern Taiwanese data set (Chen et al., 1988a, 1992; Wu et al., 1989) was adopted in
support of the benefits analysis for EPA’s Arsenic Rule (U.S. EPA, 2001). Although liver cancer
risks also were examined by Morales et al. (2000), they were not included in the quantitative risk
assessment in the Arsenic Rule, NRC (2001), or in this assessment, because the observed liver
cancer mortality in the southwest Taiwanese population were thought to be affected by a range of
confounding factors, including a high incidence of viral hepatitis.
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Arsenic-related skin cancer also has been noted in the Taiwanese population (and in other
arsenic-exposed groups), but this endpoint was not included in this cancer risk assessment
because, unlike the internal cancers, the mortality rate for skin cancer is low. In addition, the
internal cancers were identified as the critical endpoints because the estimated cancer potency of
arsenic for lung and bladder cancers were much greater than the potency estimated for skin
cancers (see Section 5.3.8.1 of the Toxicological Review). Arsenic-related skin cancers usually
occur subsequent to the development of well-characterized precancerous lesions (Ahsan et al.,
2006), which are being addressed separately in EPA’s non-cancer risk assessment.

Principal Studies

As noted above, the data supporting EPA’s current risk assessment for ingestion exposure
to arsenic comes from three epidemiological studies of a large Taiwanese population exposed to
arsenic in drinking water from artesian wells (Chen et al., 1988a, 1992; Wu et al., 1989). Note
that, while EPA adopted the data from these studies, the methods used to estimate dose-response
relationships differ from those employed by the original investigators. Chen et al. (1988a)
performed a cohort study to examine cancer mortality associated with blackfoot disease (BFD) in
Taiwan from 1973 to 1986. Arsenic levels in drinking water were measured between 1962 and
1964, then again in 1974 and 1976. These levels were used to divide the study population into
three groups: <300 ppb; 300-599 ppb; and >600 ppb. Sociodemographic characteristics including
life style, diet, and living conditions were comparable among study participants. Age-adjusted
cancer mortality rates were calculated using the 1976 world population as the standard.
Significantly elevated dose-response cancer mortality (as measured by standardized mortality
ratios [SMRY], i.e., ratio of observed deaths to expected deaths) was observed among residents of
the BFD area (<300 ppb, SMR female=118.8, SMR male=154.0; 300-599 ppb SMR
female=182.6, SMR male=258.9; and >600 ppb SMR female=369.1, SMR male=434.7) as
compared to the general population of Taiwan (SMR female=85.5, SMR male=128.1). For both
genders, significantly elevated dose-response mortality also was observed for cancers of the liver,
lung, skin, bladder, and kidney in comparison to the general population of Taiwan. A strength of
the study is that data from arsenic monitoring conducted in 1962-64 and 1974-76 revealed
similar results; a weakness of the study is the lack of individual exposure data.

Wu et al. (1989) analyzed age-adjusted mortality rates using an ecologic study design to
determine whether a dose-response relationship exists between ingested arsenic levels and the
risk of cancer among residents in the same BFD endemic area studied by Chen et al. (1988a).
Arsenic concentrations in well water were measured in 1964 to 1966, while mortality and
population data were obtained for the years of 1973 to 1986 from the local registration offices
and from the Taiwan Provincial Department of Health. Age-adjusted mortality rates from various
cancers by gender were calculated using the 1976 world population as the standard population.

A significant dose-response relationship was observed between arsenic levels in well water and

bladder, kidney, skin, and lung cancers in both males and females. A similar relationship was

observed for prostate and liver cancers in males. There was no association for leukemia or

cancers of the nasopharynx, esophagus, stomach, colon, and uterine cervix. Strengths of the study

include that adjustments were made for age and gender, and that life-style, access to medical

care, and socioeconomic status were similar among the study groups. In addition, data on arsenic
11
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water concentrations were provided.

Chen et al. (1992) examined the relationship between arsenic exposure in drinking water
and excess risk of cancer of liver, lung, bladder, and kidney in the same population studied by
Chen et al. (1988a) and Wu et al. (1989). The study area and population were the same as those
used by Wu et al. (1989), although age-specific cancer mortality was broken down by age strata.
Arsenic-related cancer risks were estimated separately for males and females using an Armitage-
Doll multistage model. Arsenic exposure levels in drinking water from these villages were
categorized into four groups: <100 ppb (13 villages), 100-299 ppb (8 villages), 300-599 ppb (15
villages), and 600 ppb or greater (6 villages). Based on a total of 898,806 person-years during the
study period from 1973 through 1986, a significant dose-response relationship was observed
between the arsenic level in drinking water and cancer mortality of the liver, lung, bladder, and
kidney. The lifetime risk (determined using the Armitage-Doll model) of developing cancer of
the liver, lung, bladder and kidney due to an intake of 10 pg/kg-day of arsenic was estimated as
4.3x10% 1.2x10% 1.2 x 10% and 4.2 x 10" for males and 3.6 x 10, 1.3 x 10%, 1.7 x 10, and
4.8 x 107 for females, respectively. Limitations of this study include the use of relatively broad
age stratification (<30, 30-49, 50-69, and 70+) and the inherent constraint in the model that
cancer risks increased monotonically over time.

Morales et al. (2000) re-analyzed the data originally reported by Chen et al. (1988a, 1992)
and Wu et al. (1989) from 42 villages in the arseniasis-region of southwestern Taiwan using a
range of statistical forms for estimating dose-response relationships. Consistent with
recommendations of the NRC (1999), Poisson regression was used, instead of the Armitage-Doll
model, to estimate cancer risks as a function of arsenic dose. Data were stratified by five-year age
groupings, and arsenic well concentrations for each of the 42 villages were used as inputs to the
models. Various forms for expressing dose- and age-dependence of cancer risks were tested
using the Aikaike information criterion (AIC) and other methods, and the results of models with
and without the inclusion of reference populations were compared. Morales also employed a
simple life table model to extrapolate risks to the U.S. population that accounted for differences
in U.S. and Taiwanese age-specific mortality, daily water consumption, and body weight.
Morales et al. (2000) present the results of a range of models (EDg;S, LEDS, EDgsS, LEDgsS) for
lung, liver, and bladder cancer calculated using various forms of age- and dose-dependence.
They concluded that a Poisson regression with a multiplicative linear dose function and a
quadratic age representation was the best-fitting and most parsimonious model, based on its AIC
value.

Supporting Studies

Taiwan

Additional studies in Taiwan also associated arsenic levels in the water with increases in
cancer incidences. Many of the studies were ecological in nature, but had a large number of
subjects. For more complete study details see the accompanying Toxicological Review (U.S.
EPA, 2009). Tseng et al. (1968) and Tseng (1977) found an overall prevalence rate for skin
cancer of 10.6 per 1000. The male-to-female ratio was 2.9:1 for skin cancer. The prevalence rate
increased steadily with age (recorded in 10-year increments), except for declining cancer
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prevalence rates in females older than 69 years. Age-specific (plotted in 20-year intervals) and
sex-specific prevalence rates for skin cancer increased with arsenic concentration. The most
common type of lesion was intra-epidermal carcinoma (51.7%), and the body areas most
frequently involved were unexposed surfaces (74.5%). In addition, an extremely high percentage
of cases with multiple skin cancer (99.5%) were observed. The common cause of death in the
patients with skin cancer and blackfoot disease (BFD) was carcinoma of various sites, including
lung, bladder, liver, and kidney.

Chen et al. (1985) found SMR and cumulative mortality rates significantly higher in
BFD-endemic areas of Taiwan for bladder, kidney, skin, lung, liver, and colon cancers in both
sexes. Another study by Chen et al. (1986) also found a positive dose-response relationship
between the exposure to artesian well water and cancers of bladder, lung, and liver, but used a
case-control study instead. Chen et al. (1988b) showed a significantly higher mortality from
cancers of the bladder, skin, lung, liver, and colon in BFD patients when compared with the
general population in Taiwan. When non-BFD residents in the BFD-endemic area were used as
controls, significant differences in mortality rates were found for cancers of the bladder, skin,
lung, and liver. The results strongly suggest that exposure to artesian well water in the BFD-
endemic area has carcinogenic effects.

Chen and Wang (1990) found a significant association between the arsenic level in well
water in Taiwan and cancers of the liver, nasal cavity, lung, skin, bladder, and kidney in both
males and females, as well as for prostate cancer in males. These associations remained
significant after adjusting for indices of urbanization and industrialization through multiple
regression analyses. No significant association was identified for the other 14 cancers examined.
The multivariate-adjusted regression coefficient showed an increase in age-adjusted mortality for
cancers in males and females for every 100 ppb increase in arsenic level in well water.

Chiou et al. (1995) found a dose-response relationship between the long-term arsenic
exposure in drinking water and the incidence of lung cancer, bladder cancer, and cancers of all
sites combined after adjusting for age, sex, and cigarette smoking using a cohort study with a
total of 263 BFD patients and 2293 healthy residents in the arseniasis endemic area of
southwestern coast of Taiwan followed for approximately 5 years.

Guo et al. (1997) conducted an ecologic study encompassing 243 townships using
Taiwanese National Cancer Registry data of patients diagnosed with cancer between 1980 and
1987. For both genders, Guo et al. observed associations between high arsenic levels (i.e., >640
ppb) in drinking water and transitional cell carcinomas (bladder, kidney, ureter, and all urethral
cancers combined). A later study by this group (Guo et al., 2001) found arsenic levels above 640
ppb were significantly (p<0.01) associated with the incidence of basal cell carcinoma (BCC) in
males. Exposed females also exhibited an increased incidence in skin cancer rates; however, this
increase did not reach statistical significance (p=0.20). Results for squamous cell carcinomas
(SCC) were less clear and there was no association with melanomas. Guo (2004) found arsenic
levels above 640 ppb associated with a significant increase (p<0.01) in lung cancer mortality for
both genders.
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Tsai et al. (1999) used a cross-sectional study design to find significant increases in
SMRs in males and females in the endemic area of Taiwan (range of arsenic content 250-1140
ppb with a median of 780 ppb and estimated daily ingestion <I mg) for all cancers when
compared to the local or national reference population. When compared to the local population,
bladder (male SMR=8.92, 95% confidence interval [CI]: 7.96-9.96; female SMR=14.07, 95% CI:
12.51-15.78); kidney, (male SMR=6.76, 95% CI. 5.46-8.27; female SMR=8.89, 95% CI. 7.42-
10.57); skin, lung, nasal-cavity, bone, and liver cancers (male SMR=1.83, 95% CI: 1.69-1.98;
female SMR=1.88, 95% ClI: 1.64-2.14) were increased in both sexes. In addition, the larynx,
stomach, colon, intestine, rectum, lymphoma, and prostate cancers in males only (SMR=2.52,
95% CI: 1.86-3.34) were increased. When compared to the national reference population,
significantly increased (p<0.05) mortality was found in bladder cancer (male SMR=10.50, 95%
Cl: 9.37-11.73; female SMR=17.65, 95% CI: 5.70-19.79) and lung cancer (male SMR=2.64,
95% CI: 2.45-2.84; female SMR=3.50, 95% ClI: 3.19-3.84) for both sexes.

Chiou et al. (2001) found a significant increase in the incidence of urinary tract cancers
when compared to the general population in Taiwan. In addition, a dose-response relation was
observed between the risk of cancers of the urinary organs, especially transitional cell carcinoma,
and indices of arsenic exposure after adjusting for age, sex, and cigarette smoking. The relative
risks (RR) of developing transitional cell carcinoma were 1.9, 8.2, and 15.3 for arsenic
concentrations of 10.1-50.0 ppb, 50.1-100.0 ppb, and >100.0 ppb, respectively, compared with
the referent level of <10.0 ppb. There was no association observed, however, for the duration of
well water drinking (>40 years compared to >40 years).

Chen et al. (2004) followed a cohort of residents from two arsenic endemic areas for 8
years and determined a RR of 3.29 (95% CI: 1.60-6.78) for lung cancer in individuals with
arsenic levels of >700 ppb compared to <10 ppb. The risk of lung cancer was four times higher
for past and current smokers when compared to non-smokers. A synergistic effect of ingested
arsenic and cigarette smoking on lung cancer was noted, with synergy indices ranging from 1.62-
2.52.

Japan
Although Taiwan has been the most studied population, there are other areas in the world

with high levels of arsenic exposure that also have been examined. In Niigata Prefecture, Japan,
Tsuda et al. (1995) used a cohort study with 454 individuals followed until 1992 to investigate
the long-term effect of ingesting arsenic in drinking water contaminated for an estimated
exposure period of 5 years (1955 and 1959). SMRs for 113 residents who consumed > 1000 ppb
of arsenic in their drinking water were 15.69 for lung cancer (95% CI: 7.38-31.02) and 31.18 for
urinary tract cancer (95% CI: 8.62-91.75). Cox’s proportional hazard analyses demonstrated that
the hazard ratios of the highest exposure level group (>1000 ppb) versus the background
exposure level group (1.0 ppb) were 1.74 (95% CI: 1.10-2.74) for all deaths, 1972.16 (95%CI:
4.34-895,385.11) for lung cancer, and 4.82 (95% CI: 2.09-11.14) for all cancers. The study also
showed that arsenic-induced cancer could develop years following the end of arsenic exposure
despite the small number of subjects. For lung cancer, there was evidence of synergistic effects
between arsenic exposure and smoking history.
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Argentina

In Argentina, Hopenhayn-Rich et al. (1996) found SMRs for bladder cancer were higher
in counties with known elevated levels of arsenic exposure through drinking water. The SMRs
(95% CI) for corresponding low, medium, or high arsenic exposure categories were 0.80 (0.66-
0.96), 1.42 (1.14-1.74), and 2.14 (1.78-2.53) for males, and 1.21 (0.85-1.64), 1.58 (1.01-2.35),
and 1.82 (1.19-2.64) for females, respectively. Similarly Hopenhayn-Rich et al. (1998) found
increasing trends for kidney and lung cancer mortality with increasing arsenic exposure (i.e., low,
medium, high) as follows: male kidney cancer SMRs=0.87 (95% CI: 0.66-1.10), 1.33 (95% CI:
1.02-1.68), and 1.57 (95% CI:1.17-2.04); female kidney cancer SMRs=1.00 (95% CI: 0.71-1.37),
1.36 (95% CI: 0.94-1.89), and 1.81 (95% CI: 1.19-2.64); male lung cancer SMRs=0.92 (95% CI:
0.85-0.98), 1.54 (95% CI: 1.44-1.64), and 1.77 (95% CI: 1.63-1.90); and female lung cancer
SMRs=1.24 (95% ClI: 1.06-1.42), 1.34 (95% ClI: 1.12-1.58), and 2.16 (95% CI: 1.83-2.52),
respectively. Additionally, the Hopenhayn-Rich et al. (1998) study showed a weakly positive
trend for liver cancer, with SMRs being significantly increased even in the lowest exposure
category. The crude average arsenic level in the high dose group was reported as 178 ppb and
the levels were not provided for low and medium exposure groups.

Chile

In northern Chile, Smith et al. (1998) identified increased SMRs for bladder, kidney,
lung, and skin cancers in a population of approximately 400,000 people exposed to high arsenic
levels in drinking water in past years. Arsenic concentrations in drinking water from 1950 to
1996 were available with a peak level of 570 ppb between 1955 and 1969. Bladder cancer
mortality was the most elevated (female SMR=8.2, 95%, CI: 6.3-10.5; male SMR=6.0, 95% CI:
4.8-7.4). Lung cancer mortality was likewise significantly elevated (female SMR=3.1, 95% CI:
2.7-3.7; male SMR=3.8, 95% CI: 3.5-4.1).

Ferreccio et al. (2000) using a case-control study found a clear trend in lung cancer odds
ratios (ORs) with increasing concentration of arsenic in drinking water in Chile: 10-29 ppb
arsenic, OR: 1.6 (95% CI: 0.5-5.3), 30-49 ppb arsenic, OR: 3.9 (95% ClI:1.2-12.3), 50-199 ppb
arsenic, OR: 5.2 (95% CI: 2.3-11.7), and 200-400 ppb, OR: 8.9 (95% CI: 4.0-19.6). A
synergistic effect between arsenic in drinking water and cigarette smoking history also was
observed.

In a cohort study design, Smith et al. (2006) demonstrated an increase in lung cancer risks
in populations from Antofagasta, Chile exposed to arsenic during in utero and early childhood
exposures. The lung cancer SMR was 7.0 (95% ClI: 5.4-8.9) for the cohort born just before peak
arsenic exposure (i.e., 1950-1957), suggesting the exposure to arsenic occurred during their
childhood. For those cases born during the peak exposure period (i.e., 1958-1971), the lung
cancer SMR was 6.1 (95% CI: 3.5-9.9) suggesting the probable exposure to arsenic was during in
utero and early childhood. However, this study did not compare the results of in utero and/or
childhood exposure to adult exposure.

In Chile, Marshall et al. (2007) used Poisson regression models to compare Region Il
(high-arsenic exposure) with Region V (control) by identifying time trends in rate ratios of
mortality from lung and bladder cancers. Lung and bladder cancer mortality rate ratios for Region
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Il compared with Region V began to increase approximately 10 years after high arsenic
exposures commenced and continued to rise, peaking between 1986 and 1997. The peak lung
cancer mortality rate ratios for women and men were 3.26 (95% CI: 2.50 to 4.23) and 3.61 (95%
Cl: 3.13-4.16), respectively. The peak bladder cancer rate ratios for women and men were 13.8
(95% ClI: 7.74-24.5) and 6.10 (95% CI: 3.97 to 9.39), respectively. In the same area, Yuan et al.
(2007) found acute myocardial infraction (AMI) mortality was the predominant cause of excess
deaths during and immediately after high-arsenic exposure, lung and bladder cancer deaths
became predominated years later. Yuan et al. (2007) concluded that mortality from
bladder and lung cancer surpassed other causes of mortality after a 15-20 year lag period
following initial exposure to significantly elevated levels of arsenic from drinking water.

In a recent ecological study in Huhhot, Inner Mongolia, China, Lamm et al. (2007)
conducted dermatological examinations for 3179 of the 3228 (98.5%) residents of three villages
with well water arsenic levels ranging from undetectable (<10 ppb) to 2000 ppb. None of the
examinations revealed any evidence of BFD. Eight people in the highest arsenic exposure (i.e.,
>150 ppb or 1000 ppb-years) were found to have skin cancer. No other skin cancers were
observed.

Low-dose Studies

Although there has been dose-response relationships observed for the majority of cancers
noted in areas with high-levels of arsenic in their drinking water, results for low-level arsenic
(i.e., <166 ppb) epidemiologic investigations (primarily from the United States and Europe) have
been equivocal in the relationship between these cancers and arsenic exposure. The exposure
misclassification from estimating past exposures and/or use of relatively small study populations
provide challenges in interpreting the studies conducted at low-dose levels (<100 ppb) (Cantor
and Lubin, 2007). In addition, none of the studies accounted for arsenic exposure through food
sources, which would be a significant source as the levels in the drinking water decreased
(Uchino et al., 2006 and Kile et al., 2007). Some of the low-dose studies used toenail arsenic to
ascertain the arsenic exposure. While using toenail arsenic concentrations is a strength because it
provides a measure of individual exposure assessment and could account for arsenic exposure
from other sources, toenail arsenic concentrations tend to serve as biomarker for recent past
exposures alone (up to the past year according to Cantor and Lubin, 2007), rather than an
indicator of long-term exposures. A long latency (as long as 40-50 years as in Bates et al., 1995,
2004 and Steinmaus et al., 2003 for bladder cancer development) is generally required for the
cancer development from chronic arsenic exposures. Despite the numerous limitations of the
low-level exposure studies, positive associations have been observed for cancers of the prostate,
skin, and bladder. In most cases, however, there is no dose-response with increases observed only
at the highest concentrations and in many cases significant results occurred only in smokers.

Bates et al. (1995) found no association between bladder cancer and arsenic exposure in a
case-control study in Utah. However, among smokers, positive trends in cancer risk were found
for arsenic exposures between 30 to 39 years prior to cancer diagnosis. Lewis et al. (1999) also
examined arsenic effects in Utah using a cohort study design and found significant increases in
mortality from prostate cancer (SMR=1.45; 95% CI: 1.07-1.91) in males. Non-significant
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increases in mortality for males were observed in cancer of the kidney (SMR=1.75; 95% CI:
0.80-3.32). In females, there was no statistically significant increase in mortality observed.
Females did, however, exhibit non-significant increases in mortality from kidney cancer
(SMR=1.60; 95% CI: 0.44-4.11) and melanoma of the skin (SMR=1.82; 95% CI: 0.50-4.66).

Steinmaus et al. (2003) reported the results of a case-control study for the relationship
between arsenic exposures and cancer in western U.S. Results indicated no increased risk for
bladder cancer associated with arsenic intakes greater than 80 pg/day (OR=0.94; 95% CI: 0.56-
1.57; linear trend, p=0.48). However, when the analysis focused solely on previous smokers who
had arsenic exposures greater than 80 pg/day (median 177 pg/day) for more than 40 years, the
risk was significantly increased (OR=3.67; 95% CI: 1.43-9.42). Karagas et al. (2001) using
toenail arsenic content in skin cancer cases and controls found an increase in SCC and BCC in
individuals in New Hampshire with toenail arsenic 0.345-0.81 pg/g (i.e., the highest exposure
category). The adjusted ORs for this group were 2.07 (95% CI 0.92-4.66) for SCC and 1.44 (95%
Cl: 0.74- 2.81) for BCC, compared to those with concentrations at or below the median. Using
similar methods, Karagas et al. (2004) found an increased bladder cancer OR for ever smokers
with the highest category of arsenic exposure with less than 15 years of use (<15 years, OR=3.09;
95% CI: 0.80-1.19; >15 years, OR=1.86; 95% CI: 0.57-6.03). Kurttio et al. (1999) found an
association between bladder cancer and arsenic concentration in Finland during the third to ninth
calendar years (short latency) prior to the cancer diagnosis. The risk ratios for arsenic exposure
concentration categories 0.1-0.5 and >0.5 ppb relative to the category with <0.1 ppb were 1.53
(95% CI: 0.75-3.09) and 2.44 (95% CI: 1.11-5.37), respectively. No association, however, was
observed between arsenic exposure level and kidney cancer risk. Beane-Freeman et al. (2004)
performed a case-control study in lowa and identified an increased risk of melanoma in study
cases with elevated toenail arsenic concentrations (OR= 2.1; 95% CI: 1.4-3.3; p-trend = 0.001)
and an increased risk of melanoma with previous diagnosis of skin cancer and elevated toenail
arsenic concentrations (OR=6.6; 95% CI: 2.0-21.9).

Age-, gender-, and smoking-adjusted ORs for residents of Wisconsin 35 years of age and
older who had consumed water with arsenic levels greater than 1.0 ppb for at least 10 years
showed a significant increase in skin cancer compared to those whose water arsenic levels were
less than 1.0 ppb (arsenic 1.0-9.9 ppb OR=1.81; 95% CI: 1.10-3.14) (Knobeloch et al., 2006).
Similarly, adults whose well water reportedly contained arsenic concentrations greater than 10
ppb were significantly more likely to report skin cancer than those whose water arsenic levels
were less than 1.0 ppb (OR=1.92, 95% CI: 1.01-3.68). Tobacco use synergistically increased the
development of skin cancer.

Meliker et al. (2007) found an increase in risk for cancer of the female reproductive
organs (SMR=1.11, 95% CI: 1.03-1.19) in arsenic exposed individuals (i.e., mean 11 ppb) in
Michigan. Baastrup et al. (2008) identified a significant increased risk for breast cancer in
association with time-weighted average exposure to arsenic (incidence rate ratio=1.05; 95% CI:
1.01-1.10) in a large cohort study in Denmark.

Hinwood et al. (1999) found significantly elevated standard incidence ratios (SIRs) for all
cancers (1.06; 95% ClI: 1.03-1.09), melanoma (1.36; 95% CI: 1.24-1.48), chronic myeloid
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leukemia (1.54; 95% CI 1.13-2.10), breast cancer in females (1.10; 95% CI: 1.03-1.18), and
prostate cancer (1.14; 95% CI: 1.05-1.23) in Australian males with environmental arsenic
exposure (both soil and water levels measured). The SIR for kidney cancer (females and males
combined) was 1.16 (95% CI: 0.98-1.37), and although elevated, it was not statistically
significant. When stratified by exposure category (arsenic was measured in soil and water), the
SIR for prostate cancer was significant at 1.20 (95% CI: 1.06-1.36) for the high soil/high water
category only. This result was likely confounded by misclassification (level of population
exposure) and limited by low statistical power. There was no significant dose-response
relationship observed between drinking water and any individual cancer.

The identification of a potential leukemia cluster in Churchill County, Nevada, where
arsenic levels in water supplies are relatively high, prompted an ecological study by Moore et al.
(2002). Moore et al. (2002) examined the incidence of childhood cancer between 1979 and 1999
in all 17 Nevada counties. For this analysis, arsenic exposures were grouped into low (<10 ppb),
medium (10-25 ppb), and high (35-90 ppb) population-weighted arsenic levels, based on the
concentrations measured in public drinking water. SIRs for all childhood cancers combined were
1.00 (95% ClI: 0.94-1.06) for low-, 0.72 (95% CI: 0.43-1.12) for medium-, and 1.25 (95% CI:
0.91-1.69) for high-exposure counties. Moore et al. (2002) found no significant relationship
between the arsenic exposure levels and childhood leukemia. SIRs were 1.02 (95% CI: 0.90-
1.15), 0.61 (95% CI: 0.12-1.79), and 0.86 (95% CI: 0.37-1.70) in the low-, medium-, and high-
exposure categories, respectively. They also did not find an association for all childhood cancers,
excluding leukemia, with SIRs of 0.99 (95% CI: 0.92-1.07), 0.82 (95% CI: 0.47-1.33), and 1.37
(95% CI: 0.96-1.91), respectively. There was, however, an excess for bone cancers in 5 to 9 year
olds and 10 to 14 year olds and an excess in cancer (primarily lymphomas) in 15 to 19 year old
young adults, but there is no reason to suspect that the low levels of arsenic in the small study
group are responsible.

Lamm et al. (2004) investigated the association between arsenic exposure from drinking
water and bladder cancer mortality in 133 counties in the United States. Caucasian male county-
specific bladder cancer mortality data between 1950 and 1979 and county-specific groundwater
arsenic concentration data were obtained for counties solely dependent on groundwater for their
public drinking water supply. No arsenic-related increase in bladder cancer mortality
(SMR=0.94; 95% CI: 0.90-0.98) was identified in groups exposed to drinking water arsenic
concentrations of 3-60 ppb. Bates et al. (1995) also did not find any evidence of an association
between bladder cancer and arsenic exposure in drinking water in US, even though the arsenic
level was considered moderate (mean exposure 164 ppb). Additional time-trend analyses,
however, did suggest that the use of arsenic contaminated well water for at least 50 years prior to
the study was associated with increased bladder cancer risk. This positive association was limited
to ever smokers (OR=2.5, 95% CI: 1.1-5.5 for the time period 51-70 years before the study
interview). The small number of subjects (i.e., 114 case-control pairs) could limit any
association.

Michaud et al. (2004) used a cohort (nested case-control) study design to investigate the
relationship between arsenic levels in toenail and bladder cancer risk among Finnish male
smokers aged 5069 years. Data for 280 incident bladder cancer cases, identified between 1985—
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1988 and April, 1999, were available for analysis. Controls (n=293) were matched to each case
on the basis of age, toenail collection date, intervention group, and duration of smoking. Men
were categorized into quartiles based on the distribution of toenail arsenic among the controls
(<0.050, 0.050-0.105, 0.106-0.161, and >0.161). The study observed no significant relationship
between arsenic concentration and bladder cancer risk (OR=1.13, 95% CI: 0.70-1.81 for the
highest vs. lowest quartile).

_ 1ILA3. ANIMAL CARCINOGENICITY DATA

Animal studies generally do not provide a good model for arsenic carcinogenesis in
humans (SAB, 2007). Conventional bioassays involving lifetime exposure have found little
relationship between arsenic exposure and cancer in rodents. Soffritti et al. (2006) administered
male and female Sprague-Dawley rats 0, 50, 100, or 200 ppm of sodium arsenite via the drinking
water for 104 weeks. There was a consistent, dose-dependent decrease in water and food
consumption accompanied by a dose-related decrease in body weight (there was no difference in
body weight in females administered 50 ppm). There was only a slight decrease in survival in
male rats administered 100 or 200 ppm beginning at 40 weeks of age. Females only had a
decrease in survival rate after 104 weeks of age. Males and females administered 100 ppm had an
increase in the number of tumor bearing animals and in the number of tumors. Although there
were no dose-related trends in tumors, there were sporadic benign and malignant tumors of the
lung, kidney, and bladder observed in treated rats that are extremely rare in the authors’ extensive
historical controls. These tumors consisted of adenomas and carcinomas of the lung, adenomas
and carcinomas of the kidney, papillomas and one carcinoma of the renal pelvis transitional cell
epithelium, and one carcinoma of the bladder transitional cell epithelium.

While lifetime exposure studies have found little evidence for arsenic-induced cancer in
rodents, studies of prenatal exposures provide important evidence suggesting that fetal exposures
may be associated with increased cancer risks. Timed pregnant female C3H/HeNCr (C3H) mice
(10/group) were administered 0 (control), 42.5, or 85 ppm arsenite in their drinking water ad
libitum from day 8 to day 18 of gestation (Waalkes et al., 2003). The doses used in this study did
not affect maternal water consumption or body weight in the dams. It was estimated that the
pregnant females consumed 9.55 to 19.13 mg arsenic/kg/day, for a total dose of 95.6 to 191.3 mg
arsenic/kg. Offspring were weaned at 4 weeks and received no additional exposure to arsenic.
Both the 42.5- and 85-ppm males had a significant increase in the incidence of hepatocellular
carcinomas (12.5% in the control group versus 38.1% in the 42.5-ppm group and 60.9% in the
85-ppm group) and adrenal cortical tumors (37.5% in the control group versus 66.6% in the 42.5-
ppm group and 91.3% in the 85-ppm group), which followed a significant (p<0.001), dose-
related trend. In addition, the 85-ppm group had a significant increase in the multiplicity
(tumor/mouse) for both hepatocellular carcinomas (0.13, 0.42, and 1.30, respectively) and
adrenal tumors (0.71, 1.10, and 1.57, respectively), which also had a significant (p<0.02), dose-
related trend. Although there were no differences in the incidence of hepatocellular adenomas in
males, the multiplicity of hepatocellular adenomas (0.71, 1.43, and 3.61, respectively) followed a
significant (p<0.0001), dose-related trend. Males and females had an increase in lung tumors
(8.0, 13.0, and 25.0%, respectively, in females; 0, 0, and 13.0%, respectively, in males), which
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followed a significant (p<0.03), dose-response trend. In addition, females had increases in the
incidence of benign ovarian tumors, which reached statistical significance at 85 ppm. Although a
significant increase was not observed in malignant ovarian tumors, the total incidence (benign
plus malignant) of ovarian tumors was significant in the 85-ppm group and followed a significant
(p=0.015), dose-related trend (8% in the control group versus 26% in the 42.5-ppm group and
37.5% in the 85-ppm group). There was an increase in uterine tumors that was not significant and
did not follow a dose-response, but was accompanied by a significant (p=0.0019), dose-related
increase in hyperplasia with a significant increase occurring at both doses. Females also exhibited
a dose-related increase in hyperplasia of the oviduct. The number of males bearing any type of
tumor and the number of males bearing any type of malignant tumor was significantly increased
in both dose groups and followed a significant (p=0.0006 and 0.0001, respectively), dose-related
trend. Female animals had a slight increase in tumors, which did not reach statistical significance
and did not appear to be dose-related. The number of females bearing any type of malignant
tumor was significantly increased for both dose groups, but not in a dose-dependent manner.

_ 1LA4. SUPPORTING DATA FOR CARCINOGENICITY

Genotoxicity data for arsenic are equivocal. Chromosomal aberrations have been
observed in humans and animals exposed to arsenic, but arsenic has not been found to be
active in bacterial mutagenicity tests and has only been observed to be a weak mutagen at the
hprt locus in Chinese hamster V79 cells at toxic concentrations (Li and Rossman, 1989). As
noted above, arsenic’s weak genotoxicity does not appear to be accompanied by any
carcinogenic activity in adult animals.

Arsenic does not appear to cause point mutations in standard assays, but instead tends
to cause large deletion mutations (Rossman, 1998). These large deletions can cause lethality
when closely linked to essential genes. Therefore, the mutations are not easily observed in
standard bacterial and mammalian cell mutation assays. However, even in transgenic cell lines
that were tolerant of large deletions, arsenic was still only weakly mutagenic at doses causing
overt cytotoxicity (Rossman, 2003). It has been suggested that arsenic acts as an aneugen
(affects the number of chromosomes) at low doses, but as a clastogen (causes chromosomal
breaks) at high doses (Rossman, 2003). Arsenic, however, also has been demonstrated to affect
other processes possibly involved with carcinogenesis including aberrant gene/protein
expression, reactive oxygen species (ROS), DNA repair inhibition, signal transduction, and
cancer promotion.

The carcinogenic mode of action (MOA) for inorganic arsenic is unknown. NRC (1999)
concluded that a MOA has not been established, while in 2001, NRC also concluded that the
trivalent arsenic species were likely of greatest toxicological concern. Multiple MOAs for
inorganic arsenic seem likely in view of the numerous ways in which arsenic acts upon living
organisms and the several metabolites produced before it is excreted from the body. While this
report focuses on inorganic arsenic, the methylated species produced during its metabolism,
especially the highly reactive MMA" and DMA", probably play an important role in the
carcinogenesis of inorganic arsenic consumed in drinking water. Each successive product in the
metabolic pathway has its own toxicity and carcinogenic potential, with possible differential
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transport into and out of different organs. In comparison to laboratory animals, humans excrete
more MMA in urine and are more prone to arsenic-induced carcinogenesis. These findings
suggest that MMA (probably as the trivalent form) may be of special importance to arsenic-
induced carcinogenesis in humans. The finding of numerous different tumor types associated
with arsenic exposure both in humans and transplacental animal models also supports the idea of
multiple carcinogenic MOAs.

There is abundant evidence that multiple hypothesized key events can occur at levels of
exposure that would be encountered in populations exposed to high levels of inorganic arsenic in
drinking water (U.S. EPA, 2009). It seems possible that those hypothesized key events could
interact to affect multiple pathways leading to carcinogenesis. Many detailed reviews in the past
decade have discussed possible MOAs for arsenic carcinogenesis. Kitchin (2001) discussed nine
possible MOAs for arsenic carcinogenesis, suggesting that the three with the most positive
evidence in both animals and human cells are chromosomal abnormalities, oxidative stress, and a
continuum of altered growth factors leading to increased cell proliferation, and then promotion of
carcinogenesis. Snow et al. (2005) reviewed effects of arsenic at low concentrations and
suggested that hormesis (i.e., a biphasic response) occurs with regard to cell proliferation and/or
viability, base excision DNA repair, and telomerase activity. While some low-dose effects (e.g.,
increased DNA repair) may be protective against carcinogenesis, others (e.g., cell proliferation or
telomerase activation) may permit mutant cells to survive by preventing cellular senescence and
death and may thereby be involved in arsenic’s cancer promoting capacity.

Kitchin and Ahmad (2003) provided an in-depth review on oxidative stress, but did not
reach a definitive conclusion on the role of oxidative stress in arsenic carcinogenesis. Oxidative
stress seems particularly attractive as an important early step for some of the following reasons.
Some reactive oxygen species (ROS) can interconvert between themselves or react with nitric
oxide (NO) to become reactive nitrogen species (RNS). RNS have their own spectra of biological
reactivity. High-energy ROS can convert to lower-energy forms and in the process can damage
biological molecules. ROS and related species can be inactivated by cellular defenses. Extended,
high-level exposure to reactive arsenic species may result in the depletion of generalized cellular
defense mechanisms against oxidative damage. ROS have been postulated to be involved in both
the initiation and promotional stages of carcinogenesis (Zhong et al., 1997; Bolton et al., 1998;
Shackelford et al., 2000; Bolton, et al. 2000; and Chen et al., 2000). Low levels of ROS can
modulate gene expression by acting as a secondary messenger, while high doses of ROS can
cause oxidative injury leading to cell death (Perkins et al., 2000). It also has been demonstrated
or suggested that ROS can (or does) damage cells by: causing lipid peroxidation; producing DNA
and protein-modification and structural alterations in DNA, including base-pair mutations,
rearrangements, deletions, insertions, and sequence amplifications (but not point mutations);
being involved in the signaling of the cell transformation response; affecting cytoplasmic and
nuclear signal transduction pathways that regulate gene expression; and increasing the expression
of certain genes (e.g., MDM2 protein, a key regulator of the tumor suppression gene p53) (Li et
al., 1998; Sen and Parker, 1996; and Lander, 1997).

Activation of signal transduction pathways that enhance cell proliferation, reduce
antiproliferative signaling, and override checkpoint controlling cell division after genotoxic
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insult also have been considered as possible mechanisms of arsenic’s co-carcinogenic properties
(Rossman, 2003). Luster and Simeonova (2004) cited the results of in vitro studies suggesting
that arsenic stimulates cell proliferation through specific signal transduction pathways that are
similar to other classic tumor promotors.

There has been much research in the last few years on the effect of As", especially
arsenic trioxide (ATO), on apoptosis, with much of it aimed at improving cancer therapy. Those
results reveal the extreme complexity of the signal transduction cascades involved in controlling
apoptosis. Regarding causation of cancer, any effects that inorganic arsenic ingestion might have
on signal transduction pathways that inhibit apoptosis could result in proliferation of damaged
cells and thereby lead to cancer.

The only animal studies that suggest inorganic arsenic is a complete carcinogen are those
of Waalkes and his group that involved treatments in utero (Waalkes et al., 2003). Doses
received by the pregnant dams were large compared to human exposures, but tissue levels in the
fetuses were reported as being comparable to levels sometimes observed in humans. Almost all
of the categories of hypothesized key events for carcinogenesis discussed above can be caused by
inorganic arsenic at exposure levels comparable to, or smaller than, those that would currently be
present in large population groups. The experiments also indicate that typically when a treatment
is extended over a longer period of time, the concentration of inorganic arsenic necessary to
cause an effect becomes much less. This suggests that the impact in humans suggested by the in
vitro findings might be substantially greater than might be expected by just comparing the
concentrations found in humans and in those used in experiments. Better tools (e.g. genomic
tools, human pharmacokinetic and biologically based dose response models) may be needed to
interpret the utility of the literature on hypothesized key events in understanding the complex
mode of action for inorganic arsenic mediated carcinogenesis qualitatively and quantitatively.

The Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b) indicates that age-dependent adjustment factors should be
applied to the slope factor and combined with early-life exposure estimates when estimating
cancer risks from exposures to carcinogens with a mutagenic MOA. A mutagenic MOA for
inorganic arsenic has not been determined, therefore, the application of age-dependent
adjustment factors is not recommended.

__I1.B. QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM ORAL
EXPOSURE

__11.B.1. Summary of Risk Estimates
Oral Slope Factor (Combined Tumor Types in women) — 25.7 per (mg/kg)/day
Drinking Water Unit Risk — 7.3 E-4 per (ug/L)

Extrapolation Method —Poisson Regression dose-response model, BEIR 1V relative risk model
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for U.S. population (NRC, 2001)

Drinking Water Concentrations at Specified Risk Levels:

Risk Level Concentration
E-4 (1 in 10,000) 1 E-1 ug/L
E-5 (1 in 100,000) 1E-2 pg/L
E-6 (1 in 1,000,000) 1 E-3 ug/L

_ 11.B.2. DOSE-RESPONSE DATA

Tumor type: lung and bladder cancer

Test species: human (female)

Route: oral, drinking water

References: Chen et al., 1988a; Wu et al., 1989; Chen et al., 1992; Morales et al., 2000 (Morales
et al., provided the data used in the dose-response analysis)

The data and procedures used to estimate arsenic-related cancer risks for the U.S.
population are discussed in detail in Chapter 5 of EPA’s Toxicological Review for Inorganic
Arsenic (U.S. EPA, 2009). Data from the epidemiological studies of Chen et al. (1988a, 1992)
and Wu et al. (1989) were selected for estimation of health risks associated with arsenic
exposures. EPA has conducted a systemic evaluation of a large number of recent epidemiological
studies with regard to their overall quality and utility to support quantitative risk assessment. As
a result of that analysis, EPA concluded that the Taiwanese data set remained the best source of
data to support a risk assessment for inorganic arsenic. Reasons for this decision are discussed in
Section I1.A.2 (above) and in Chapter 4 and Section 5.3.2 of the Toxicological Review (U.S.
EPA, 2009). In selecting the Taiwanese data for primary risk estimates, EPA was following the
recommendations of the Science Advisory Board (SAB, 2007) and the National Research
Council (NRC, 2001).

Despite the high quality of the data set, estimation of dose-response relationships based
on the Taiwanese data is challenging for a number of reasons. First, owing to the “ecological”
nature of the study, drinking water exposure information is not available for individual study
subjects. Instead, drinking water arsenic exposure must be estimated based on measured arsenic
concentrations in wells serving the 42 population groups (“villages”) that constitute the study
population. For 20 of the 42 villages, water was supplied by a single well at the time of
sampling; however, other villages used more than one well. Data provided are related to all the
arsenic measurements for each well in each village, but no information is available concerning
the time variability of arsenic levels in individual wells. In addition, cancer mortality in the
reference population and in the arsenic-exposed villages is strongly age-dependent, with the older
study subjects generally exhibiting higher mortality. The age-dependence does not appear to be
monotonic, however, but rather peaks around age 60 and declines thereafter. This non-linear
age-dependence complicates the estimation of dose-response relationships because it requires the
estimation of models using non-standard methods.
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EPA reviewed a range of statistical models previously used to analyze the Taiwanese data
(Chen et al., 1992; Morales et al., 2000; U.S. EPA, 2001; and NRC, 2001). Building on these
experiences, and consistent with recommendations from SAB, including sensitivity analyses of
other models, EPA selected additive Poisson regression with a linear dose representation and
quadratic age representation as the best-fitting and most parsimonious (simplest) approach for
estimating dose-response functions from the Taiwanese data. The southwest Taiwanese reference
population was included in the dose-response modeling.

Lifetime incidence of lung and bladder cancer in the U.S. population were then estimated
by using a modified version of the “BEIR IV” relative risk methodology. The BEIR IV model,
although originally developed to estimate lifetime risks from radionuclide exposure, can easily be
adapted to estimate lifetime risks from any hazard. The BEIR IV model uses age- and gender-
specific “background” lung and bladder cancer incidence from the target (U.S.) population, and
estimates of the multiplicative increase in cancer associated with arsenic exposure (the dose-
response parameters estimated from the Poisson regressions on the Taiwanese data) as input
variables. The model takes into account non-cancer mortality to assure the correct proportion of
the population “survives” through each five-year period to be at risk of arsenic-related cancer in
the following period. For this analysis, background U.S. lung and bladder cancer incidence
reference data for the years 2000-2003 were obtained from the National Cancer Institute’s SEER
program (NCI, 2006). U.S. gender and age-specific population statistics and all-causes mortality
data came from the National Center for Health Statistics (NCHS, 2000). The BEIR IV model and
its application are explained in detail in Appendix E of the Toxicological Review.

The results of the BEIR IV model were estimates of the lifetime daily arsenic intake in
U.S. populations that would be associated with a one percent increase in lifetime cancer
incidence above background (EDg; or LEDg; values). EDg; values are obtained by applying the
maximum likelihood estimates (MLE) dose-response parameter estimates obtained from the
Poisson regression models as inputs to the BEIR 1V model for U.S. lifetime cancer risks. LEDg;
estimates were derived using the 95% upper confidence limits on the dose-response parameters
in the same fashion. EDy, values are, therefore, central tendency values, while LEDy,; values are
conservative (health-protective) estimates of the dose associated with a one percent lifetime
cancer incidence risk in the U.S. population.

Consistent with EPA’s 2005 Guidelines for Carcinogen Assessment (U.S. EPA, 2005a),
the LEDo;s were selected as the points of departure for derivation of the ingestion pathway
cancer slope factor values (estimated risk per mg/kg-day arsenic intake). Insufficient data are
available concerning the mode of action for arsenic-induced cancer risk to support the selection
of a specific non-linear dose-response model (see section 4.4.1 and 4.6.3 of the Toxicological
Review). Therefore, linear extrapolation was used to estimate low-dose cancer risks below the
points of departure (LEDy; values for the difference cancer endpoints) in the following manner:

Oral Cancer Slope Factor (mg/kg-day)™ = 0.01 / LEDo; (mg/kg-day)

Drinking water unit risks (lifetime cancer incidence) were also calculated:
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Unit Risk (ug/L)™ = Oral Cancer Slope Factor (mg/kg-day)™ * (0.001 mg/pg)
Drinking Water Intake (L/day) / Average Body Weight (kg)

Oral slope factor estimates for lung and bladder cancers in U.S. males and females were
derived using the exposure assumptions explained in detail in Section 5.3.5 of the accompanying
Toxicological Review. Limited data are available concerning the average water consumption by
the Taiwanese exposed population. Following the general suggestions of Chen et al. (1992),
NRC (1999, 2001) and EPA (U.S. EPA, 1989), primary risk estimates were derived assuming
that the average water intakes were 3.5 L/day and 2.0 L/day for Taiwanese men and women,
respectively. Average body weights for Taiwanese adults was assumed to be 50 kg, consistent
with previous analyses. When estimating cancer risks for the U.S. population, it was assumed
that the average body weight and water consumption for U.S. adults were 70 kg and 2.0 L/day,
respectively. The U.S. 2.0 L/day drinking water consumption estimate used in this calculation is
approximately equal to the 90™ percentile estimate (2.014 L/day) from the 1994-1996 and 1998
data gathered as part of the Continuing Survey of Food Intake by Individuals (U.S. EPA, 2004)
and represents approximately the 90™ percentile of intake of community water in the U.S.
population, which is a standard factor in EPA IRIS assessments. EPA also conducted sensitivity
analyses of the risk estimates using different assumptions related to Taiwanese and U.S. water
intake.

EPA also tested a range of assumptions related to the assumed non-water arsenic intake
by the exposed and reference populations. For the primary risk assessment, non-water arsenic
intake was assumed to be 10 pg/day for both the exposed populations and the southwest
Taiwanese reference population that was included in the modeling. The dependence of estimated
cancer risks on specific exposure assumptions (drinking water intake by the Taiwanese and U.S.
populations and non-water arsenic intake by the reference and exposed populations) were
explored through sensitivity analyses, the results of which are provided in 5.3.8.3 of the
Toxicological Review (U.S. EPA, 2009). Estimated risks were found to depend on changes in
assumed body weight and drinking water consumption in a fashion that was generally consistent
with the resultant changes in estimated arsenic daily doses for the Taiwanese and U.S.
populations. Estimated cancer risks were generally insensitive to variations in assumed non-
water arsenic intake, except for female bladder cancer, where the estimated risks were
approximately 3.7-fold higher when the reference population arsenic intakes were assumed to be
50 pg/day than when the baseline assumption (10 pg/day) was employed. Cancer risks were also
sensitive to whether or not a reference population was included in the Taiwanese dose-response
modeling. The results of the lung and bladder cancer risk calculations for males and females are
summarized in Table 1.
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Table 1. U.S. Cancer Incidence Risk Estimates for Arsenic-Related
Lung and Bladder Cancer in Males and Females®

Metric Lung Cancer Bladder Cancer
Males
EDq1, mg/kg-day 1.9E-03 1.1E-03
LEDy;, mg/kg-day 1.5E-03 8.9E-04
Oral slope factor, per mg/kg-day 6.7 11.2
Unit risk, per ug/L drinking water 1.9E-04 3.2E-04
Lifetime incidence risk at 10 pg/L in drinking water 1.9E-03 3.2E-03
Water Concentration for 10 Risk, pg/L 0.52 0.31
Females
ED,;, mg/kg-day 7.5E-04 1.2E-03
LEDy;, mg/kg-day 6.0E-04 9.5E-04
Oral slope factor, per mg/kg-day 16.6 10.5
Unit risk, per ug/L drinking water 4.8E-04 3.0E-04
Lifetime incidence risk at 10 pg/L in drinking water 4.8E-03 3.0E-03
Water Concentration for 10 Risk, pg/L 0.21 0.33

#Baseline exposure assumptions: Reference population = southwest Taiwan, Taiwan male and female body weight =
50 kg, Taiwan male water intake = 3.5 L/day, Taiwan female water intake = 2.0 L/day, reference and exposed
population non-water arsenic intake = 10 pg/day. Male and female U.S. body weights are assumed to be 70 kg, and
U.S. water intake for both males and females is assumed to be 2.0 L/day.

In EPA’s analysis, total cancer risk (lung plus bladder) for males and females has been
calculated by combining the risk for the individual tumor types. Upper confidence limits on the
combined cancer risks can be calculated based on the assumption that the uncertainty in the two
cancer slope factors are both normally distributed. If this is the case, the 95% upper bound, U, for
the combined cancer potency can be calculated as:

U= (ml + mz) + \/(ul - ml)z + (Uz - mz)2

where m; and u; i = 1,2, are respectively the mean and 95% upper bound cancer potency for the
two tumor types. The results of these calculations are summarized in Table 2. Using this
approach, the combined cancer potency factor estimate is 16.9 per mg/kg-day for males and 25.7
per mg/kg-day for females. The estimated drinking water unit risk for combined male lung and
bladder cancer is 4.8x10™ per ug/L; for females, the estimated value is 7.3x10™ per pg/L. The
drinking water concentrations corresponding to 10™* combined cancer risks for males and females
are 0.21 and 0.14 pg/L, respectively. In keeping with EPA policy (US EPA, 2005a), the slope
factor for combined bladder and lung cancer incidence in women, the more sensitive
population, has been selected as the point of departure for the derivation of health-
protective criteria (25.7 per mg/kg-day).
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Table 2. Combined Lung and Bladder Cancer Incidence Risk Estimate for the U.S.
Population (Males and Females)®

Metric

Male Combined
Lung+Bladder

Female Combined
Lung+Bladder

Oral slope factor, per mg/kg-day

16.9

25.7

Unit risk, per pg/L drinking water | 4.8E-04 7.3E-04
Lifetime incidence risk at 10 pg/L
in drinking water 4.8E-03 7.3E-03

Water Concentration for 10-4
Risk, pg/L 0.21 0.14
#Baseline exposure assumptions are the same as in Table 1

__11.B.3. ADDITIONAL COMMENTS

The cancer slope factor derived in this analysis (25.7 per mg/kg-day) is higher than the
previously posted IRIS value (1.5 per mg/kg-day). The previous IRIS analysis was based on skin
cancer incidence in the Taiwanese population studied by Tseng et al. (1968; Tseng, 1977). This
assessment was based on internal (bladder and/or lung) cancer from the Taiwanese population in
studies by Chen et al. (1988a, 1992) ad Wu et al. (1989). The difference in endpoints (skin versus
internal cancers) is the main reason for the relatively large difference in estimated cancer potency
in the more recent assessment compared to the 1988 assessment (U.S. EPA, 1988), upon which
the previous IRIS value was based. Risks of bladder and lung cancer are more sensitive endpoints
than skin cancer, and the two sets of risk estimates are not directly comparable. The Drinking
Water Standard (U.S. EPA, 2001) also provides numerical risk estimates for exposures to arsenic
in drinking water. However, Tables 111.D-2(a) and (b) of the Rule display ranges of cancer risks
for populations exposed to distributions of arsenic concentrations in drinking water at and above
the proposed MCL options. Thus, the numerical risk results of that analysis are also not directly
comparable to the NRC (2001), U.S. EPA (2005c) and current assessments, which apply to
populations exposed to single concentrations.

A number of risk assessments have been conducted based on the Taiwanese lung and
bladder cancer data, starting with NRC’s demonstration in 1999. Since that time, a wide range of
data related to exposures and the mortality from specific cancers has become available, and
statistical methods have evolved over time in response to the improved quality of the data. The
current assessment incorporates the experience of previous investigators, as well as comments
from experts from the National Research Council, EPA’s Science Advisory Board, and other
internal and interagency reviewers. EPA believes that the selected approaches, described in the
previous paragraphs, are supported by a broad consensus of scientific opinion. In keeping with
recommendations from some of the expert reviewers, the Agency has conducted extensive
sensitivity analysis of a range of alternative models and input assumptions; the results of these
analyses are described in Section 5.3.8.3 and 5.3.8.4 of the Toxicological Review (U.S. EPA,
2009), which also provides a comparison to risk estimates derived from previous analyses. To the
extent that analyses are comparable, the current assessment is generally consistent with the most
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recent previous analyses, once differences in dose-response models, changes in the assumptions
relating to the relative drinking water consumption in Taiwan and the U.S., and the use of more
recent data on U.S. population mortality and cancer incidence in the BEIR 1V relative risk model
are considered.

The Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b) indicates that age-dependent adjustment factors should be
applied to the slope factor and combined with early-life exposure estimates when estimating
cancer risks from exposures to carcinogens with a mutagenic MOA. A mutagenic MOA for
inorganic arsenic has not been determined, therefore, the application of age-dependent
adjustment factors is not recommended.

Finally, it should be noted that the data used to estimate dose-response parameters for
arsenic-related cancers came from studies of exposures in drinking water, where the
bioavailability of arsenic species could be expected to be very high. Thus, the dose-response
criteria derived may be thought of as being expressed in terms of absorbed dose. In cases where
arsenic exposure through other media (soil for example) are being evaluated, care should be
taken to adjust the dose calculations to take reasonable account of its expected lower
bioavailability.

___11.B.4. DISCUSSION OF CONFIDENCE

The overall level of confidence in the data is high, first, because the data used in the dose-
response assessment come from human epidemiology rather than animal bioassays. The
Taiwanese studies characterize the cancer risks of an extremely large, well-characterized
population with a wide range of exposure concentrations. Reliability and accuracy of mortality
records, verification of endpoints with histological examinations, several decades of exposure to
arsenic in drinking water to detect internal cancer outcomes, apparent similarities in lifestyle
habits (similar urbanization in endemic area versus rest of southwestern Taiwan) between
exposed and reference populations and the residential stability of the population (i.e. little
migration or emigration) are high. The data demonstrate a statistically significant dose-related
effect in humans, across the entire range of exposures (i.e., 10-934 ppb median levels) evaluated.
The currently used BEIR IV model is an improvement over previous models because it contains a
quadratic age model, an additive linear dose term, a reference population, and adjusts for
differences between the exposed and target (i.e., U.S.) populations.

Despite all their strengths, the Chen et al. (1988a, 1992) and Wu et al. (1989) studies are
“ecological”; data on individual exposure (which are a function of both water consumption rates
and concentrations) are not available. In addition, smoking information was not provided in the
critical studies (however, it appears comparable- 40% vs. 32% in endemic area versus the rest of
Taiwan according to Chen et al., 1985). Lacking this information introduces an unquantifiable
degree of uncertainty into the risk estimates. In EPA’s judgment, these factors are equally likely
to have resulted in overestimates or underestimates of risks.
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Although the dose-response estimates were based on data from Taiwan, they are generally
comparable with lung cancer estimates from Chile (Ferreccio et al., 2000) and bladder cancer
estimates from northeast Taiwan (Chiou et al., 2001). These latter studies had better exposure
assessment and included adjustment to smoking characteristics. Because mortality data are
available for both sexes, there is no bias due to gender selection. Additionally, the risk estimation
models include exposure from other sources (i.e., food), and a sensitivity analysis has been
conducted to test the effect of changes in multiple inputs on the risk estimates.

__I1.C. QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM
INHALATION EXPOSURE

NOTE: The following evaluation of cancer risk from inorganic arsenic inhalation was
developed in 1988 and does not incorporate newer data or the 2005 Guidelines for
Carcinogen Risk Assessment.

___11.C.1. SUMMARY OF RISK ESTIMATES
Inhalation Unit Risk — 4.3E-3 per (pg/cu.m)
Extrapolation Method — absolute-risk linear model

Air Concentrations at Specified Risk Levels:

Risk Level Concentration

E-4 (1 in 10,000) 2E-2 pg/cu.m
E-5 (1 in 100,000) 2E-3 pg/cu.m
E-6 (1 in 1,000,000) 2E-4 ug/cu.m

__11.C.2. DOSE-RESPONSE DATA

Tumor Type — lung cancer

Test animals — human, male

Route — inhalation, occupational exposure

Reference — Brown and Chu, 1983a,b,c; Lee-Feldstein, 1983; Higgins, 1982; Enterline and
Marsh, 1982

Ambient Unit Risk Estimates (per pg/cu.m)

Exposure Study Unit Risk Geometric Mean  Final Estimated
Source Unit Risk Geometric Mean
Unit Risk
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Anaconda Brown and Chu
smelter Lee-Feldstein
Higgins et al.

ASARCO Enterline & Marsh
smelter

1.25E-3
2.80E-3
4.90E-3

6.81E-3
7.60E-3

2.56E-3

7.19E-3

30
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___11.C.3. ADDITIONAL COMMENTS

A geometric mean was obtained for data sets obtained with distinct exposed populations
(U.S. EPA, 1984). The final estimate is the geometric mean of those two values. It was assumed
that the increase in age-specific mortality rate of lung cancer was a function only of cumulative
exposures.

The unit risk should not be used if the air concentration exceeds 2 ug/cu.m, since above this
concentration the unit risk may not be appropriate.

__11.C.4. DISCUSSION OF CONFIDENCE

Overall a large study population was observed. Exposure assessments included air
measurements for the Anaconda smelter and both air measurements and urinary arsenic for the
ASARCO smelter. Observed lung cancer incidence was significantly increased over expected
values. The range of the estimates derived from data from two different exposure areas was
within a factor of 6.

__11.D. EPA DOCUMENTATION, REVIEW, AND CONTACTS (CARCINOGENICITY
ASSESSMENT)

___11.D.1. EPADOCUMENTATION
Source Document -- U.S. EPA (2009)

This document has been reviewed by EPA scientists, interagency reviewers from other
federal agencies, and the public, and peer reviewed by independent scientists external to EPA. A
summary and EPA’s disposition of the comments received from the independent external peer
reviewers and from the public is included in Appendix A of the Toxicological Review of
Inorganic Arsenic (U.S. EPA, 2009).
___11.D.2. EPA REVIEW
Agency Completion Date -- _ / /|
___11.D.3. EPA CONTACTS

Please contact the IRIS Hotline for all questions concerning this assessment or IRIS, in

general, at (202) 566-1676 (phone), (202) 566-1749 (fax), or hotline.iris@epa.gov (email
address).
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_I11. [reserved]
_IV. [reserved]
_V. [reserved]
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