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GUIDE TO READERS OF THIS DOCUMENT

For ease of reading, it is recommended that the Executive Summary, Section 1, and
Section 6 be read prior to Sections 2-5.

Section 1 is the standard introduction to an IRIS Toxicological Review, describing the
purpose of the assessment and the guidelines used in its development.

Section 2 summarizes information about tetrachloroethylene uses, occurrence and
exposure.

Section 3 describes the toxicokinetics and physiologically based pharmacokinetic
(PBPK) modeling of tetrachloroethylene and metabolites.

Section 4 is the hazard characterization of tetrachloroethylene. This section discusses
tetrachloroethylene toxicity on an organ-specific basis. For each of the major organ systems,
human effects are presented first, followed by effects in animals and in in vitro systems. Cancer
and noncancer toxicity and mode of action (MOA) are also included in the discussions. The
order of presentation is as follows: neurotoxicity (refer to Section 4.1); kidney and bladder
toxicity and cancer (refer to Section 4.2); liver toxicity and cancer (refer to Section 4.3);
esophageal cancer (refer to Section 4.4); lung and respiratory cancer (refer to Section 4.5);
immunotoxicity, hematologic toxicity, and cancers of the immune system (refer to Section 4.6);
developmental and reproductive toxicity, and reproductive cancers (refer to Section 4.7);
genotoxicity (refer to Section 4.8); and susceptible populations (refer to Section 4.9). Section
4.10 provides a summary of the hazard identification.

Section 5 is the dose-response assessment of tetrachloroethylene. Section 5.1 and 5.2
describes the dose-response analyses for noncancer effects and Section 5.3 describes the dose-
response analyses for cancer. Appendix D provides details of the cancer dose-response modeling
analyses.

Section 6 is the summary of the major conclusions in the characterization of
tetrachloroethylene hazard and dose response.

Appendix A contains the summary of EPA’s response to major external peer review and
public comments.

Appendix B documents the essential design features, exposure assessment approaches,

statistical analyses (including assessment of exposure- or concentration-response), and potential
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sources of confounding and bias for epidemiologic studies on cancer and tetrachloroethylene.
This analysis supports the discussion of site-specific cancer observations in Sections 4.2—4.7.
Appendix C presents a comparative quantitative analysis of the carcinogenicity of trichloroacetic
acid (including that predicted using PBPK modeling to be produced from tetrachloroethylene)

with the carcinogenicity of tetrachloroethylene.
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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to
tetrachloroethylene. It is not intended to be a comprehensive treatise on the chemical or
toxicological nature of tetrachloroethylene.

The intent of Section 6, Major Conclusions in the Characterization of Hazard and Dose-
Response, is to present the significant conclusions reached in the derivation of the reference
dose, reference concentration, and cancer assessment, where applicable, and to characterize the
overall confidence in the quantitative and qualitative aspects of hazard and dose response by
addressing the quality of data and related uncertainties. The discussion is intended to convey the
limitations of the assessment and to aid and guide the risk assessor in the ensuing steps of the
risk assessment process.

For other general information about this assessment or other questions relating to IRIS,
refer to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or
hotline.iris@epa.gov (e-mail address).
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EXECUTIVE SUMMARY

Tetrachloroethylene is a widespread contaminant that is present in ambient air, indoor air,
soil, and groundwater. Once exposed, humans, as well as laboratory animal species, rapidly
absorb tetrachloroethylene, which is then distributed to tissues via systemic circulation,
metabolized, and then excreted primarily in breath as unchanged tetrachloroethylene or CO,, or
in urine as metabolites. Based on the available human epidemiologic data and experimental and
mechanistic studies, it is concluded that tetrachloroethylene poses a potential human health
hazard for noncancer toxicity to the central nervous system, kidney, liver, immune and
hematologic system, and on development and reproduction. Neurotoxicity is identified as a
sensitive endpoint following either oral or inhalation exposure to tetrachloroethylene.
Neurotoxic effects have been characterized in human controlled exposure, occupational and
residential studies, as well as in experimental animal studies, providing evidence that
tetrachloroethylene exposure results in visual changes, increased reaction time, and decrements
in cognition.

Following EPA (2005a) Guidelines for Carcinogen Risk Assessment, tetrachloroethylene
is “Likely to be Carcinogenic to Humans” by all routes of exposure. This characterization is
based on suggestive evidence of carcinogenicity in epidemiologic studies and conclusive
evidence that the administration of tetrachloroethylene, either by ingestion or by inhalation to
sexually mature rats and mice, increases tumor incidence (JISA, 1993; NTP, 1986; NCI, 1977).

In the rodent bioassays, tetrachloroethylene increased the incidence of liver tumors
(hepatocellular adenomas and carcinomas) in male and female mice and of mononuclear cell
leukemia (MCL) in both sexes of rats. These findings were reproducible in multiple lifetime
bioassays employing different rodent strains and, in the case of mouse liver tumors, by the
inhalation and oral exposure routes. Additional tumor findings in rats included significant
increases in the NTP bioassay of testicular interstitial cell tumors and kidney tumors in males,
and brain gliomas in males and females. In mice, hemangiosarcomas in liver, spleen, fat, and
subcutaneous skin were reported in males in the JISA study. The epidemiologic evidence
provides a pattern associating tetrachloroethylene exposure and several types of cancer,
including bladder cancer, non-Hodgkin lymphoma and multiple myeloma. Associations and
exposure-response relationships were reported by studies using more precise
exposure-assessments for tetrachloroethylene. For other sites, including esophageal, kidney,
lung, cervical and breast cancer, more limited data suggestive of an effect are available.

As tetrachloroethylene toxicity and carcinogenicity are generally associated with

tetrachloroethylene metabolism, susceptibility to tetrachloroethylene health effects may be
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modulated by factors affecting toxicokinetics, including lifestage, gender, genetic
polymorphisms, race/ethnicity, preexisting health status, lifestyle, and nutrition status. These
and other factors (e.g., socioeconomic status and multiple exposures) may contribute to variation
in response to tetrachloroethylene or its metabolites, once produced. In addition, it is not known
how tetrachloroethylene interacts with known risk factors for human diseases.

Dose-response analyses of the noncancer database focused on the neurotoxicity data set
as a basis for derivation of inhalation and oral reference values via the LOAEL/NOAEL
approach. The two principal studies that were used demonstrated color vision changes (Cavalleri
et al., 1994), and cognitive and reaction time changes (Echeverria et al., 1995). Candidate RfCs

derived from these studies span a range from 0.015 to 0.056 mg/m’. The midpoint of this range
(0.04 mg/m®) was chosen as the RfC for tetrachloroethylene.

The RfD for noncancer effects of 6 x 10~ mg/kg-day was derived through route-to-route
extrapolation of the above inhalation studies. The RfD is equivalent to a drinking water
concentration of 0.21 mg/L, assuming a body weight of 70 kg and a daily water consumption of
2 L. These noncancer reference values are supported by estimates from multiple human
neurotoxicity studies. Additionally, quantitative dose-response analyses of the findings for other
toxicity endpoints (i.e., kidney, liver, immunologic and hematologic, and reproductive and
developmental toxicity), detailed in Section 5 and summarized in Sections 6.2.5 and 6.2.7, are
considered to be supportive of these values.

For cancer, the majority of the NRC peer review panel recommended that the mouse
hepatocellular tumors be used for cancer risk estimation. Therefore, the inhalation unit risk is
2x1073 per ppm or 3 x 107 per pg/mg, based on the male mouse hepatocellular tumor data
from the JISA (1993) bioassay. The oral slope factor, developed by PBPK model-derived
route-to-route extrapolation from the same data, is 2 x 10 per mg/kg-day.

Xxxi11


http://hero.epa.gov/index.cfm?action=search.view&reference_id=195942�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195942�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195893�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630653�

1. INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IRIS) Summary of the hazard and dose-response assessment of
tetrachloroethylene. IRIS Summaries may include oral reference dose (RfD) and inhalation
reference concentration (RfC) values for chronic and other exposure durations, and a
carcinogenicity assessment.

The RfD and RfC, if derived, provide quantitative information for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed threshold)
mode of action. The RfD (expressed in units of mg/kg-day) is defined as an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. The inhalation RfC (expressed in units of mg/m’) is
analogous to the oral RfD but provides a continuous inhalation exposure estimate. The RfC
considers toxic effects for both the respiratory system (portal-of-entry) and for effects peripheral
to the respiratory system (extrarespiratory or systemic effects). Reference values are generally
derived for chronic exposures (up to a lifetime) but may also be derived for acute (<24 hours),
short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of lifetime) exposure
durations, all of which are derived based on an assumption of continuous exposure throughout
the duration specified. Unless specified otherwise, the RfD and RfC are derived for chronic
exposure duration.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question, and quantitative estimates of risk from oral and inhalation
exposure may be derived. The information includes a weight-of-evidence judgment of the
likelihood that the agent is a human carcinogen and the conditions under which the carcinogenic
effects may be expressed. Quantitative risk estimates may be derived from the application of a
low-dose extrapolation procedure. If derived, the oral slope factor is a plausible upper bound on
the estimate of risk per mg/kg-day of oral exposure. Similarly, an inhalation unit risk is a
plausible upper bound on the estimate of risk per pug/m’ air breathed.

Development of these hazard identification and dose-response assessments for
tetrachloroethylene has followed the general guidelines for risk assessment set forth by the
National Research Council (NRC, 1994, 1983). EPA Guidelines and Risk Assessment Forum
technical panel reports that may have been used in the development of this assessment include
the following: Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA
1986¢), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986b), Recommendations for
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and Documentation of Biological Values for Use in Risk Assessment (U.S. EPA, 1988),
Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991b), Interim Policy for
Particle Size and Limit Concentration Issues in Inhalation Toxicity (Whalan and Redden, 1994),

Methods for Derivation of Inhalation Reference Concentrations and Application of Inhalation
Dosimetry (U.S. EPA, 1994), Use of the Benchmark Dose Approach in Health Risk Assessment
(U.S. EPA, 1995), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA, 1996a),
Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998b), Science Policy Council
Handbook: Risk Characterization (U.S. EPA, 2000b), Benchmark Dose Technical Guidance
Document (U.S. EPA, 2000a), Supplementary Guidance for Conducting Health Risk Assessment
of Chemical Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and Reference
Concentration Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S.

EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA
2006c), and 4 Framework for Assessing Health Risks of Environmental Exposures to Children
(U.S. EPA, 2006b).

The literature search strategy employed for tetrachloroethylene was based on the Chemical

Abstracts Service Registry Number (CASRN) and at least one common name. Any pertinent
scientific information submitted by the public to the IRIS Submission Desk was also considered in
the development of this document. Primary, peer-reviewed literature identified through August 2011
was included where that literature was determined to be critical to the assessment. The relevant
literature included publications on tetrachloroethylene that were identified through Toxicology
Literature Online (TOXLINE), PubMed, the Toxic Substance Control Act Test Submission Database
(TSCATS), the Registry of Toxic Effects of Chemical Substances (RTECS), the Chemical
Carcinogenesis Research Information System (CCRIS), the Developmental and Reproductive
Toxicology/Environmental Teratology Information Center (DART/ETIC), the Hazardous Substances
Data Bank (HSDB), the Genetic Toxicology Data Bank (GENE-TOX), Chemical abstracts, and
Current Contents. Other peer-reviewed information, including health assessments developed by
other organizations, review articles, and independent analyses of the health effects data were
retrieved and may be included in the assessment where appropriate. It should be noted that
references have been added to the Toxicological Review after the external peer review in response to
peer reviewer‘s comments and for the sake of completeness. These references have not changed the

overall qualitative and quantitative conclusions.
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2. BACKGROUND

2.1. USES AND PHYSICAL/CHEMICAL PROPERTIES

Tetrachloroethylene is a widely used solvent that is produced commercially for use in dry
cleaning, textile processing, and metal-cleaning operations. It has the following use pattern:
55% as a chemical intermediate, 25% for metal cleaning and vapor degreasing, 15% for dry

cleaning and textile processing, and 5% for other unspecified uses (ATSDR, 1997a). Table 2-1

lists the physical and chemical properties of tetrachloroethylene (ATSDR, 1997a).

2.2. OCCURRENCE AND EXPOSURE

Tetrachloroethylene has been detected in ground water and surface water as well as in air,
soil, food, and breast milk. The primary exposure routes of concern are inhalation of vapor and
ingestion of contaminated water. Although dermal exposure is possible via contaminated tap
water during showering, bathing, or swimming, this is generally not considered a major route of

exposure.

2.2.1. Air

Because of its high volatility, there is considerable potential for release of
tetrachloroethylene into the atmosphere. Once in the air, it is not susceptible to wet deposition
because of its hydrophobicity. The primary method for removal is photooxidation to

trichloroacetyl chloride, trichloroacetic acid (TCA), carbon monoxide, ozone, and phosgene

(Gilbert et al., 1982). However, this reaction is very slow, so tetrachloroethylene is not
implicated in the buildup of any of the reaction products in the troposphere. Though the half-life
of tetrachloroethylene can vary based on season and environmental conditions, it has been
estimated at 96 days under typical conditions (ATSDR, 1997a).

Ambient tetrachloroethylene concentrations vary from source to source and with
proximity to the source. Outdoors, the high volatility of tetrachloroethylene leads to increased
ambient air concentrations near points of use (ATSDR, 1997a; U.S. EPA, 1996b). Specific to

early lifestage exposure scenarios, elevated ambient air concentrations include measurements

taken outside of a daycare center adjacent to a dry cleaner (NYSDOH, 2005¢) and on a

playground near a factory (Monster and Smolders, 1984). It should be noted that outdoor

concentrations can vary widely within a period of a few hours as a function of wind velocity and
direction, precipitation, humidity, and sunlight. ATSDR (1997a) reported mean
tetrachloroethylene concentrations of 8.8 pg/m’ in areas close to points of release.

2-1


http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=732615�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631087�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630849�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630799�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�

Table 2-1. Physical and chemical properties of tetrachloroethylene

Property Information Reference
Molecular formula C,Cly HSDB (2001)
Molecular weight 165.83 Lide (1990)
Color Colorless Sax and Lewis (1987)
Physical state Liquid (at room temperature) Sax and Lewis (1987)
Melting point -19°C Lide (1990)
Boiling point 121°C Lide (1990)
Density at 20°C 1.6227 g/mL Lide (1990)
Density at 25°C No data
Odor Ethereal HSDB (2001)
Odor threshold: water 0.3 ppm U.S. EPA (1987)
Odor threshold: air 1 ppm U.S. EPA (1987)
Solubility: water at 25°C 150 mg/L HSDB (2001)

Solubility: organic solvent(s)

Miscible with alcohol, ether,
chloroform, benzene, solvent
hexane, and most of the fixed
and volatile oils

HSDB (2001)

Partition coefficients: Log Kow | 3.4 HSDB (2001)
Partition coefficients: Log Koc | 2.2-2.7 ;;151 :rt ztl'a(l.l(%&)
Vapor pressure at 25°C 18.47 mm Hg HSDB (2001)
Henry’s law constant at 25°C 1.8 x 107 atm-m*/mol Gossett (1987)
Autoignition temperature No data

Flashpoint None HSDB (2001)
Flammability limits Nonflammable HSDB (2001)

Conversion factors, air

1 mg/L = 141.4 ppm
1 ppm = 6.78 mg/m’

HSDB (2001)

Explosive limits

No data

Source: ATSDR (1997a).

EPA has carried out modeling to characterize the geographic distribution of
tetrachloroethylene for its National-Scale Air Toxics Assessment database (U.S. EPA, 1996b).
Median census tract-based tetrachloroethylene concentrations across the United States were

estimated at about 0.3 pg/m’ for urban areas and 0.1 pg/m’ for rural areas (75% upper

percentiles of 0.4 and 0.2 pg/m’, respectively). The California Air Resources Board (CARB

1998) reported a statewide median air concentration of 0.3 pug/m’ in 2001, which represents the

lowest value in what has been a decreasing trend since 1990. Note that these averages, which are
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based on geographic areas, only characterize the likely exposure of individuals who spend an
equal amount of time in all parts of the defined area, and they may, therefore, significantly
underestimate the exposure of individuals who consistently spend time in subareas that have
higher tetrachloroethylene concentrations.

Near points of use, such as dry cleaners or industrial facilities, indoor exposure to
tetrachloroethylene is more significant than outdoor exposure (U.S. EPA, 2001a). Adgate and

colleagues measured tetrachloroethylene in outside and indoor air at school, indoor air at home,
and using personal samplers on children, and demonstrated that tetrachloroethylene levels are

lower in homes with greater ventilation and in homes in non-urban settings (Adgate et al., 2004b;

Adgate et al., 2004a). Mean indoor air concentrations in apartments above dry cleaning shops of
4.9 mg/m’ have been reported [Altmann et al. (1995); also refer to McDermott et al. (2005);
Schreiber et al. (2002); Garetano and Gochfeld (2000); Schreiber et al. (1993)]. Measurements
have also been made in a daycare center adjacent to a dry cleaners (NYSDOH, 2005a, b, ¢) and

in a classroom exposed to tetrachloroethylene from an air “emission from a small chemical

factory” (Monster and Smolders, 1984). Mean concentrations inside dry cleaning facilities were

reported to be 454—1390 mg/m’ in the United States and 164 mg/m’ in Nordic countries during
the 1960s and 1970s. Overall levels declined from 95—210 mg/m’ in the 1980s to 20—70 mg/m’
over the next decades in these countries (Lynge et al., 2011; Gold et al., 2008; Lynge et al.,
2006).

The off-gassing of garments that have recently been dry-cleaned may be of concern
[Tichenor et al. (1990); also refer to Thomas et al. (1991)]. In the home, tetrachloroethylene
vapors may off-gas from the clothes of occupationally exposed individuals, or they may come
directly from the exhaled breath of exposed workers [ATSDR (1997a); also refer to Aggazzotti

et al. (1994a; 1994b)]. Relatively high tetrachloroethylene air concentrations have been
measured in the proximity of freshly dry-cleaned clothing stored in small, close spaces. A
residential closet storing newly dry-cleaned clothing had an air concentration of 2.9 mg/m’ after

1 day, which rapidly declined to 0.5 mg/m’ and persisted for several days (Tichenor et al.. 1990).

There is one documented mortality case: a 2-year-old boy was found dead after being put to

sleep in a room with curtains that had been incorrectly dry-cleaned (Garnier et al., 1996).

Dry-cleaned garments transported in an automobile may also lead to unexpectedly high
levels of exposure. Park et al. (1998) used simulated driving cycles to estimate the
concentrations of several contaminants emitted from in-vehicle sources; also refer to Gulyas and
Hemmerling (1990). Using dry-cleaned clothes as a source, tetrachloroethylene levels inside a
stationary vehicle after 30 minutes reached 0.230 mg/m’. Approximating these exposures is not
easy because specific exposure levels would depend on many factors: car velocity, wind speed,

ventilation, and time spent in the automobile. Another study demonstrating exposure in a car
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found that transporting a freshly dry-cleaned down jacket in a car resulted in a cabin air

concentration of 24.8 mg/m3 after 108 minutes (Chien, 1997).

Air exposure may also occur during showering or bathing as dissolved
tetrachloroethylene in the warm tap water is volatilized. Rao and Brown (1993) used an adult
physiologically based pharmacokinetic (PBPK) model combined with a microenvironmental
exposure model to estimate the dose received by inhalation exposure during showering and
bathing as well as by dermal exposure to the water. The tap water concentration of
tetrachloroethylene was 1 mg/L, which is probably a higher concentration than exists in most
water supplies. The authors also demonstrated that a majority of the tetrachloroethylene in the
blood, as a result of their bathing scenario, resulted from inhalation exposure, while about 15%

resulted from dermal absorption.

2.2.2. Water

Because of its relatively low aqueous solubility (refer to Table 2-1), it is not likely that
volatilized tetrachloroethylene will enter surface or rain water. However, it has been detected in
drinking water, ground water, and surface water (U.S. EPA, 2001a; ATSDR, 1997a;
Environment Canada & Health Canada, 1993; Lagakos et al., 1986). Most of this contamination

is probably due to release in water following industrial use or by public use of consumer

products. Therefore, unless a surface water body is in the vicinity of a highly contaminated site,
surface waters are expected to have a lower concentration of tetrachloroethylene than ground
water.

In areas near sources of contamination, ground water and surface water concentrations
can be considerably higher than average. Because the density of tetrachloroethylene is about
60% higher than that of water, tetrachloroethylene is expected to accumulate near the bottom of a
stagnant receiving water body after a large-volume point discharge. Water samples collected
near the bottom of the St. Clair River near Sarnia, Ontario, downstream from several petroleum-
based production facilities, contained tetrachloroethylene concentrations ranging from 0.002 to
34.6 pg/L (Environment Canada & Health Canada, 1993). The concentrations in 17 samples of

surface water from the lower Niagara River in New York State in 1981 averaged 0.036 pg/L
(with a maximum of 0.134 ng/L) (Environment Canada & Health Canada, 1993).

Exposure models have been developed to predict the fate and transport of organic

compounds such as tetrachloroethylene in environmental media, including air, water, and soil.
The outputs from two similar but independently developed environmental exposure models,
CalTOX and Fug3ONT, were compared for a scenario designed to reproduce a residential area

near an industrial contamination site (Maddalena et al., 1995), in which 75 moles/day are

released into the air and 0.7 moles/day are released into surface water. Although the soil
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predictions differed, the predictions of tetrachloroethylene in air and ground water were similar,
with the concentration of air predicted by CalTOX approximately 6 pg/m’ and the surface water
concentration, 82 pug/L. It should be noted that agreement of the models does not confirm the
validity of either one but lends some support to the usefulness of the results.

The off-gassing of tetrachloroethylene from a drinking water supply can result in
exposure. In 1976, EPA measured tetrachloroethylene levels ranging from 800 to 2,000 pg/L in

drinking water samples in Massachusetts (Paulu et al., 1999). Similar levels were reported

elsewhere in New England. These concentrations were attributed to the vinyl-lined asbestos-

cement pipes that were used to carry water in this area (Webler and Brown, 1993). Letkiewicz et

al. (1982) estimated that 53% of newborn infants are formula-fed from drinking water sources,
and the other 47% receive all of their fluid from breast milk. Taking into account volatilization
during boiling of water, they indicate that the uptake of tetrachloroethylene in formula-fed
infants on a mg/kg-day basis is 10 times higher than in adults with the same level of drinking
water contamination. In addition, incidental water consumption may occur for children when
swimming or bathing (U.S. EPA, 2008).

Although dermal exposure is possible via contaminated tap water during showering,

bathing, or swimming, this is generally not considered a major route of exposure (Poet et al.,
2002; Nakai et al., 1999; Stewart and Dodd, 1964). Rao and Brown (1993) demonstrated that

only 15% of the tetrachloroethylene in the blood resulted from dermal exposure as compared to

inhalation of vapors.

2.2.3. Food

Certain foods have been found to be contaminated with tetrachloroethylene [U.S. EPA
(2001a); also refer to Daft (1988); Heikes and Hopper (1986); McConnell et al. (1975)].
Because of the lipophilic nature of tetrachloroethylene, it may bind to lipid molecules in such
foods as margarine, oils, meats, and other fatty foods stored in areas where there is
tetrachloroethylene in the air (U.S. EPA, 2001a; Schreiber, 1997). In 1988, elevated

tetrachloroethylene levels were observed in margarine and butter samples obtained from grocery

stores located near dry cleaning facilities [Entz and Diachenko (1988); also refer to Uhler and
Miller (1988)]. Further studies confirmed that close proximity to a dry cleaning facility was

associated with elevated tetrachloroethylene levels in butter samples (Kacew and Lambert,

1997). Nonetheless, food is not considered to be a major exposure pathway. Other sources of
information about tetrachloroethylene in foods include the Food and Drug Administration (2003)
and Fleming-Jones and Smith (2003).
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2.2.4. Soil

Where contamination occurs, tetrachloroethylene can be measured in soil (U.S. EPA

2001a). This pathway for ingestion of tetrachloroethylene has not been directly examined. A
clear need exists to evaluate this pathway, particularly for children with pica, who can ingest
high quantities of contaminated soil through hand-to-mouth activity, as has been shown for lead
(U.S. EPA, 2008).

2.2.5. Breast Milk

Due to its lipid solubility, tetrachloroethylene can concentrate in human breast milk
(Schreiber et al., 2002; U.S. EPA, 2001a; NYSDOH, 2000; Schreiber, 1997, 1993; Sheldon et
al., 1985; Pellizzari et al., 1982; Bagnell and Ellenberger, 1977), as well as in milk from cows
(Wanner et al., 1982), goats (Hamada and Tanaka, 1995), and rats (Byczkowski et al., 1994;

Byczkowski and Fisher, 1994). Breast milk can contain high concentrations of

tetrachloroethylene and some of its toxic metabolites. Reported levels of tetrachloroethylene in

breast milk have ranged up to 43 ug/L in the general population (U.S. EPA, 2001a). In one case

study, the breast milk of a woman was found to contain 10 mg/L of tetrachloroethylene 1 hour
following a visit to her husband at his work in a dry cleaning establishment. This concentration
dropped to 3 mg/L after 24 hours. Her child suffered from obstructive jaundice and
hepatomegaly, but these conditions improved when breastfeeding was discontinued (Bagnell and
Ellenberger, 1977).

Physiologically based pharmacokinetic (PBPK) models have been utilized to estimate

tetrachloroethylene doses from milk to the human infant (Fisher et al., 1997; Byczkowski and
Fisher, 1995; Schreiber, 1993), and rat (Byczkowski et al., 1994). Schreiber (1993) used a

PBPK model to estimate the dose a nursing infant might receive from an exposed mother’s

breast milk. Using different exposure scenarios, Schreiber (1993) predicted that human breast
milk concentrations could range from 1.5 mg/L for a typical residential scenario, 16-3,000 mg/L
for a residential scenario near a dry cleaner, and to 857-8,440 mg/L for an occupational scenario.
Assuming that a 7.2 kg infant ingests 700 mL of breast milk per day, Schreiber estimated the
dose to the infant could range from 0.0001 to 0.82 mg/kg/day. Actual indoor air concentrations
(24-hr average), as measured in apartments in New York State, were used to predict potential
levels in breast milk in these modeling scenarios. The apartments included one located above a
dry cleaning facility that used an old dry-to-dry machine (average concentration, 45.8 mg/m”),
three located above facilities that used transfer machines (average concentration, 7.7 mg/m"), and
two located above facilities that used newer dry-to-dry machines (average concentration, 0.25

mg/m’) (Schreiber, 1993). The predicted breast milk concentrations in these scenarios ranged

from 16 to 3,000 png/L. Assuming that a 7.2 kg infant ingests 700 mL of breast milk per day,
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Schreiber (1993) determined that the infant dose from milk could range from 0.0015 to 0.3
mg/kg-day.

Using the same exposure conditions as Schreiber (1993), Byczkowski and Fisher (1995)
predicted lower doses to the infant (0.0009—0.202 mg/kg-day). Using milk production and
suckling variables, Fisher et al. (1997) estimated the dose that a human infant might receive after
maternal occupational exposure to be 1.4 mg/day.

Ingestion through breast milk and infant exposures is discussed further in Section 4.9.
However, Schreiber (1997) has suggested that if infants live adjacent to or in close proximity to
dry cleaning facilitates, the dose received through breast milk ingestion will be insignificant

when compared with that from their inhalation exposure.

2.2.6. Direct Ingestion

In rare circumstances, direct ingestion of tetrachloroethylene has been documented. A
6-year-old boy who directly ingested 12—16 g tetrachloroethylene experienced drowsiness,
vertigo, agitation, and hallucinations. He then lost consciousness and went into a coma, and later

recovered (Koppel et al., 1985). Follow-up testing on the boy was not reported, so any potential

long-term effects of the exposure are unknown.
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3. TOXICOKINETICS

3.1. ABSORPTION

Tetrachloroethylene is rapidly absorbed into the bloodstream following oral and
inhalation exposures. It can also be absorbed across the skin following dermal exposure to either
pure or diluted solvent or vapors (Poet et al., 2002; Nakai et al., 1999; Stewart and Dodd, 1964).

3.1.1. Inhalation

The major exposure route for tetrachloroethylene is considered to be inhalation.
Pulmonary uptake of tetrachloroethylene is rapid; however, complete tissue equilibrium occurs
only after several hours. Absorption into the systemic circulation through pulmonary uptake is
proportional to the ventilation rate, the duration of exposure, and the concentration in the
inspired air (Monster et al., 1979; Hake and Stewart, 1977).

Chiu et al. (2007) reported that peak levels of tetrachloroethylene in venous blood and air

occurred near the end of a 6-hour inhalation exposure to 1 ppm and declined thereafter. In the
Monster et al. (1979) study, uptake after 4 hours was 75% of its value at the onset of exposure.
Increased physical activity increases uptake but lowers the alveolar partial pressure, thus
removing more tetrachloroethylene from the alveoli, resulting in a longer time to reach tissue

equilibrium (Pezzagno et al., 1988).

The blood:gas partition coefficient for tetrachloroethylene describes how the chemical
will partition itself between the two phases. Specifically, it is the ratio of concentrations at
steady state; i.e., when all rates are constant after equilibrium has been reached. Reported values
for the coefficient in humans range from around 10-20 [e.g.,(Reitz et al., 1996; Byczkowski and
Fisher, 1994; Gearhart et al., 1993; Hattis et al., 1990; Ward et al., 1988; Droz and Guillemin

1986)], meaning that if tetrachloroethylene is in equilibrium, the concentration in blood will be

10—20 times higher than the concentration in the alveoli.

Opdam and Smolders (1986) determined concentrations of tetrachloroethylene in alveolar
air for 1—60-second residence times (the time interval from the beginning of an inhalation to the
end of the next inhalation) for six volunteers exposed to 0.5—9.8 ppm of chemical for
1-60 minutes. These investigators found the concentrations of tetrachloroethylene in alveolar air
to decrease with residence times for breaths during exposure periods but to increase during
postexposure for residence times less than 10 seconds. Alveolar air tetrachloroethylene

concentration correlated with the concentrations in pulmonary artery mixed venous blood.
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Like the studies in humans, inhalation studies in laboratory animals provide clear
evidence that tetrachloroethylene is readily absorbed via the lungs into the systemic circulation
(Dallas et al., 1994b; Pegg et al., 1979).

3.1.2. Oral

Gastric absorption of tetrachloroethylene occurs at a relatively rapid rate and is
essentially complete. Close to 100% of oral doses are absorbed from the gut, according to
reports of several studies conducted in mice, rats, and dogs (Dallas et al., 1995, 1994b; Frantz
and Watanabe, 1983; Schumann et al., 1980; Pegg et al., 1979). Absorption into the systemic

circulation was indicated by blood tetrachloroethylene levels of 21.5 pg/mL following accidental

ingestion of the chemical by a 6-year-old boy (Koppel et al., 1985).

3.1.3. Dermal

Absorption of tetrachloroethylene by humans following dermal exposure to vapors of the
chemical has been reported to be relatively insignificant (only 1%) when compared with
absorption via inhalation of vapors (Nakai et al., 1999; Riihimaki and Pfaffli, 1978). The

amount of chemical absorbed during the immersion of one thumb in liquid tetrachloroethylene is

equivalent to the uptake during inhalation of 10—15 ppm of the compound for the same time
period (Stewart and Dodd, 1964).
Studies in animals confirm that dermal uptake of tetrachloroethylene following vapor

exposure is minimal when compared with pulmonary uptake (McDougal et al., 1990; Tsuruta,

1989), whereas dermal uptake is greater following direct skin application (Jakobson et al., 1982).

Notably, the conclusions of Bogen et al. (1992), based on the results of their study in hairless
guinea pigs, indicate that dermal absorption of tetrachloroethylene from contaminated water
supplies could be an important route of exposure for humans. These investigators estimated that
a standard 70 kg man with 80% of his body immersed in water would completely absorb the

amount of tetrachloroethylene in 2 L of that water.

3.2. DISTRIBUTION AND BODY BURDEN

Once absorbed, tetrachloroethylene is distributed by first-order diffusion processes to all
tissues in the mammalian body. The highest concentrations of tetrachloroethylene are found in
adipose tissue due to the lipophilicity of the compound (Savolainen et al. 1977; Monster et al.
1979; Dallas et al. 1994). Concentrations of tetrachloroethylene reach higher levels in brain and

liver than in many other tissues (Garnier et al., 1996; Levine et al., 1981; Lukaszewski, 1979).

Absolute tissue concentrations are directly proportional to the body burden or exposure dose.

Due to its lipid solubility, tetrachloroethylene is also concentrated in milk, and it has been
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measured in human breast milk (Schreiber et al., 2002; NYSDOH, 2000; Schreiber, 1997, 1993).

Higher concentrations occur in milk having higher fat content. For example, the milk:blood

partition coefficient is equal to 12 for rats but 2.8 for humans (Byczkowski and Fisher, 1994).

This noticeable difference reflects the higher fat content of rat milk. Tetrachloroethylene readily
crosses both the blood:brain barrier and the placenta. Partition coefficients for various tissues,
relative to blood or air, have been reported by several investigators (Byczkowski and Fisher,
1994; Dallas et al., 1994b; Gearhart et al., 1993; Ward et al., 1988). Section 3.5 presents
examples of these.

Repeated daily inhalation exposures of human volunteers to tetrachloroethylene indicate
accumulation of the compound in the body, which is thought to be due to its high lipid solubility.
Because of its long residence time in adipose tissue, repeated daily exposure results in an
accumulated concentration; tetrachloroethylene from new exposures adds to the residual
concentration from previous exposures until steady state is reached. Blood levels of
tetrachloroethylene increase over several days with continued daily exposures. Following
cessation of these exposures, it is still present in the blood. Exhalation of the compound
continues over a number of days due to its slow release from the adipose tissue (Skender et al.,

1991; Altmann et al., 1990; Stewart et al., 1977). For a given concentration in blood or air, the

half-time—the time necessary to equilibrate the adipose tissue to 50% of its final

concentration—is about 25 hours (Monster, 1979; Fernandez et al., 1976). Therefore, during a

single 8-hour exposure, adipose tissue does not reach steady-state equilibrium.

Tetrachloroethylene uptake by fatty tissue during the working hours of the week is
countered by the elimination that occurs during nonexposure times of nights and weekends; thus,
for persons exposed to tetrachloroethylene on a 5-day-a-week work schedule, an equilibrium is
eventually established, but it requires a time period of 3—4 weeks of exposure for adipose tissue
to reach plateau concentrations.

Animal studies provide clear evidence that tetrachloroethylene distributes widely to all
tissues of the body, readily crossing the blood:brain barrier and the placenta (Dallas et al., 1994a;

Ghantous et al., 1986; Schumann et al., 1980; Savolainen et al., 1977a). Following exposure of

rats to tetrachloroethylene, the compound has been measured in blood, fat, brain, lungs, liver,
kidneys, heart, and skeletal muscle (Dallas et al., 1994a; Savolainen et al., 1977a). The highest

tissue concentrations were found in adipose tissue (60 or more times blood level) and in the brain

and liver (4 and 5 times that found in the blood, respectively), as can be calculated from the rat
tissue-distribution data of (Dallas et al., 1994a; Savolainen et al., 1977a). Dallas et al. (1994a)

found the concentration of tetrachloroethylene in fat to be 9—18 times the concentrations found in

nonfat tissues. Skeletal muscle contained the lowest concentration. In one human fatality case,

the concentration of tetrachloroethylene in the brain was 120 times higher than concentrations
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measured in the lung. In another case, the concentrations in the liver were 8, 3.4, and 3.5 times
higher, respectively, than concentrations measured in the lung, kidney, and brain (Levine et al.
1981).

3.3. METABOLISM

This section describes the metabolism of tetrachloroethylene, identifying metabolites
thought to be causally associated with toxic responses as well as those used to evaluate the flux
of parent compound through the known metabolic pathways. Sex- and species-dependent
differences in the metabolism of tetrachloroethylene and potential contributors to interindividual
differences are identified. Refer to Section 4.9 for further discussion of how these factors affect

variability and susceptibility.

3.3.1. Introduction

The metabolism of tetrachloroethylene has been studied mostly in mice, rats, and humans
[for reviews, refer to (Lash and Parker, 2001; Anders et al., 1988; Dekant et al., 1987)].
Tetrachloroethylene is metabolized in laboratory animals and in humans through at least

two distinct pathways: oxidative metabolism via the cytochrome P450 (CYP [also abbreviated as
P450]) mixed-function oxidase system and glutathione (GSH) conjugation followed by
subsequent further biotransformation and processing, either through the cysteine conjugate -
lyase pathway or by other enzymes including flavin-containing monooxygenase 3 (FMO3) and
CYP3A (Lash and Parker, 2001; Lash et al., 1998; Volkel et al., 1998; Birner et al., 1996;
Anders et al., 1988; Dekant et al., 1987; Costa and Ivanetich, 1980; Filser and Bolt, 1979; Pegg

et al., 1979; Daniel, 1963). The conjugative pathway is toxicologically significant because it

yields relatively potent toxic metabolites (Lash and Parker, 2001; Werner et al., 1996; Vamvakas
et al., 1989a, c; Vamvakas et al., 1989d; Anders et al., 1988; Vamvakas et al., 1987; Dekant et
al., 1986a; Dekant et al., 1986¢). Figure 3-1 depicts the overall scheme of tetrachloroethylene

metabolism. Known metabolites presented in this figure are identified by an asterisk.
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Figure 3-1. Postulated scheme for the metabolism of tetrachloroethylene by
the cytochrome P450 (P450) oxidative pathway and glutathione S-transferase

(GST)-mediated glutathione (GSH) conjugation pathway.

PCE and identified (*) urinary metabolites: (1) PCE, (2) PCE-Fe-O intermediate, (3)
trichloroacetyl chloride, (4) trichloroacetic acid, (5) PCE oxide, (6) ethandioyl dichloride,

(7) oxalic acid, (8) S-(1,2,2-trichlorovinyl) glutathione (TCVG), (9) S-(1,2,2-trichlorovinyl)-L-
cysteine (TCVC), (10) N-acetyl trichlorovinyl cysteine (NAcTCVC), (11) dichloroacetic acid.
Enzymes: cytochrome P450 (P450), GST, gamma-glutamyltransferase (GGT), dipeptidase (DP),
B-lyase, flavin mono-oxygenase-3 (FMO3), N-acetyl transferase (NAT).

Sources: Adapted from Pegg et al. (1979), Costa and Ivanetich (1980), Dekant et al. (1986a), Lash
and Parker (2001), Yoshioka et al. (2002), Chiu et al. (2007).
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3.3.2. Extent of Metabolism

Studies in both animals and humans indicate that overall metabolism of
tetrachloroethylene is relatively limited—particularly at higher exposures [reviewed in (Lash and
Parker, 2001)], as evidenced by the high percentage of absorbed dose excreted in the breath as the
parent molecule (Chiu et al., 2007; Volkel et al., 1998; Buben and O'Flaherty, 1985; Frantz and
Watanabe, 1983; Monster et al., 1983; Ohtsuki et al., 1983; Schumann et al.. 1980; Filser and
Bolt, 1979; Monster, 1979; Monster et al.., 1979; Pegg et al., 1979; Fernandez et al.., 1976; Essing
etal., 1973; Ikeda and Ohtsuji, 1972; Stewart et al., 1970; Boettner and Muranko, 1969; Daniel,
1963; Stewart et al., 1961; Yllner, 1961). Because of its high lipid solubility, tetrachloroethylene

can be sequestered in fat and, thus, not all metabolism is evident in short sampling time periods.

The extent of metabolism after inhalation exposure in humans has been estimated by
measuring trichloro-compounds excreted in the urine and exhalation of tetrachloroethylene in
expired air (Monster et al., 1983; Monster and Houtkooper, 1979; Monster et al., 1979;
Fernandez et al.. 1976; May, 1976; Essing et al.. 1973: Bolanowska and Golacka, 1972; Ikeda et
al., 1972; Stewart et al.., 1970; Boettner and Muranko, 1969; Stewart et al., 1961). Several

studies reported only about 1-3% of the estimated amounts inhaled were metabolized to

trichloroacetic acid (TCA) and other chlorinated oxidation products, although additional
tetrachloroethylene—as much as 20% or more of the dose—may be metabolized over a longer
period (Bois et al., 1996; Bogen et al., 1992; Monster et al., 1979). For example, Chiu et al.
(2007) noted that although an average of 0.4% of tetrachloroethylene intake (1 ppm for 6 hours)

was recovered in urine as TCA, total recovery in urine and exhaled air accounted for, on average,
only 82% of intake. This would imply that 18% were metabolized, but Chiu et al. (2007) noted
substantial uncertainty and variability in these calculations and concluded that they were
consistent with previous studies at higher exposures. Interestingly, Chiu et al. (2007) also noted
significant variability among the seven subjects and among the four occasions, contributing to
the uncertainty in measurements. A literature review published by Hattis et al. (1990) reported
estimates of the fraction of tetrachloroethylene metabolized at a low dose of 1 ppm to range from
2-86%. Based on data from Monster et al. (1979), Bois and colleagues (Chiu and Bois, 2006;
Bois et al., 1996) used physiologically based pharmacokinetic (PBPK) modeling to predict that

at exposure levels near current occupational standards, a median of approximately 1.5% of
inhaled tetrachloroethylene would be metabolized, whereas, at ambient air levels (0.001 ppm),
the median estimate would be considerably higher (23—36%).

The extent of metabolism in animals has been estimated by conducting excretion-balance
studies using isotopically labeled tetrachloroethylene. In rodents, 2—88% of the dose was
metabolized, depending on dose level and species: the higher the dose, the smaller the percentage

metabolized. Rats metabolized a lower percentage of a given tetrachloroethylene body burden
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than did mice (Frantz and Watanabe, 1983; Schumann et al., 1980; Filser and Bolt, 1979; Pegg et
al., 1979; Daniel, 1963; Yllner, 1961). Urinary excretion data from studies by Filser and Bolt
(1979) and Buben and O’Flaherty (1985) suggest that metabolism of tetrachloroethylene is

greater in mice than in rats.

3.3.3. Pathways of Metabolism

The two known biotransformation pathways for tetrachloroethylene metabolism are
(1) oxidation by CYP enzymes and (2) conjugation with GSH followed by further processing of
the conjugate through various pathway bifurcation branches. As shown in Figure 3-1, the initial
step in the metabolism of tetrachloroethylene is formation of an Fe-O intermediate for the
oxidative pathway or conjugation with GSH for the secondary pathway (Yoshioka et al., 2002;
Lash and Parker, 2001; Dekant et al., 1998; Lash et al., 1998; Dekant et al., 1987; Dekant et al..
1986¢; Miller and Guengerich, 1983, 1982; Costa and Ivanetich, 1980). It is possible that other
yet unrecognized pathways for tetrachloroethylene could exist in humans (Bois et al., 1996;
Monster et al., 1979; Sakamoto, 1976).

3.3.3.1. Cytochrome P450-Dependent Oxidation
3.3.3.1.1. Oxidative metabolites

In vivo, the major excretory metabolite of the oxidative pathway, TCA, is excreted in the
urine of all species tested (Volkel et al., 1998; Birner et al., 1996; Dekant et al., 1987; Ohtsuki et
al., 1983; Leibman and Ortiz, 1977, 1970; Daniel, 1963; Yllner, 1961). Oxalic acid has been

reported to be a relatively major urinary metabolite in rats (Pegg et al., 1979; Dmitrieva, 1967).

Oxalic acid might either arise from action of microsomal epoxide hydrase on the epoxide
intermediate or may be a separate product from the initial Fe-O intermediate. The oxalate
metabolite excretory product may also be derived from dichloroacetic acid (DCA) or

monochloroacetic acid (Tong et al., 1998a, b). Pulmonary excretion of carbon dioxide (CO,)

amounting to <10% of the administered dose has been identified in exhaled breath from rodents
exposed to 14C-labeled tetrachloroethylene (Frantz and Watanabe, 1983; Schumann et al., 1980;

Pegg et al., 1979), accounting for less than either exhaled tetrachloroethylene or urinary

metabolites.

Trichloroethanol (TCOH) has been detected in the urine of subjects exposed to
tetrachloroethylene in some studies (Schreiber et al., 2002; Birner et al., 1996; Monster et al.,
1983; Weichardt and Lindner, 1975; Ikeda and Ohtsuji, 1972; Ikeda et al., 1972; Ogata et al..
1971; Tanaka and Ikeda, 1968; Ogata et al., 1962), but it could not be identified by others (Chiu
et al., 2007; Volkel et al., 1998; Buben and O'Flaherty, 1985; Costa and Ivanetich, 1980;
Monster et al., 1979; Hake and Stewart, 1977; Fernandez et al., 1976; Daniel, 1963; Yllner,

3-7


http://hero.epa.gov/index.cfm?action=search.view&reference_id=58030�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58169�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=64849�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58165�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58165�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630465�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58176�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=64849�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65239�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632282�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195889�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630480�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630704�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=94389�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630482�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630482�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630790�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75325�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58141�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630374�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630940�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631129�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630363�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=94389�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58163�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58163�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=29349�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58036�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630465�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58176�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58165�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630492�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631046�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631045�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58030�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58169�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58165�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630960�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630363�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=94882�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=94882�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58175�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=64548�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75162�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58162�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58162�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58172�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630856�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630435�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630435�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631129�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65239�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58141�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58147�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58143�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630465�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58176�

1961). Most of the studies reporting TCOH have involved occupational or environmental
exposures in which there may be simultaneous exposure to trichloroethylene, for which TCOH is
a major urinary metabolite. In vitro, TCA—and, to a lesser extent—oxalic acid, but not TCOH,

are detected in incubations of tetrachloroethylene in rat microsomal protein (e.g., Yoshioka et al.,

2002). Thus, it appears likely that the reports of TCOH following tetrachloroethylene exposure
may have been artifacts of the analytical methodology used or of simultaneous trichloroethylene
exposure. Because TCOH is clearly not a significant metabolite for tetrachloroethylene, very
little, if any, TCA produced from tetrachloroethylene metabolism is likely to come through
chloral, either directly or indirectly through TCOH (Lash and Parker, 2001).

It was initially proposed that the first step in the oxidation of tetrachloroethylene is

hypothesized to yield 1,1,2,2-tetrachloroethylene oxide, a relatively unstable epoxide (Miller and
Guengerich, 1983, 1982; Costa and Ivanetich, 1980). Although an initial epoxide metabolite has

not been unequivocally demonstrated for tetrachloroethylene, evidence for this epoxide does

exist. The epoxide has been chemically synthesized (Kline et al., 1978; Bonse et al., 1975;
Frankel et al., 1957). The potential fates of tetrachloroethylene epoxide include trichloroacetyl

chloride, oxalate dichloride through tetrachloroethylene glycol, trichloroacetyl aminoethanol,
and, possibly, chloral hydrate (in equilibrium with chloral) (Pegg et al., 1979; Henschler and
Bonse, 1977; Bonse and Henschler, 1976).

However, recent data (Yoshioka et al., 2002) favor the hypothesis that the epoxide is not

an obligatory intermediate to formation of trichloroacetyl chloride. In particular, the pattern of
products of tetrachloroethylene oxide hydrolysis reported by Yoshioka et al. (2002) is dominated
by carbon monoxide (CO) and carbon dioxide (CO;), which differs markedly from the products
of oxidation in vivo or in vitro. Because TCA is believed to be derived primarily from
trichloroacetyl chloride (through hydrolysis or through reaction with amino groups of cellular
proteins), this would favor the hypothesis that the epoxide is a minor product of
tetrachloroethylene oxidation. Instead, the Fe-O intermediate is postulated to collapse via
chlorine migration to yield predominantly trichloroacetyl chloride (Yoshioka et al., 2002).

DCA has been identified as a tetrachloroethylene urinary metabolite (Vilkel et al., 1998;
Dekant et al., 1987; Yllner, 1961) and may arise as a product of further metabolism of TCA or as

a result of B-lyase bioactivation of GSH conjugation metabolites. The major organ site of DCA

production is likely to differ for each pathway, with DCA arising from oxidative metabolism
primarily in the liver and from GSH-dependent metabolism products mostly in the kidney.
Dechlorination of TCA to DCA is catalyzed by gut contents (ingested food and bacteria) of the
rat and mouse (Moghaddam et al., 1996); isolated mouse microflora have been shown to convert
TCA to DCA (Moghaddam et al., 1997). However, data indicate that this does not contribute to

DCA detected systemically after trichloroethylene exposure, and a similar conclusion is
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reasonable for tetrachloroethylene, given the lower rate of formation of TCA from
tetrachloroethylene as compared to trichloroethylene. In addition, data from trichloroethylene
suggest that for that compound, DCA formation is likely dominated by hydrolysis of
dichloroacetyl chloride—rather than dechlorination of TCA. As compared to tetrachloroethylene
exposure, trichloroethylene exposure leads to higher amounts of TCA, in conjunction with the
lower amounts of DCA, detectable in blood or urine. This is inconsistent with dechlorination of
TCA being the origin of DCA detected in urine after tetrachloroethylene exposure and supports
the hypothesis that DCA is derived predominantly from GSH conjugation of tetrachloroethylene.

3.3.3.1.2. Species differences

Although thought to be qualitatively similar, there are clear differences among species in
the quantitative aspects of tetrachloroethylene metabolism (Lash and Parker, 2001; Volkel et al.,
1998; Schumann et al., 1980; Ikeda and Ohtsuji, 1972). These differences are in the relative
yields and kinetic behavior of metabolites (Volkel et al., 1998; Green et al., 1990; Ohtsuki et al.,

1983). Rodents and humans differ in relative rates of tetrachloroethylene metabolism in key

target organs, in the doses at which saturation of metabolism occurs, and in the half-times in the
body.

The rate of metabolism of tetrachloroethylene is faster in rodents than in humans, and
higher metabolite concentrations in blood are obtained in rodents as compared with humans.

The higher blood levels of metabolites in rodents are particularly noticeable at the higher
tetrachloroethylene exposure levels because saturation is approached at lower exposure levels in
humans than in rodents. The half-life in the body of these metabolites is, however, noticeably
longer for humans than for rodents (144 hours in humans vs. approximately 10 hours or less in
rodents). It is for this reason that examinations of tetrachloroethylene concentration and toxicity
associations must reflect both blood concentration and time-integrated dose metrics such as area-
under-the-curve (AUC).

A study of species differences in tetrachloroethylene metabolism conducted by Dekant
and colleagues is presented in Volkel et al. (1998). These investigators compared both oxidative
and GSH-dependent metabolism in rats and humans exposed for 6 hours to 10, 20, or 40 ppm
tetrachloroethylene by inhalation. Rats were also exposed to 400 ppm concentrations. TCA was
the major urinary excretion product in both species; however, the elimination half-time was more
than four times slower in humans than in rats. Blood plasma concentrations of the metabolite
were higher (three—eightfold, depending on the dose) in rats than in humans exposed to identical
air concentration levels. These observations are in agreement with metabolic rates, in general,
which are higher in mice than in rats; rats, in turn, have higher metabolic rates than do larger

animals, including humans. Dekant and his coworkers also reported urinary excretion of DCA
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by rats—but not humans. They concluded most of the DCA resulted from GSH-dependent
metabolism. DCA, however, is further metabolized by GST enzymes, which, in turn, limit its

detectability in urine.

3.3.3.1.3. Cytochrome P450 (CYP) isoforms and genetic polymorphisms

Oxidative metabolism of tetrachloroethylene, irrespective of the route of administration,
occurs predominantly in the liver but also at other sites. For example, the kidneys exhibit
cytochrome P450 enzyme activities, mostly in the proximal tubules, although total activity is
markedly less than in the liver (Lash and Parker, 2001; Lash et al., 2001). The rat kidney
expresses CYP2EI (Cummings et al., 1999; Speerschneider and Dekant, 1995), although the

human kidney has not been shown to do so (Cummings et al., 2000a; Amet et al., 1997).

However, the human kidney expresses other CYP enzymes. CYP enzymes occurring in other
extrahepatic tissues—brain and lungs, for example—may also contribute to oxidative
metabolism of tetrachloroethylene.

Relatively few studies provide information about which specific CYP isoforms play a
role in tetrachloroethylene oxidative metabolism. CYP2E] is presumed to have an important

role in tetrachloroethylene metabolism (Lash and Parker, 2001); however, the chemical-specific

data are too sparse to provide strong support for this assumption (Doherty et al., 1996).
CYP2B1/2 may also be important for the metabolism of tetrachloroethylene. CYP3A

isoenzymes may contribute to the generation of reactive sulfoxides from metabolites of the GSH
pathway (refer to text below). Costa and Ivanetich (1980) showed increased hepatic metabolism
following treatment with agents now known to induce these isoenzymes specifically.

Genetic polymorphisms are DNA sequence variations that result in changes in the protein
sequence of an enzyme that can alter the enzyme’s ability to catalyze a reaction or alter the
expression of an allele. Polymorphisms are known for most of the CYP enzymes including
CYP2EI1 (Hu et al., 1999; McCarver et al., 1998) and CYP3A4 (Sata et al., 2000; Westlind et al.,
1999).

3.3.3.2. Glutathione (GSH) Conjugation Pathway

The GSH conjugation pathway was recognized much later than was the oxidative

pathway, yet it may be toxicologically influential (Lash and Parker, 2001). Similar to

trichloroethylene, GSH conjugation of tetrachloroethylene is associated with renal toxicity (Lash
and Parker, 2001; Lash et al., 2000; Dekant et al., 1989; Anders et al., 1988).

3.3.3.2.1. Glutathione (GSH) conjugation metabolites

The initial conjugation of tetrachloroethylene with GSH occurs mainly in the liver (Green
et al., 1990; Vamvakas et al., 1989c; Dekant et al., 1987; Vamvakas et al., 1987), with transport
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of the conjugate and its cysteine counterpart to the kidney target organ for further processing.

This first step also occurs within the kidney (Lash et al., 1998). As shown in Figure 3-1,

tetrachloroethylene is initially conjugated with GSH to form S-(1,2,2-trichlorovinyl) glutathione
(TCVG). This reaction, which is catalyzed by the GSH-S-transferase (GSTs) enzymes, a group
of enzyme isoforms, was traditionally considered to be a detoxification reaction, leading to more
water-soluble compounds that are more readily excreted. In many cases, however, as with
certain halogenated alkanes and alkenes such as tetrachloroethylene, GSH conjugation can be
important for bioactivation. TCVG is then processed through the cysteinylglycine conjugate
S-(1,2,2 trichlorovinyl)-L-cysteinylglycine to S-(1,2,2-trichlorovinyl)-L-cysteine (trichlorovinyl
cysteine, or TCVC) by the enzymatic removal of glutamyl and glycine residues by gamma-
glutamyltransferase (GGT) and various membrane-bound dipeptidases known as

cysteinylglycine dipeptidase [reviewed by (Lash and Parker, 2001; Dekant et al., 1989; Anders et

al., 1988)]. These enzymes reside in tissues other than the kidneys (e.g., the brain), indicating a

potential for toxic reactive metabolite formation in those tissues as well. Conversion of TCVG
to TCVC by these cleavage enzymes leads to a critical bifurcation point of the GSH pathway
because the TCVC may be processed by certain enzymes to yield reactive, toxic chemical
species, although it may be metabolized via a different route to yield an excretory product (Lash
and Parker, 2001).

Importantly, the TCVC metabolite may also act as a substrate for renal B-lyases
[reviewed by (Lash and Parker, 2001; Lash et al., 2000; Dekant et al., 1989; Anders et al., 1988;
Dekant et al., 1988)]. Renal B-lyases are known to cleave TCVC to yield an unstable thiol,

1,2,2-trichlorovinylthiol, that may give rise to cytotoxic and mutagenic reactive chemical species

that can form covalent adducts with cellular nucleophiles, including DNA and proteins (Volkel et
al., 1999; Dekant et al., 1990; Dekant et al., 1986a). In addition, DCA is a downstream urinary

excretion product of B-lyase bioactivation of TCVC and has been detected in urine of rats

exposed to tetrachloroethylene (Volkel et al., 1998). B-lyases are a family of pyridoxal

phosphate-containing enzymes that are located in several tissues besides the kidneys, including
liver and brain, and in intestinal flora, although their substrate specificities may vary. Hepatic 3-
lyase is distinct from renal B-lyase and has not been found to have a role in TCVC metabolism.

B-lyase activity is higher in the rat kidney than in the human kidney (Cooper, 1994; Lash et al.,

1990), which is consistent with overall metabolic rates being higher in smaller versus larger
mammalian species.

In addition to activation by B-lyases, TCVC may be metabolized by a flavin-containing
monooxygenase, FMO3, or CYP enzymes to TCVC sulfoxide (TCVCSO), another reactive
metabolite (Ripp et al., 1997). TCVCSO is a more potent nephrotoxicant than TCVC (Elfarra
and Krause, 2007). These TCVC sulfoxide and B-lyase cleavage products rearrange, forming a
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thioketene (Ripp et al., 1997; Dekant et al., 1988), which is a potent acylating agent capable of
binding to cellular macromolecules, including DNA (Pahler et al., 1999a; Pahler et al., 1999b;
Volkel et al., 1999; Birner et al., 1996). Interestingly, the thioketene can degrade to form DCA,
potentially making this metabolite a product of both tetrachloroethylene metabolism pathways
(Volkel et al., 1998; Dekant et al., 1987).

In addition to B-lyase and FMO3/CYP activation of TCVC, reactive sulfoxides can also
be produced by further CYP3A metabolism of N-acetyl-S-(1,2,2 -trichlorovinyl)-L-cysteine
[NACTCVC (Werner et al., 1996)]. This tetrachloroethylene-derived mercapturate metabolite
results from TCVC being acetylated via a reversible reaction (Birner et al., 1996; Bartels, 1994;
Duffel and Jakoby, 1982). N-acetyl-S-(1,2,2 trichlorovinyl)-L-cysteine may be excreted in the

urine. However, in addition to its activation to sulfoxides via CYP3A metabolism, it can also be

transported to other organs and deacetylated intracellularly, regenerating the cysteine conjugate
TCVC and, thus, making it available to other enzymes for activation (Uttamsingh et al., 1998).

It should be noted that the N-acetylation reaction is catalyzed by an enzyme located in the
endoplasmic reticulum that is distinct from the cytosolic enzymes that are polymorphic in
humans (Lash and Parker, 2001).

Some controversy surrounds the importance of the GSH conjugation pathway with regard

to tetrachloroethylene metabolism in humans. As noted above, the GSH pathway for
tetrachloroethylene was originally demonstrated only in rodents, and interpretation of the
then-existing data led some scientists to conclude that the pathway was not operative in humans
(Green et al., 1990). More recent data clearly demonstrate the existence of the pathway in
humans (Schreiber et al., 2002; Vélkel et al., 1998; Birner et al., 1996). Quantitatively, urinary

mercapturates comprise from 1% to as little as 0.03% of total recovered urinary metabolites, but

this does not reflect the total flux through the GSH pathway; rather, it reflects only the portion
that is excreted. In particular, the amount of the mercapturate product excreted in the urine also
does not reflect the amount of the more important portion that is converted to toxic by-products
through further metabolism. However, there are discrepancies regarding reported rates of
tetrachloroethylene GSH metabolism (Lash et al., 2007; Lash and Parker, 2001; Dekant et al.,
1998; Lash et al., 1998; Green et al., 1990). These differences may be due, in part, to different

chemical assay methodology or to problems resulting from the stability of the chemical product

being measured or both (Lash and Parker, 2001). Some of the published in vitro findings

concerning TCVG production would predict similar susceptibility for humans than for rodents
with regard to renal toxicity (Lash et al., 1998), while others appear to predict much less
susceptibility (Dekant et al., 1998; Green et al., 1990).
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3.3.3.2.2. Species differences in gamma-glutamyltransferase (GGT) and p-lyase
Species-dependent differences in GGT (Hinchman and Ballatori, 1990) also are not

thought to be limiting because renal activity is present at high enough levels even in humans so
that GGT activity is not the rate-limiting step in the metabolism. Species-dependent differences
in this enzyme (described below) would have only a very small quantitative effect on the overall
metabolism of TCVG and other similar GSH conjugates. Species differences in GGT activities,
therefore, would not have a major role in species differences in renal toxicity (Lash and Parker,
2001) in affecting transformation of TCVG to TCVC, and, thus, should not be important to

differences in susceptibility to tetrachloroethylene-induced renal toxicity.

GGT is the only enzyme that can split the gamma-glutamyl bond in the GSH conjugates
to form cysteine conjugates (Lash and Parker, 2001). It is this reaction that creates TCVC, the

substrate for the enzymes that generate the toxic metabolites. Therefore, the distribution of GGT
is important. Renal proximal tubular cells have the highest activities of GGT of all tissues,

although GGT activity also occurs in the liver, and the kidney-to-liver ratio of this enzyme varies

among species. In the rat, the specific activity ratio is 875 (Hinchman and Ballatori, 1990). The
ratio is lower in other species that have been studied. The tissue distribution and relative activity
have not been fully studied in humans, but it is known that GGT activity is considerably higher

in the human liver than in the rodent liver (Lash and Parker, 2001). The kidney-to-liver ratio of

GGT for humans is thought to be closer to those of pigs (2) and Macaques (5) than to those of
rats or mice (423). For this reason, use of a rodent model for the processing of the
tetrachloroethylene GSH conjugate to the corresponding cysteine conjugate would overestimate
the contribution of the kidneys and underestimate the contribution of the liver in cleaving TCVG
to TCVC. Even so, the liver excretes most of the cysteine conjugates such as TCVC into the bile
or plasma, where it is cycled to the kidneys and taken up into renal epithelial cells. So, the
TCVC will still end up in the kidneys.

The B-lyase enzyme is among the most important activator of toxic products in the
conjugation pathway—a fact particularly well documented in the kidney. There are some data,
however, that indicate that renal B-lyase-dependent metabolism is greater in rats than in mice or

in humans and greater in male than in female rats (Volkel et al., 1998; Green et al., 1990; Lash et

al., 1990). This is not entirely in keeping with metabolic rates, in general, which are higher in

mice than in rats, which, in turn, have higher metabolic rates than do larger animals, including
humans. Studies that measured only cytoplasmic B-lyase activity did not consider the
importance of mitochondrial B-lyase activity, which may be key to tetrachloroethylene
metabolite toxicity (Lash et al., 2001).

The higher percentage of mercapturate found in rat versus human urine does not indicate

a higher level of production of toxic products in the rat because excreted mercapturate allows no
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estimate of the amount of TCVC or N-acetyl TCVC being processed through alternate routes
(Lash and Parker, 2001). The relatively higher percentage of DCA in the urine may, however,

indicate relatively higher B-lyase enzyme activity and higher thioketene production in rats if the

DCA is indeed largely the product of the GST pathway rather than the oxidative pathway

(Volkel et al., 1998). It is not known whether sex-dependent variation of B-lyase activity exists

in humans as it does in rats (Volkel et al., 1998).

And finally, it is important to note that because the enzymes involved in this activation

pathway are also present in other tissues (Alberati-Giani et al., 1995; Malherbe et al., 1995;

Larsen and Stevens, 1986; Tomisawa et al., 1986; Larsen, 1985; Stevens, 1985; Tomisawa et al.,
1984; Stevens and Jakoby, 1983; Dohn and Anders, 1982; Tateishi et al., 1978), there exists a

potential for formation of the reactive metabolites at sites other than the kidney, e.g., in the brain.

In one carcinogenicity bioassay of tetrachloroethylene, a biologically significant elevation of

gliomas in the rat brain was reported (NTP, 1986). Whether or not toxic metabolites resulting

from B-lyase activity in the brain play a role in the development of the gliomas in the rat has not
been studied. The possibility that such tetrachloroethylene metabolites could be involved in the

mode of tumorigenic action producing gliomas is not unrealistic.

3.3.3.2.2.1. Glutathione S-transferase (GST) isoenzymes/polymorphisms

GSTs are a family of isoenzymes (Mannervik, 1985) found in cytoplasm. A distinct

microsomal GST isoenzyme also exists in most mammalian tissues (Otieno et al., 1997).

Although GST activity occurs in most cell types, the liver is by far the predominant site of GSH

conjugation. GSTa, designated as GSTA in humans, is the predominate isoenzyme expressed in

normal kidney from rodents and humans (Cummings et al., 2000b; Rodilla et al., 1998; Mitchell
etal., 1997; Overby et al., 1994; Campbell et al., 1991). Available data thus far do not indicate
that variability in activity of this isoenzyme is important to differences in individual
susceptibility to toxicity. GSTC (GSTZ) catalyzes the oxidative metabolism of DCA to
glyoxylate (Tong et al., 1998a, b; Board et al., 1997); however, the tetrachloroethylene

metabolite DCA has been shown to be a potent, irreversible inhibitor of GSTZ activity (Tzeng et
al., 2000).
There are five human polymorphic variants of this GSTZ isoenzyme (Tzeng et al., 2000).

These genetic polymorphisms may influence tetrachloroethylene metabolism, although human
data regarding this hypothesis are lacking. There are some species differences in the other
three cytoplasmic GSTs relevant to liver and kidney. GSTP expression is the most variable and

appears to be polymorphic in humans (Rodilla et al., 1998). It has been found in rat liver

(Cummings et al., 1999) but only in biliary ducts in humans (Campbell et al., 1991; Terrier et al.,
1990). GSTxn (GSTP) has been detected within the human kidney in various cell types (Terrier et
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al., 1990) but has not been isolated from rat kidney cells (Cummings et al., 1999), although
GSTP has also been detected in the rabbit kidney (Cummings et al., 1999).

Two homodimeric GSTO (GSTT) isoenzymes have been identified in the human kidney
(Cummings et al., 2000a; Veitch et al., 1997). GSTT has been detected in rat and mouse liver
and in mouse but not rat kidney (Cummings et al., 1999; Quondamatteo et al., 1998). GSTu
(GSTM) has been detected in rat kidney distal tubule cells (Cummings et al., 2000b) and in
mouse and rabbit liver and kidney (Mitchell et al., 1997; Overby et al., 1994)—but it was not

detected in human kidney (Cummings et al., 2000a). It is not clear just how the differences in

these isoenzymes are related to species differences in tetrachloroethylene toxicity because the
isoenzyme specificity and reaction rates have not yet been studied with regard to
tetrachloroethylene (Lash and Parker, 2001).

3.3.3.3. Relative Roles of the Cytochrome P450 (CYP) and Glutathione (GSH) Pathways
Although it is clear that in mice and rats, the oxidative CYP pathway is quantitatively

more important than the GSH conjugation pathway, the relative roles of these pathways in
humans has not been determined directly. Moreover, the interorgan patterns for some of the
intermediate metabolites, as well as the relative toxicity of certain key metabolites generated
from these pathways, influence the relative importance of the two pathways in determining
toxicity. It is still not certain which metabolites, alone or in combination, are explicitly
responsible for specific tetrachloroethylene toxicities, and it is likely that different metabolites
contribute to toxicity at different target sites. In general, CYP metabolism is associated with
tetrachloroethylene-induced liver toxicity, whereas GSH conjugation followed by further
processing by B-lyase and other enzymes is associated with tetrachloroethylene-induced renal
toxicity. There is a possibility that B-lyase products could contribute to toxicity in the brain, for
example, and be a factor in the gliomas observed in rats. The parent compound, itself, is also
likely to be a contributing factor to tetrachloroethylene neurotoxicity, particularly central nervous
system effects.

Data from experiments designed to assess the effects of enzyme modulation suggest
competition between the two pathways (Lash et al., 2001; Lash et al., 1999; Voélkel et al., 1998;

Dekant et al., 1987). Other data show relatively low urinary excretion of mercapturates as

compared to CYP-derived products. On the basis of these findings, some researchers have

concluded that there is a lack of toxicological significance for the low-affinity, low-activity GSH

pathway except when the high-affinity CYP pathway approaches saturation (Volkel et al., 1998;

Green et al., 1997; Green et al., 1990). However, this conclusion does not consider the relative

toxicological potency or chemical reactivity of the metabolites from the two pathways or the fact
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that the amount of mercapturate excreted is not a valid quantitative indicator of the extent of

conjugative pathway metabolism (Lash and Parker, 2001).

Specific tetrachloroethylene metabolites are known to be associated with certain
toxicities when they are administered directly. Exactly how these same compounds, as
metabolites of tetrachloroethylene, contribute to the various toxicities associated with exposure

to the parent compound is not yet well understood.

3.3.4. Susceptibility

Differences in enzyme activity may lead to variations among individuals in their
sensitivity to tetrachloroethylene toxicities. A 10-fold difference in CYP enzyme metabolic
capacity among humans is a generally accepted norm. Although individual variations in the
CYP2EI enzymatic activity as high as 20—50-fold have been reported (Lieber, 1997; Stephens et

al., 1994; Yoo et al., 1988), these in vitro measurements would be taken out of physiological

context if used to estimate in vivo interindividual variations. Measurable and obvious
differences in CYP enzymatic activity are observed among various ethnic groups and age groups

(Raunio et al., 1995; Goldstein et al., 1969). No chemical-specific data regarding the manner in

which CYP enzyme isoforms might affect susceptibility to adverse effects are available for
tetrachloroethylene.

Diagnoses of polymorphisms in carcinogen-activating and -inactivating enzymes and

cancer susceptibility have been noted (Raucy, 1995; Stephens et al., 1994; Yoo et al., 1988).
Potential strain-dependent differences among rodents and human genetic polymorphisms in
metabolizing enzymes involved in biotransformation of tetrachloroethylene are now known to
exist. Whether CYP polymorphisms could account for interindividual variation in
tetrachloroethylene metabolism among humans—and, thus, differences in susceptibility to
tetrachloroethylene-induced toxicities—is not known.

The GSTs involved in tetrachloroethylene metabolism are described in Section 3.3.3.2.
A potential exists for interindividual variation to occur in tetrachloroethylene metabolism as a
result of variability in GST enzyme expression. It is important to note that GST polymorphism
has been associated with increased risk of kidney cancer in people exposed to trichloroethylene

(Moore et al, 2011). There are no direct, chemical-distinctive data with regard to the specific

isoenzyme family responsible for TCVG formation in the metabolism of tetrachloroethylene.
There are species-dependent differences as to which isozymes occur in liver and kidney,
although it is unknown how the various enzymes are related to differences in the metabolism of

tetrachloroethylene. The compound is likely a good substrate for GSTA (Lash and Parker,

2001). GSTT and GSTP occur in human kidney, as does GSTA, the primary isozyme in human
kidney, meaning that there is a potential for differences in the ability to produce TCVG. GSTZ
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transforms the tetrachloroethylene metabolite DCA. DCA has also been shown to have a potent
irreversible inhibitory effect on the GSTZ isoenzyme, which is known to have at least
four polymorphic variations.

Inhibition or induction of the enzymes responsible for tetrachloroethylene metabolism
can, and likely does, alter susceptibility to toxicity (Lash and Parker, 2001; IARC, 1995).

Numerous environmental pollutants and therapeutic agents alike have the potential to induce or

inhibit tetrachloroethylene-metabolizing enzymes. For example, tetrachloroethylene metabolism
is increased by inducers of cytochrome CYP enzymes such as toluene, phenobarbital, and
pregnenolone-16a-carbonitrile, whereas CYP inhibitors such as SKF 525A, metyrapone, and

carbon monoxide decrease tetrachloroethylene metabolism (Costa and Ivanetich, 1980; Moslen

et al., 1977; Ikeda and Imamura, 1973). Chronic exposure to tetrachloroethylene has been shown

to cause self-induction of metabolism (Kaemmerer et al., 1982; Savolainen et al., 1977a; Vainio

et al., 1976). Other factors, such as health status or disease state, activity patterns, or

concomitant exposure to other chemicals, can potentially influence tetrachloroethylene
metabolism and its resulting toxicity. Section 4.9 addresses coexposures and cumulative risk in

greater detail.

3.3.5. Comparison of Tetrachloroethylene Metabolism with Trichloroethylene Metabolism

3.3.5.1. Extent of Metabolism

The available data indicate that, overall, tetrachloroethylene is less extensively
metabolized than is the closely related chemical, trichloroethylene. The difference is due to the
fact that a lower fraction of a tetrachloroethylene dose is metabolized via the major oxidative
CYP pathway when compared with an equivalent dose of the trichloroethylene congener (Lash
and Parker, 2001; Volkel et al., 1998; Ohtsuki et al., 1983). For example, in balance studies of

humans, only about 1-3% of the estimated amounts of tetrachloroethylene inhaled were shown

to be metabolized to TCA and other chlorinated metabolites, although these studies fail to
account for total dose (refer above for further discussion). These amounts can be compared to
the 40—75% of trichloroethylene shown to be metabolized in various human balance studies
similar to the ones conducted for tetrachloroethylene.

Because of its higher lipid solubility, tetrachloroethylene may appear to be less well
metabolized than trichloroethylene, at least to a certain degree, simply because it is more slowly
metabolized due to fat sequestration. However, the animal data from studies of the
two compounds provide results similar to those of the human studies regarding the relative extent

of metabolism. For example, the data from Schumann et al. (1980) and Pegg et al. (1979)

indicate that, in rats exposed to 10 and 600 ppm of tetrachloroethylene for 6 hours, the
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percentage of tetrachloroethylene body burdens excreted as unchanged parent compound are 68
and 99%, respectively. By comparison, rats and mice exposed to equivalent 10 and 600 ppm

trichloroethylene doses (Stott et al., 1982) metabolized a higher percentage of this compound,

with mice metabolizing essentially all of the inhaled dose and rats metabolizing 98 and 79% of
the low and high inhaled doses, respectively.

Saturation of metabolism occurs at a higher dose for trichloroethylene than for
tetrachloroethylene; thus, at certain dose levels, the differences in the amounts of the
two compounds metabolized are relatively greater than at other dose levels. Tetrachloroethylene
appears to be a lower-affinity substrate for CYP enzymes than trichloroethylene (Volkel et al.
1998; Ohtsuki et al., 1983). In vitro, the Michaelis-Menten constant (K,,,) value for
tetrachloroethylene is reported to be higher than the K, value for trichloroethylene (Lipscomb et
al., 1998).

Both tetrachloroethylene and trichloroethylene are liver toxicants and cause liver

hepatocellular carcinomas in mice. The liver toxicity, including carcinogenicity, of these
compounds is thought to be due to metabolites. It is interesting to note that although
trichloroethylene appears to be more extensively metabolized—due to greater CYP metabolism
in the liver—the relative cancer potency for liver tumors is similar for the two compounds.
Comparisons of potencies for kidney cancer are more difficult because there is a lack of studies

on these compounds using comparable species/strains and routes of exposure.

3.3.5.2. Cytochrome P450 (CYP)-Mediated Oxidation
TCA, DCA, chloral, and TCOH are reported biotransformation products of both

tetrachloroethylene and trichloroethylene; however, the relative amounts produced and the
precursor intermediates are different for the two compounds. TCA is the major urinary
metabolite for tetrachloroethylene, and it is also an excretion product of trichloroethylene,
whereas TCOH is the major trichloroethylene urinary excretion product. As discussed
previously in Section 3.3.3.1, the formation of chloral and TCOH in metabolism of
tetrachloroethylene is not likely to be significant. Therefore, very little, if any, TCA produced
from tetrachloroethylene metabolism comes through chloral—either directly or indirectly
through TCOH (Lash and Parker, 2001). The TCA from tetrachloroethylene comes through

trichloroacetyl chloride, possibly via the epoxide, but more likely directly from chlorine

migration of the Fe-O intermediate. On the other hand, the TCA produced from
trichloroethylene metabolism is thought to come through chloral—both directly and through
TCOH enterohepatic circulation (Lash et al., 2000).

DCA is a biotransformation product of both tetrachloroethylene and trichloroethylene,

although it is believed that a greater portion of DCA coming from tetrachloroethylene
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metabolism does not arise from CYP metabolism, but rather results from further processing of
TCVC, whereas the DCA coming from trichloroethylene metabolism results from CYP
oxidation.

Quantitatively, the liver is by far the predominant site of tetrachloroethylene and
trichloroethylene oxidative metabolism; although most other tissues contain the CYPs that could
conceivably metabolize these compounds. CYP2E1 has been shown to be important in rodent
metabolism of trichloroethylene; however, the chemical-specific data are sparse with regard to
its role in tetrachloroethylene metabolism (Doherty et al., 1996). Still, assuming that CYP2EI is

important to tetrachloroethylene metabolism is not unreasonable. CYP3A isoenzymes and
especially CYP2B1/2 may be important for tetrachloroethylene. Costa and Ivanetich (1980)
showed increased/decreased hepatic metabolism following treatment with agents now known to
selectively induce/inhibit CYP3A and/or CY2B specifically.

3.3.5.3. Glutathione (GSH) Conjugation Pathway

The GSH-dependent pathway for tetrachloroethylene exists in both rodents and humans,
and the pathway is also operative for trichloroethylene in these species (Volkel et al., 1998;

Birner et al., 1996). The flux through this pathway at experimental or occupational exposures is

thought to be quantitatively less than that through the P450 pathway, although direct evidence is
lacking, particularly in humans. Toxic metabolites can arise from several sources in the
pathway; however, for tetrachloroethylene, as well as for trichloroethylene, the GSH pathway is
associated with renal toxicity (Lash and Parker, 2001; Lash et al., 2000; Dekant et al., 1989;

Anders et al., 1988). For both compounds, recovery of urinary mercapturates, the stable

end-products of the GSH pathway, comprises 1% or less of the total dose (Lash and Parker,
2001; Dekant et al., 1986a), but this does not reflect the total flux through the GSH pathway. In
particular, the TCVC metabolite and the corresponding dichlorovinyl cysteine and their

respective N-acetylated forms derived from trichloroethylene might also act as substrates for
renal B-lyases and other enzymes such as FMO3 and CYP3A [(Lash and Parker, 2001; Lash et
al., 2000; Anders et al., 1988; Dekant et al., 1988) reviewed by (Dekant et al., 1989)] (refer to

Section 3.3.3). It should be noted that a higher cysteine S-conjugate-to-mercapturate ratio exists

for tetrachloroethylene when compared to trichloroethylene, which could influence the relative

bioactivation and nephrotoxicity of these two compounds (Lash and Parker, 2001).

3.3.5.4. Summary

Tetrachloroethylene is closely related structurally to trichloroethylene, and the
two chemicals cause similar toxic effects, many of which are attributed to metabolic activation of

the parent compounds. Interestingly, although tetrachloroethylene is not as extensively oxidized
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as trichloroethylene, they have similar potency for liver tumors, with which oxidative
metabolism is associated. TCA, DCA, chloral, and TCOH are reported P450 biotransformation
products of both tetrachloroethylene and trichloroethylene; however, only TCA predominates for
tetrachloroethylene, whereas TCOH predominates for trichloroethylene. In addition, DCA is
likely formed via GSH conjugation for tetrachloroethylene and via oxidation for
trichloroethylene. The fact that the two compounds produce different reactive intermediate P450
metabolites is also important to consider. Excretion of urinary mercapturates suggests that,
relative to P450 oxidation, tetrachloroethylene is more extensively metabolized via GSH
conjugation than is trichloroethylene. However, these urinary excretion products do not reflect
the total flux through the GSH pathway because the glutathione and cysteine conjugates of both
chemicals have been shown to undergo further processing to products that are highly reactive.
Thus, regardless of similarities, both the qualitative and the quantitative differences between
tetrachloroethylene and trichloroethylene in metabolite production could have bearing on toxicity
and tumor induction, and the relative importance of various mechanisms, and different modes of
action contributing to their toxic effects, including tumorigenesis, may vary between the

two parent compounds. Recognizing similarities and differences is important in attempting to

understand how each of these two compounds causes its toxic effects.

3.4. EXCRETION

Tetrachloroethylene is eliminated from the body by pulmonary excretion of the parent
compound and urinary excretion of metabolism products, with a small amount of pulmonary
excretion of metabolism products. Tetrachloroethylene that is not metabolized is exhaled
unchanged, and this process is the primary pathway of tetrachloroethylene excretion in humans
for all routes of administration (Opdam and Smolders, 1986; Koppel et al., 1985; Monster et al.,
1979; Stewart et al., 1977; Guberan and Fernandez, 1974; Stewart et al., 1974; Stewart et al.,
1970; Stewart and Dodd, 1964; Stewart et al., 1961). Pulmonary excretion of (unchanged)

parent compound is also important in animals (Bogen et al., 1992; Frantz and Watanabe, 1983;
Schumann et al., 1980; Pegg et al., 1979; Yllner, 1961). A very small amount of

tetrachloroethylene has been shown to be excreted through the skin (Bolanowska and Golacka,

1972); however, it represents an insignificant percentage of total tetrachloroethylene disposition.
Pulmonary excretion of unchanged tetrachloroethylene and other volatile compounds is
related to ventilation rate, cardiac output, and the solubility of the compound in blood and tissue.
The lung clearance of tetrachloroethylene in six adults exposed at rest to 72 ppm and 144 ppm of
tetrachloroethylene averaged 6.1 L/minute initially and decreased to 3.8 L/minute after 4 hours

(Monster et al., 1979). Lung clearance represents the volume of air from which all

tetrachloroethylene can be removed per unit time. Normal ventilation rates in adults range from
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5-8 L air/minute at rest. Pulmonary excretion of unchanged tetrachloroethylene at the end of
exposure is a first-order diffusion process across the lungs from blood into alveolar air, and it can
be thought of as the inverted equivalent of its uptake from the lungs. Pulmonary excretion

occurs in three first-order phases of desaturation of blood vessel-rich tissues, muscle tissue, and

adipose tissues (Monster et al., 1979; Guberan and Fernandez, 1974). For humans, the
half-times of elimination from these three tissue groups are 12—16, 30—40, and 55—65 hours,

respectively (Monster et al., 1979).

The long half-time of tetrachloroethylene elimination from adipose tissue, due to the high
adipose tissue:blood partition coefficient and the low rate of blood perfusion of the fat tissue
(Eger EI, 1963), is independent of the body burden of tetrachloroethylene, indicated by parallel
blood and exhaled air concentration decay curves. However, the exhaled air or end alveolar air
concentrations and the blood concentrations after exposure and throughout desaturation are
proportional to the acquired body burden or exposure concentration and duration, and they can
serve as a means of estimating body burdens. The half-life of tetrachloroethylene in the human
body, measured as the inverse of the slope of the log-concentration versus the time curve of the
exhaled chemical, varies from 5—20 minutes for the first phase of elimination up to
approximately 50 hours during its extended phase (Chien, 1997; Monster et al., 1979). The long

half-time of tetrachloroethylene pulmonary excretion indicates that a considerable time is
necessary to completely eliminate the compound. This time is greater than five times the
half-life, or about 2 weeks, for humans. For the rat, the half-time of pulmonary elimination is
about 7 hours.

Urinary and pulmonary clearances of metabolism products of tetrachloroethylene provide
other means of excretion. The mean half-time of urinary excretion for total trichloro-compounds
for 13 subjects exposed to tetrachloroethylene was determined to be 144 hours (Ikeda and
Imamura, 1973). When TCA is administered directly, however, the half-life is not that long.

The longer half-life of TCA from tetrachloroethylene metabolism is likely due to constant
metabolic conversion of the parent compound to TCA as tetrachloroethylene is cycled to the
liver over the period of time it is released from adipose tissue.

The urinary excretion of tetrachloroethylene biotransformation products, primarily TCA,
has been thought to represent only a small percentage of the total absorbed dose of
tetrachloroethylene in humans (Volkel et al., 1998; ATSDR, 1997a). Urinary excretion of TCA
(or total trichloro-compounds) was estimated to be only 1-3% in balance studies conducted in
humans (Chiu et al., 2007; Monster et al.., 1983; Monster and Houtkooper, 1979; Monster et al.,
1979; Fernandez et al., 1976; Essing et al., 1973; Ikeda et al., 1972; Stewart et al.. 1970; Boettner
and Muranko, 1969; Stewart et al., 1961), with urinary excretion of GSH-derived metabolism

products representing an even smaller fraction (Volkel et al., 1998). However, these studies did
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not follow urinary excretion for more than 3—7 days, and it is possible that a larger percentage of
the tetrachloroethylene dose was eventually excreted in urine. In studies that also measured
pulmonary excretion, the entire dose was not always accounted for in the sum of exhaled
tetrachloroethylene and urinary excretion of TCA (Chiu et al., 2007; Monster et al., 1979). Part

of the dose may be metabolized to biotransformation products that were not measured, including
oxidative products such as carbon monoxide, carbon dioxide, or oxalic acid, and GSH
conjugation products such as sulfoxides and reactive thiols (refer to Section 3.3). In addition, the

lowest exposures in these studies were around 1 ppm in air (Chiu et al., 2007), which is several

orders of magnitude higher than ambient environmental exposures.

In laboratory animals, there is both a species- and dose-dependence to the amount of
pulmonary excretion of unchanged tetrachloroethylene that reflects the degree of metabolism
(Dallas et al., 1994b; Bogen et al., 1992; Schumann et al., 1980; Pegg et al., 1979). As the body

burden of tetrachloroethylene is increased in the rat or mouse, the percentage excreted as

unchanged parent compound increases. Conversely, as metabolism is the other principal route of

elimination of tetrachloroethylene, when the body burden increases, the percentage of the burden

metabolized decreases, although the absolute amount metabolized increases (Schumann et al.,

1980; Pegg et al., 1979). These observations suggest that, in the rodent, metabolism of
tetrachloroethylene and urinary excretion of its metabolites are rate limited and dose dependent,
whereas pulmonary excretion is a first-order process and is dose independent, with half-time and
rate constant being independent of the dose. Data from studies by Filser and Bolt (1979) and
Buben and O’Flaherty (1985) suggest that metabolism of tetrachloroethylene is greater in mice

than in rats, so conversely, the amount of pulmonary excretion is greater in rats than in mice.

3.5. TOXICOKINETIC MODELING

Understanding tetrachloroethylene toxicokinetics is critical to both the qualitative and
quantitative assessment of human health risks from environmental exposures. A number of the
neurotoxic effects of tetrachloroethylene appear well correlated with parent compound

concentrations at the target site (Bushnell et al., 2005), so characterizing tetrachloroethylene

blood or tissue concentrations can aid in performing risk assessment-related extrapolations, such
as between rodents and humans or between exposure routes. In addition, understanding
tetrachloroethylene metabolism is especially important toxicologically because specific
metabolites or metabolic pathways are associated with a number of endpoints of observed
toxicity. A more detailed discussion of the evidence for these associations, the specific
metabolites involved, and identification of the most appropriate dose metric are provided in

Section 3.
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3.5.1. Choice of Physiologically Based Pharmacokinetic (PBPK) Model for Use in
Dose-Response Modeling

3.5.1.1. Limitations of Previously Developed Physiologically Based Pharmacokinetic
(PBPK) Models

A large number of PBPK models have been developed for tetrachloroethylene
toxicokinetics in both rodents and humans for various purposes. PBPK models can provide
estimates of tissue concentration as well as total metabolism of tetrachloroethylene. An
overview of the models in literature is provided below—the aim of which is not to exhaustively
cover all of the models in the literature—but rather to capture the different assumptions made,
the range of data that has been used, and to indicate that these assumptions limit the ability of the
models to predict relevant tetrachloroethylene metabolite levels in humans.

Chen and Blancato (1987) developed a PBPK model for rats, mice, and humans. The
metabolic parameters maximum velocity (Vmax) and K, were derived by fitting the model to the
total amount of metabolized tetrachloroethylene. Experimental data on total metabolite were
available for rodents. However, for humans, it was assumed that the urinary metabolite TCA, as
measured by Monster et al. (1979), accounted for 30% of the total metabolite. This percentage
was chosen because it resulted in a better fit.

Reitz et al. (1996) developed a PBPK model for rats, mice, and humans that describes the
total metabolism of tetrachloroethylene using Michaelis-Menten kinetics. The partition
coefficients for the five tissue compartments were measured independently. For rats and mice,
the metabolic parameters Vyax and K, as well as the volume and blood flow rates of the fat
compartment, were obtained by simultaneously optimizing the fit to three sets of in vivo data
gathered in 6-hour inhalation radiolabeled tetrachloroethylene exposure studies. These data were
(a) concentration of tetrachloroethylene in exhaled breath, (b) radioactive body burden present in
animals at end of exposure, and (c) total postexposure radioactive metabolites recovered from all
excreta and carcass homogenates. The metabolic parameters for humans were estimated using a
“parallelogram approach” (Reitz et al., 1989). First-order constants for the rate of metabolism

were measured in vitro using isolated liver microsomes of all three species. The ratio of these in
vivo and in vitro metabolic rates was assumed to be nearly constant across species, as was found
to be the case for rats and mice. Using this constant ratio, the human in vivo metabolic rate
constant per gram of liver could be determined from the human in vitro value. K, was assumed
to be invariant across species because it is derived solely from the reaction rate constants for the
enzyme-catalyzed metabolic reactions. Reitz et al. (1996) also used a second method for
estimating Vax, Which was based on extrapolation from in vivo animal studies of other

chemicals metabolized by cytochrome P450 enzymes. Vi, so estimated, was allometrically
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scaled to humans. The values obtained by Reitz et al. (1996) through both these independent
methods were comparable.

Rao and Brown (1993) developed a human PBPK model for the purpose of investigating
neurotoxicological endpoints. The predictions of the model were fit to total metabolite levels

measured in rats and mice (Schumann et al., 1980; Pegg et al.. 1979) to obtain V .
3/4

(allometrically scaled by body-weight™ ") and K, (considered invariant across species). Other
parameters were derived from various experimental data reported in the literature. The value of
Vimax for humans was determined by fitting the predicted total metabolite level to that estimated

from urinary metabolite measurements in humans [(Monster et al., 1979) and (Fernandez et al.,

1976), combined], assuming that the ratio of urinary to total metabolites would be the same in
humans as that observed in rats (equal to 0.71).

Other authors have developed models for tetrachloroethylene that specifically describe
the kinetics of its major metabolite, TCA. Gearhart et al. (1993) developed a model for
tetrachloroethylene that also included the kinetics of TCA, assuming that TCA comprised 60%
of the total tetrachloroethylene metabolized in the rodent and using similar parameters for TCA
as in a model for trichloroethylene. Tetrachloroethylene metabolism parameters for mice were
estimated by fitting the model to the time course of tetrachloroethylene chamber concentration in
gas uptake studies. The model was independently validated at low oral doses (acute oral gavage
of tetrachloroethylene in corn oil) by comparing the time course of blood concentrations of
tetrachloroethylene and TCA in mice.> The parameters for describing tetrachloroethylene
metabolism in humans were derived by fitting the model to urinary excretion of TCA in
two subjects in a study by Fernandez et al. (1976), assuming the same ratio of TCA to total
metabolite as in the rodent. This value was set to 0.6 and attributed to Dekant et al. (1986¢).

The validity of using this value for humans has not been evaluated. Reitz et al. (1996), in their
radiolabeled tetrachloroethylene studies, determined the fraction of urinary to total metabolites to
range from 0.49—-0.59 in rats and from 0.56—0.66 in mice for exposure concentrations that varied
by two orders of magnitude.

Clewell et al. (2005) evaluated and extended the Gearhart et al. (1993) model further,
using tetrachloroethylene blood concentrations and urinary and blood TCA data gathered by
Volkel et al. (1998) on human subjects exposed to tetrachloroethylene concentrations of
10—40 ppm for 6 hours. They included metabolism of tetrachloroethylene in the kidney,
allowing for excretion directly into urine. By assuming metabolism in this organ to be at 10% of
the capacity of the liver, they obtained substantial improvement in the agreement with

experimental data on urinary excretion of TCA. An advantage in using the Volkel et al. (1998)

Details pertaining to the derivation of parameters for metabolism in humans are not provided in the original paper
but are available in a review by Clewell et al. (2005).

3-24


http://hero.epa.gov/index.cfm?action=search.view&reference_id=115589�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630902�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58169�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58165�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58143�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58143�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=69042�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58143�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630482�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=115589�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192531�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=69042�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631129�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631129�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192531�

data is that they pertain to exposure concentrations that are lower than those in other studies
[e.g., 72—144 ppm in Monster (1979)].

Loizou (2001) used a PBPK model that was structurally similar to that of Gearhart et al.
(1993). The model assumes a 15% stoichiometric yield for the total metabolite produced across
various dose levels (i.e., 15% of the parent compound in the liver is metabolized), but the basis
for these assumptions is not substantiated. The above yield is also assumed to hold for the
production of TCA because it is the major metabolite (personal communication from G. Loizou,
Health and Safety Laboratory, UK, to R. Subramaniam, U.S. EPA). Elimination rates of TCA
through blood and urine were chosen by calibrating the model to fit blood and urinary TCA
kinetics and exhaled tetrachloroethylene TCA concentration levels obtained from Monster et al.
(1979).

In addition, a number of PBPK models were developed only in humans, primarily to
characterize uncertainty and/or human variability. To assess intraindividual variability in uptake
and elimination over multiple exposure levels and scenarios, Chien (1997) collected exhaled
breath measurements on a single individual following four different exposure scenarios in a
controlled environmental facility (twelve, 30 or 90 minute exposures ranging from 0.5-3 ppm in
concentration) and following tetrachloroethylene exposure in 22 dry-cleaning facilities, where
ambient levels of tetrachloroethylene were recorded and exposures were carefully timed.

Bois et al. (1996), which was updated by Chiu and Bois (2006), used a Bayesian analysis
in conjunction with a PBPK model that was structurally similar to that used by Reitz et al. (1996)
and that was only calibrated to the parent compound data (blood and exhaled breath) of the
individuals in Monster et al. (1979). The shape of the prior distribution was observed to have
little impact on final results. Model predictions were compared against alveolar concentrations
of subjects in the Opdam and Smolders (1986) study, and all data points were observed to fall
within the 95" percentile envelope of predictions. The exposure concentrations in this study
were 5—100 times lower than those used in the Monster et al. (1979) study; thus, this comparison
provides further weight to the strength of the model.

Covington et al. (2007) applied the same methodology to the Clewell et al. (2005) human
PBPK model, using additional data on the parent compound tetrachloroethylene and urinary

excretion data of its metabolite TCA (Monster et al., 1979; Fernandez et al., 1976), with a range

of exposure concentrations from 10—150 ppm. However, TCA blood concentrations from
Monster et al. (1979) were dropped from the analysis because the authors, in preliminary
calculations using a one-compartment PBPK model for TCE from Clewell et al. (2000), were
unable to reproduce the urinary excretion of TCA using the blood concentration data on TCA
from the same study. In addition, Covington et al. (2007) used only grouped data from both

these studies because the individual data were not available to them.

3-25


http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630726�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=69042�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630433�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630374�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630434�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=115589�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630863�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=633586�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192531�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58143�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630440�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=633586�

The Covington et al. (2007) analysis was revisited by Qiu et al. (2010), with the

following modifications:

1. A brain compartment was added.

2. Human kinetic data from Chiu et al. (2007) and Chien (1997) were used in addition to the
data used by Covington et al. (2007): namely Fernandez et al. (1976), Monster et al.
(1979), and Volkel et al. (1998). Thus, the human exposures used in the Qiu et al. (2010)
modeling range from 0.5—-150 ppm.

3. Individual human data were used. However, blood TCA measurements from Volkel
et al. (1998) were not used, which the authors stated was because blood samples could
not be matched with individuals’ urine samples and because there were not enough data
points to inform the time course for blood TCA. In addition, none of the TCA data from
Monster et al. (1979) were used.

4. Correlation between parameters (such as between cardiac output and alveolar ventilation
or between V. and K,) was addressed by reparameterization.

5. Adjustment factors were added to maintain mass balance among fractional blood flows
and fractional tissue volumes.

These models provide substantially similar estimates of the tetrachloroethylene
concentration in the tissue. For example, as illustrated in Figures 3-2 and 3-3, estimated venous
blood concentration and alveolar concentration of tetrachloroethylene were in agreement to
within a factor of 2.0 among various models and experiment. However, the same models have
different approaches to estimating the metabolic parameters, thereby differing hugely in their
prediction of the amount metabolized at low dose—as shown in Figure 3-4 [adapted from (Chiu

et al., 2007)]. These differences have major implications for the quantitative risk assessment and

represent the key controversy surrounding the application of PBPK models to

tetrachloroethylene toxicokinetics.
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Figure 3-2. Comparison of model predictions for blood concentration with
experiment.

PCE inhaled concentration was 72 ppm. Predictions are at different ventilation-to-perfusion ratios
and at an alveolar ventilation rate of 7 L/minute (the geometric mean of values in the Monster
experiment). Standard deviations on the experimental data were very small (e.g., 0.025 mg/L and

0.003 mg/L at 20 and 140 hours, respectively). Experimental data adapted from Monster et al.
(1979).

3-27


http://hero.epa.gov/index.cfm?action=search.view&reference_id=630797�

Alveolar Conc (ppm)

o
O O Bois model
v Rao & Brown model

10 A O Reitz model

1 ® & Stewart Expt

] S e

. O

| i v @

h v Ge o
| O . W7 v Oe
L v v%? a%> *
i o O W O *
Ny E O
& O
& @)

1A 2 %

; § o

] v a

] ¢

—r+ 1t r .t ¢+t 1| r r tr T [ Tt Tt *r T [ Tt T T T [ T T T T
0 50 100 150 200 250 300 350

Post-Exposure Time (hrs)

Figure 3-3. Comparison of model predictions for alveolar concentration of

tetrachloroethylene with experimental data on humans.

Inhaled concentration is 100 ppm, 7 hours/day, for 5 days, and predictions assume alveolar
ventilation rate of 5.02 L/minute and a ventilation-to-perfusion ratio of 1.0. Experimental data
show mean alveolar concentration in subjects in Stewart et al. (1970). Some points early in the
time course were deleted because of difficulty in obtaining numerical values from the author’s
plot.
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Figure 3-4. Previously published estimates for the total amount of
tetrachloroethylene metabolized at 0.001 ppm (1 ppb) continuous inhalation

exposure.

All estimates are point estimates except for Bois et al. (1996) and Chiu and Bois (2006), which are
estimates of combined uncertainty and population variability (95% confidence intervals [CIs]),
and Covington et al. (2007) and Qiu et al. (2010), which are estimates of uncertainty in the

population mean (90% CIs).

The various analyses in Figure 3-4 for tetrachloroethylene have a number of key

limitations. First, in no case have all the available data in mice, rats, and humans been

considered together in a single analysis. Thus, the extent to which different results reflect use of

different data sets and model structures is unclear. Moreover, while all the models estimate total

metabolism, those estimates are based on different types of data—in some cases, disappearance

of the parent compound, and in other cases, TCA and, therefore, oxidation—none of which

address GSH conjugation. These limitations and the above-mentioned controversy were also

noted in the National Research Council (NRC) report Review of the Environmental Protection
Agency’s Draft IRIS Assessment of Tetrachloroethylene (NRC, 2010). In particular, NRC

concluded that, while a number of PBPK models have been developed for tetrachloroethylene,

they all have some key limitations that reduce the confidence with which they can be used for
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risk assessment. NRC (2010) recommended the development of a “harmonized” PBPK model
that would integrate previous models and data. They pointed to the availability of in vitro and in
vivo data relevant to the GSH conjugation pathway, and they recommended exploring the
possibility of adding the GSH pathway to a harmonized PBPK model. This is important because
tetrachloroethylene causes tubular toxicity in mice and rats in the kidney, and is associated with
small increases in the incidences of kidney tumors reported in multiple strains of
tetrachloroethylene-exposed rats (JISA, 1993; NTP, 1986). These effects are thought to be

associated with the tetrachloroethylene metabolism by GSH conjugation based on the production

of nephrotoxic and genotoxic metabolites in the kidney from this pathway (Lash and Parker,
2001).

3.5.1.2. The Chiu and Ginsberg (2011) Model

In response to this advice from the NRC, another PBPK model was developed by Chiu
and Ginsberg (2011). This model was developed to address many of the limitations of the
existing models for tetrachloroethylene, discussed above. Among the most important
improvements are (1) the utilization of all the available toxicokinetic data for tetrachloroethylene
and its metabolites in mice, rats, and humans; (2) the incorporation of available information on
the internal toxicokinetics of TCA derived from the most current PBPK modeling of
trichloroethylene and TCA; and (3) the separate estimation of oxidative and conjugation
metabolism pathways. Therefore, this assessment utilizes the Chiu and Ginsberg (2011) model
to calculate relevant dose metrics to be used in dose-response modeling. An overview of this
model follows below.

In developing this model, first, a comprehensive literature search was made of relevant
toxicokinetic studies, and the available toxicokinetic data were digitized. These data were
further separated into “calibration” and “validation™ data sets utilizing a wider range of data than
any previous analysis alone. Second, a harmonized PBPK model structure was developed that
separately tracked tetrachloroethylene oxidation and GSH conjugation. The Chiu and Ginsberg
(2011) model includes a comprehensive analysis of TCA dosimetry originally developed by the
primary author for TCE, and it includes the urinary excretion kinetics of the metabolites
NAcCTCVC and DCA. The Chiu and Ginsberg (2011) model is described by the schematic
below. The reader is referred to Chiu and Ginsberg (2011) for further details of the model
structure.

The model structure and parameters (shown in Figure 3-5) used in the Chiu and Ginsberg

(2011) harmonized model differed from other human models along the following lines:
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Figure 3-5. Overall structure of updated physiologically based

pharmacokinetic (PBPK) model for tetrachloroethylene and metabolites.
Boxes with underlined labels are additions or modifications of the Chiu et al. (2009) model for
trichloroethylene, and are described in the Toxicological Review of Trichloroethylene (U.S. EPA
2011b). “Inputs” are exposures/doses by which tetrachloroethylene enters the body, and lead to a
flux of the chemical into various body compartments. Dynamic compartments are those solved by
ordinary differential equations (ODEs). “Static” compartments are those solved by algebraic
equations, and lead to instantaneous changes in the amount of tetracholoroethylene in the
compartment. Transformation or excretion represents fluxes of compounds leaving a
compartment for another compartment (if any) via metabolism or excretion.
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Figure 3-5. (Continued) Overall structure of updated physiologically based
pharmacokinetic (PBPK) model for tetrachloroethylene and metabolites.
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e All the available data on mice, rats, and humans were considered together in a single
analysis.

e The wash-in—wash-out process in the lung was included.
e Oxidative metabolism in the lung was included.

e The model explicitly addressed GSH conjugation of tetrachloroethylene in the liver and
kidney.

e The urinary data on DCA (Volkel et al., 1998) were included so as to be able to consider
separate B-lyase-dependent and B-lyase-independent pathways for the bioactivation of
TCVC in the GSH conjugation pathway.

e An empirical “delay” parameter (whose value was “fitted”’) was added for urinary
excretion of DCA and NAcTCVC and represented a “lumped” delay in the time course
due to the processes of formation, urinary excretion, and other clearance pathways.

e For tetrachloroethylene oxidation, metabolic parameters were obtained from four in vitro
studies. These consisted of data from microsomes or cells from the liver and microsomes
from the kidney (Lash et al., 2007; Reitz et al., 1996; Costa and Ivanetich, 1984, 1980).

e A fraction of tetrachloroethylene oxidation was assumed to form compounds other than
TCA. A baseline value of 10% was used for the fraction not forming TCA.’

e GSH conjugation metabolic parameters were obtained from four studies that measured
tetrachloroethylene GSH conjugation in vitro (Lash et al., 2007; Dekant et al., 1998; Lash
etal., 1998; Green et al., 1990). These studies were utilized to select a baseline value for
metabolic clearance along this pathway in all species.

e The model incorporated all in vivo data considered in the literature for the PBPK
modeling of tetrachloroethylene and metabolites, dividing these data into two groups, one
for model calibration, and the other for model validation. These data included short and
long dosing periods.

e A full Bayesian uncertainty/variability analysis was not performed. The limited Bayesian
analysis involving flat priors and making inferences only using posterior modes was used
for the estimation of a limited number of metabolism parameters for which there was
significant discrepancy between baseline predictions (using baseline values of these
parameters) and in vivo data related to metabolism [refer to Table A-1 of Chiu and
Ginsberg (2011) and associated text for rationale]. The Markov Chain Monte Carlo
(MCMC) approach was used for optimization.”

3In vitro data measuring TCA alone; TCA along with chloral hydrate, TCOH, and DCA; and total water soluble
metabolites are all generally found to be consistent with each other.

*The Markov Chain Monte Carlo (MCMC) method provides an algorithm to sample from a desired probability

distribution—in this case, the likelihood function—the output of which is a sequence of samples—the “Markov
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e The model structure allowed it to be used to calculate internal dose metrics for inhaled
and oral exposure to tetrachloroethylene for mice, rats, and humans. Thus, the analysis
could be used for route-to-route extrapolation or interspecies extrapolation, comparison
of parent and metabolite toxicity based on a common internal dose metric, and
investigation of the shape of the dose-response curve. The following dose metrics could
be determined using this model, and the confidence with which it can make predictions
for internal dose metrics of interest was further evaluated by the authors:

0 Daily area-under-the-curve of tetrachloroethylene in blood

0 Fraction of tetrachloroethylene intake metabolized by oxidation

0 Fraction of tetrachloroethylene intake metabolized by GSH conjugation
o Equivalent daily production of TCA per kg body weight.”

3.5.1.2.1. Estimated human parameter values for oxidation and conjugation in Chiu and
Ginsberg (2011)

The results for all estimated parameters are shown in Table 3-1. The estimated
metabolism parameters for oxidation and conjugation, which are of particular interest, are briefly
addressed here, and the reader is referred to the original paper for further details on these and
other parameter estimations. Figure 3-6 compares the in vivo predictions for hepatic metabolism
with available in vitro data. For oxidation, in mice and rats, the optimized values are about an
order of magnitude higher than baseline values, whereas in humans, the optimized values are
quite similar to baseline values. However, they do not appear unreasonable compared to the
limited data available from other related compounds (TCE and some halomethanes), as shown in
Figure 3-6. For example, the linear rates are lower than those for TCE, which is known to be
more extensively oxidized by P450s than tetrachloroethylene. At higher substrate
concentrations, the predicted rate of oxidation of tetrachloroethylene in mice and humans is
greater than that for TCE, but this is an artifact of the assumption of a linear rate necessitated by
KM being unidentifiable. For GSH conjugation, the range of the in vitro data is quite wide,
especially when also taking into considering data from other compounds (refer to Figure 3-6). In
mice and rats, the in vitro data on tetrachloroethylene GSH conjugation (filled symbols in Figure

3-6) span the range of estimates from optimization to in vivo data. For humans, the in vitro data

chain,” or “chain” for short. Each “chain” has a random starting point. In order to capture the potential uncertainty
due to different starting points, 24 chains with different starting points were run for mice and rats, and 48 chains
were run for humans. The posterior mode from each chain was determined—i.e., the “chain-specific posterior
modes.” Then, the highest posterior model among the 24 (or 48) chains was determined—i.e., the “overall posterior
model,” or simply the “posterior mode.” GNU MCSim version 5.0.0 was used for computations. A PDF of the
model code is available as Supplementary Materials (Chiu and Ginsberg, 2011), and simulation files are available in
a WinZIP archive (U.S. EPA, 2011a).

> TCA produced in the kidney and excreted directly to urine was not included, because it does not reach any target
organ (i.e., the liver) or enter systemic circulation.
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only consist of nondetects from Dekant et al. (1998), which, if assumed to be half the detection
limit, are more consistent with the alternative posterior modes. Overall, however, the ranges of
predicted rates for tetrachloroethylene are consistent with the range inferred from halomethanes,
and the in vivo optimized values do not appear to be substantially outside the bounds suggested
by available in vitro data.

Chiu and Ginsberg (2011) observe that, overall, the fits to the data and validation were
generally within threefold of the observed data, and more consistently so for rats and humans,
given the inter- and intraindividual variability [refer to Supplementary Materials (Chiu and

Ginsberg, 2011) in their paper]. In a few cases, the discrepancies were larger, but did not exceed

an order of magnitude. To a large extent, the discrepancies in model fits reflected variability.
There was, for instance, difficulty in fitting the time course of TCA in mice and the fraction of

retained tetrachloroethylene exhaled.

3.5.1.2.2. Dose metric predictions based on posterior modes

Tables 3-2—3-5 summarize the PBPK model dose metric predictions (listed in the
previous subsection) based on the baseline, overall posterior mode, and chain-specific posterior
mode parameters. The uncertainty due to the distribution of chain-specific posterior modes
contributes to the overall uncertainty in the predicted dose metric. The blood tetrachloroethylene
dose metric has by far the least amount of this “sampling” uncertainty. This appears to be true
across all species, routes of exposure, and exposure levels. The dose metrics with the next lower
amount of sampling uncertainty are tetrachloroethylene oxidation and TCA formation. The
predictions for GSH conjugation are more uncertain. In the rat, the ranges of chain-specific
posterior modes span up to twofold, and in mice, up to 10-fold. However, in humans, the ranges

span about 3,000-fold, discussed above.

3.5.1.2.3. Overall pertinent conclusions on tetrachloroethylene dosimetry
Chiu and Ginsberg (2011) also presented detailed sensitivity analyses that enable
determination of the confidence with which a particular dose metric can be estimated [refer to

Table 9 and Supplementary Materials (Chiu and Ginsberg, 2011) in their paper]. These have to

be analyzed together with the residuals for error in calibration and validation (refer to Table 8 of
their paper) and the ranges in the values of the predicted dose metrics (presented above in Tables
3-2—-3-5) to obtain perspective on the overall uncertainty in the PBPK model predictions.

Table 3-6 summarizes the various measures that may contribute to this overall uncertainty.
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Table 3-1. Log-likelihood and parameters after calibration

GSD of
Postcalibration | posterior
(posterior modes across | Range of posterior
Parameter Baseline mode) chains modes across chains
Mouse
Ln (Likelihood) - —1,780 - —1808—1780
QP (L/hr) 2.09 2.89 1.03 2.86-3.22
Viax (mg/hr) (saturable 0.23 0.026 1.16 0.022-0.0369
oxidation pathway)
K (L/hr) (saturable 88.6 0.417 1.28 0.338-0.892
oxidation pathway)
Vimax2/Kmz (L/hr) (linear — 0.0188 1.05 0.0165-0.0207
oxidation pathway)
Viax TCVG/K TCVG 0.656 6.83E-05 3.83 3.05e-05-0.00179
(L/hr) (linear conjugation
pathway)
kMetTCA (/hr) 1.48 0.638 1.05 0.56-0.695
kUrmnTCA (/hr) 2.93 1.26 1.05 1.11-1.38
Rat
Ln (Likelihood) - —1314 - -1321—1314
QP (L/hr) 10.2 6.31 1.02 6.28-6.68
Vimax (mg/hr) (saturable 0.256 0.87 1.37 0.415-1.93
oxidation pathway)
K (L/hr) (saturable 69.7 31.1 1.39 14.8-71.9
oxidation pathway)
Vinax ICVG/K,, TCVG 2.22 0.00204 1.27 0.00131-0.00355
(L/hr) (linear conjugation
pathway)
kDCA (/hr) - 0.129 1.65 0.0758-0.451
FracNATUrn - 0.0143 1.29 0.00919-0.0253
FracDCAUrn - 0.702 1.26 0.43-0.98
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Table 3-1. Log-likelihood and parameters after calibration (continued)

GSD of
Postcalibration posterior
(posterior modes across | Range of posterior
Parameter Baseline mode) chains modes across chains
Human
Ln (Likelihood) - 1,828 - 1,790-1,828
QP (L/hr) 372 476 1.1 450—640
VMax/KM (L/hr) (linear 0.353 0.454 1.08 0.346-0.468
oxidation pathway)
VMaxKid/KMKid (L/hr) 0.00076 0.0947 1.09 0.0702-0.105
(linear oxidation pathway)
VMaxTCVG/KMTCVG 0.0196 5.26 17.1 0.00194-5.48
(L/hr) (linear conjugation
pathway)
KNAT (/hr) - 0.28 1.07 0.228-0.293
FracNATUrn - 0.000482 15.8 0.000472-1.00
FracDCAUrn - 0.00022 18.5 1.12e-05-0.442

GSD = geometric standard deviation.
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Figure 3-6. Comparison of mouse (A-B), rat (C-D), and human (E-F) rates of
hepatic oxidation (A, C, and E) or conjugation (B, D, and F) measured in
vitro (symbols) and predicted by the model (lines).

Data shown consist of measurements of tetrachloroethylene in vitro oxidation and conjugation
[solid circle: Dekant et al. (1998); solid square: Green et al. (1990); solid diamond: Lash et al.
(1998); solid triangle: Lash et al. (2007); solid upside-down triangle: Reitz et al. (1996) reported
fits of in vitro tetrachloroethylene V,,, and K,, for oxidation [grey-filled circle: Costa and
Ivanetich (1980); grey-filled square: Costa and Ivanetich (1984); grey-filled diamond: Lipscomb
et al. (1998), TCE; grey-filled triangle: Wheeler et al. (2001) CH,l,; grey-filled upside-down
triangle: Wheeler et al. (2001), CH,Cl,]; and measurements of TCE in vitro conjugation [open
circle: Lash et al. (1998); open square: Lash et al. (1999); open diamond: Green et al. (1997)].
Model predictions are using baseline parameters (dotted line), overall posterior mode parameters
(solid thick line), and alternative posterior mode parameters (grey lines).
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Table 3-2. Predictions for area-under-the-curve of tetrachloroethylene in
blood (mg-hr/L-day per ppm in air or mg-hr/L-day per mg/kg-day oral
intake) using posterior mode parameters

GSD pf
posterior
Species/continuous Posterior | modes across | Range of posterior
exposure Baseline mode chains modes across chains
Mouse

0.01 ppm 1.2 2.13 1.03 2.11-2.42
0.1 ppm 1.2 2.13 1.03 2.12-2.42

1 ppm 1.26 2.18 1.02 2.16-2.44
10 ppm 1.73 2.43 1.01 2.39-2.53
100 ppm 2.8 2.64 1 2.64-2.68
1,000 ppm 2.98 2.68 1 2.67-2.72
0.01 mg/kg-day 0.0217 0.104 1.06 0.0957-0.126
0.1 mg/kg-day 0.0218 0.104 1.06 0.0958-0.126
1 mg/kg-day 0.0221 0.105 1.06 0.0965-0.127
10 mg/kg-day 0.0265 0.112 1.05 0.103-0.129
100 mg/kg-day 0.168 0.152 1.03 0.138-0.152
1,000 mg/kg-day 0.296 0.178 1.03 0.159-0.18

Rat

0.01 ppm 1.03 2.25 1 2.25-2.27
0.1 ppm 1.03 2.25 1 225227

I ppm 1.04 2.25 1 2.25-2.27
10 ppm 1.11 2.25 1 2.25-2.27
100 ppm 2 2.29 1 2.28-2.32
1,000 ppm 2.4 2.39 1.01 2.36-2.42
0.01 mg/kg-day 0.0737 0.852 1.02 0.807-0.86
0.1 mg/kg-day 0.0738 0.852 1.02 0.807-0.86
1 mg/kg-day 0.0744 0.852 1.02 0.807-0.86
10 mg/kg-day 0.0816 0.854 1.02 0.809-0.861
100 mg/kg-day 0.23 0.864 1.02 0.821-0.869
1,000 mg/kg-day 0.543 0.912 1.02 0.869-0.919
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Table 3-2. Predictions for area-under-the-curve of tetrachloroethylene in
blood (mg-hour/L-day per ppm in air or mg-hour/L-day per mg/kg-day oral
intake) using posterior mode parameters (continued)

GSD pf
posterior

Species/continuous Posterior | modes across | Range of posterior

exposure Baseline mode chains modes across chains

Human

0.01 ppm 2.35 2.03 1.05 2.01-2.36
0.1 ppm 2.35 2.03 1.05 2.01-2.36
I ppm 2.35 2.03 1.05 2.01-2.36
100 ppm 2.35 2.03 1.05 2.01-2.36
1,000 ppm 2.35 2.03 1.05 2.01-2.36
0.01 mg/kg-day 2.37 2.04 1.05 2.01-2.36
0.1 mg/kg-day 2.71 1.74 1.03 1.58-1.82
1 mg/kg-day 2.71 1.74 1.03 1.58-1.82
10 mg/kg-day 2.71 1.74 1.03 1.58-1.82
100 mg/kg-day 2.71 1.74 1.03 1.58-1.82
1,000 mg/kg-day 2.72 1.74 1.03 1.58-1.82

GSD = geometric standard deviation.

Dose metrics calculated based on daily average given continuous exposure for 100 weeks. Baseline
parameters are based on in vitro data for metabolic parameters, and literature values for other parameters.
Posterior modes are based on the updated parameters listed in Table 3-1.
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Table 3-3. Predictions for fraction of tetrachloroethylene oxidized by
cytochrome P450 (P450s) (mg/kg-day oxidized per mg/kg-day intake) using
posterior mode parameters

GSD of
posterior
Species/continuous Posterior | modes across | Range of posterior
exposure Baseline mode chains modes across chains
Mouse

0.01 ppm 0.00252 0.188 1.1 0.12-0.192
0.1 ppm 0.00254 0.187 1.09 0.12-0.191

1 ppm 0.00269 0.174 1.08 0.115-0.179
10 ppm 0.0062 0.118 1.06 0.0934-0.124
100 ppm 0.0141 0.0732 1.04 0.0632-0.075
1,000 ppm 0.00716 0.0664 1.05 0.0574-0.0688
0.01 mg/kg-day 0.00367 0.561 1.08 0.395-0.574
0.1 mg/kg-day 0.00368 0.561 1.08 0.395-0.574
1 mg/kg-day 0.00374 0.557 1.07 0.394-0.57
10 mg/kg-day 0.00445 0.524 1.07 0.38-0.535
100 mg/kg-day 0.0253 0.35 1.04 0.308-0.367
1,000 mg/kg-day 0.0361 0.239 1.03 0.216-0.25

Rat

0.01 ppm 0.000501 0.0419 1.02 0.0387-0.042
0.1 ppm 0.000502 0.0419 1.02 0.0387-0.042
I ppm 0.000514 0.0418 1.02 0.0386-0.0419
10 ppm 0.000662 0.0409 1.02 0.0379-0.0409
100 ppm 0.0025 0.0331 1.07 0.0263-0.0358
1,000 ppm 0.00153 0.011 1.27 0.00587-0.0181
0.01 mg/kg-day 0.00143 0.106 1.02 0.0988-0.107
0.1 mg/kg-day 0.00144 0.106 1.02 0.0988-0.107
1 mg/kg-day 0.00145 0.106 1.02 0.0987-0.107
10 mg/kg-day 0.00158 0.105 1.02 0.0977-0.105
100 mg/kg-day 0.00431 0.0934 1.04 0.0817-0.096
1,000 mg/kg-day 0.00686 0.0434 1.2 0.026-0.0631
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Table 3-3. Predictions for fraction of tetrachloroethylene in oxidized by
cytochrome P450 (P450s) (mg/kg-day oxidized per mg/kg-day intake) using
posterior mode parameters (continued)

GSD pf
posterior
Species/continuous Posterior | modes across | Range of posterior
exposure Baseline mode chains modes across chains
Human
0.01 ppm 0.00971 0.0098 1.12 0.00694-0.0104
0.1 ppm 0.00971 0.0098 1.12 0.00694-0.0104
I ppm 0.00969 0.0098 1.12 0.00694-0.0104
10 ppm 0.00955 0.0098 1.12 0.00694-0.0104
100 ppm 0.00828 0.0098 1.12 0.00694-0.0104
1,000 ppm 0.00355 0.0098 1.12 0.00693-0.0104
0.01 mg/kg-day 0.0173 0.0175 1.09 0.0134-0.0184
0.1 mg/kg-day 0.0173 0.0175 1.09 0.0134-0.0184
1 mg/kg-day 0.0173 0.0175 1.09 0.0134-0.0184
10 mg/kg-day 0.0169 0.0175 1.09 0.0134-0.0184
100 mg/kg-day 0.0138 0.0175 1.09 0.0134-0.0184
1,000 mg/kg-day 0.00492 0.0175 1.09 0.0133-0.0184

GSD = geometric standard deviation.
Dose metrics calculated based on daily average given continuous exposure for 100 weeks. Baseline

parameters are based on in vitro data for metabolic parameters, and literature values for other parameters.
Posterior modes are based on the updated parameters listed in Table 3-1.
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Table 3-4. Predictions for fraction of tetrachloroethylene conjugated with
glutathione (GSH) (mg/kg-day conjugated per mg/kg-day intake) using
posterior mode parameters

GSD of
posterior
Species/continuous Posterior | modes across | Range of posterior
exposure Baseline mode chains modes across chains
Mouse
0.01 ppm 0.348 0.000151 3.87 6.39¢-05-0.00415
0.1 ppm 0.347 0.000152 3.87 6.43e-05-0.00417
1 ppm 0.337 0.000159 3.86 6.83e-05-0.0043
10 ppm 0.244 0.000207 3.81 8.95e-05-0.00523
100 ppm 0.0299 0.000251 3.79 0.000109-0.00642
1,000 ppm 0.00301 0.000258 3.79 0.000111-0.00663
0.01 mg/kg-day 0.929 0.000481 3.89 0.000208-0.0134
0.1 mg/kg-day 0.929 0.000481 3.89 0.000208-0.0134
1 mg/kg-day 0.928 0.000485 3.89 0.00021-0.0135
10 mg/kg-day 0.914 0.000521 3.87 0.000229-0.0141
100 mg/kg-day 0.454 0.000706 3.82 0.00031-0.0181
1,000 mg/kg-day 0.0485 0.000821 3.81 0.000362-0.0212
Rat

0.01 ppm 0.303 0.00308 1.27 0.00195-0.00519
0.1 ppm 0.303 0.00308 1.27 0.00195-0.00519
I ppm 0.301 0.00309 1.27 0.00195-0.0052
10 ppm 0.286 0.00309 1.27 0.00196-0.00521
100 ppm 0.0939 0.00316 1.27 0.002-0.00529
1,000 ppm 0.0099 0.00335 1.27 0.00213-0.00559
0.01 mg/kg-day 0.874 0.00783 1.27 0.00498-0.0133
0.1 mg/kg-day 0.874 0.00783 1.27 0.00498-0.0133
1 mg/kg-day 0.873 0.00783 1.27 0.00498-0.0133
10 mg/kg-day 0.861 0.00785 1.27 0.00499-0.0133
100 mg/kg-day 0.608 0.00795 1.27 0.00506-0.0134
1,000 mg/kg-day 0.078 0.00838 1.27 0.00535-0.0141
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Table 3-4. Predictions for fraction of tetrachloroethylene in conjugated
with glutathione (GSH) (mg/kg-day conjugated per mg/kg-day intake) using
posterior mode parameters (continued)

GSD pf
posterior
Species/continuous Posterior | modes across | Range of posterior
exposure Baseline mode chains modes across chains
Human
0.01 ppm 0.000544 | 0.0936 17.5 3.16e-05-0.1
0.1 ppm 0.000543 0.0936 17.5 3.16e-05-0.1
1 ppm 0.000543 0.0936 17.5 3.16e-05-0.1
10 ppm 0.000535 0.0936 17.5 3.16e-05-0.1
100 ppm 0.000468 0.0935 17.5 3.16e-05-0.1
1,000 ppm 0.000207 0.0926 17.4 3.16e-05-0.0991
0.01 mg/kg-day 0.000972 0.177 17.1 6.47¢-05-0.188
0.1 mg/kg-day 0.000972 0.177 17.1 6.47¢-05-0.188
1 mg/kg-day 0.00097 0.177 17.1 6.47¢-05-0.188
10 mg/kg-day 0.00095 0.177 17.1 6.47¢-05-0.188
100 mg/kg-day 0.000788 0.177 17.1 6.47¢-05-0.187
1,000 mg/kg-day 0.000289 0.175 17 6.47¢-05-0.185

GSD = geometric standard deviation.
Dose metrics calculated based on daily average given continuous exposure for 100 weeks. Baseline

parameters are based on in vitro data for metabolic parameters, and literature values for other parameters.
Posterior modes are based on the updated parameters listed in Table 3-1.
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Table 3-5. Predictions for Trichloroacetic acid (TCA) produced systemically
(mg/kg-day systemic TCA per ppm in air or mg/kg-day systemic TCA per
mg/kg-day oral intake) using posterior mode parameters

GSD of
posterior
Species/ Posterior | modes across | Range of posterior
continuous exposure Baseline mode chains modes across chains
Mouse

0.01 ppm 0.0361 3.74 1.08 2.63-3.94
0.1 ppm 0.0363 3.71 1.08 2.62-3.9

1 ppm 0.0384 3.45 1.07 2.53-3.59
10 ppm 0.0886 2.34 1.04 2.05-2.47
100 ppm 0.202 1.46 1.03 1.36-1.55
1,000 ppm 0.103 1.32 1.04 1.18-1.43
0.01 mg/kg-day 0.00325 0.497 1.08 0.35-0.509
0.1 mg/kg-day 0.00326 0.496 1.08 0.35-0.508

1 mg/kg-day 0.00331 0.493 1.07 0.349-0.505
10 mg/kg-day 0.00394 0.464 1.07 0.337-0.473
100 mg/kg-day 0.0224 0.31 1.04 0.273-0.325
1,000 mg/kg-day 0.032 0.212 1.03 0.191-0.222

Rat

0.01 ppm 0.00352 0.182 1.02 0.173-0.189
0.1 ppm 0.00353 0.182 1.02 0.173-0.189
1 ppm 0.00361 0.181 1.02 0.173-0.189
10 ppm 0.00465 0.177 1.02 0.169-0.183
100 ppm 0.0176 0.144 1.07 0.117-0.158
1,000 ppm 0.0108 0.0476 1.26 0.0261-0.0798
0.01 mg/kg-day 0.00127 0.0941 1.02 0.0875-0.0952
0.1 mg/kg-day 0.00127 0.0941 1.02 0.0875-0.0951
1 mg/kg-day 0.00128 0.094 1.02 0.0874-0.095
10 mg/kg-day 0.0014 0.0929 1.02 0.0866—-0.0934
100 mg/kg-day 0.00382 0.0828 1.04 0.0724-0.0851
1,000 mg/kg-day 0.00607 0.0385 1.2 0.023-0.0559
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Table 3-5. Predictions for Trichloroacetic acid (TCA) produced systemically
(mg/kg-day systemic TCA per ppm in air or mg/kg-day systemic TCA per
mg/kg-day oral intake) using posterior mode parameters (continued)

GSD pf
posterior
Species/continuous Posterior | modes across | Range of posterior
exposure Baseline mode chains modes across chains
Human

0.01 ppm 0.0106 0.0125 1.02 0.0117-0.0128
0.1 ppm 0.0106 0.0125 1.02 0.0117-0.0128
1 ppm 0.0106 0.0125 1.02 0.0117-0.0128
10 ppm 0.0104 0.0125 1.02 0.0117-0.0128
100 ppm 0.00906 0.0125 1.02 0.0117-0.0128
1,000 ppm 0.00388 0.0125 1.02 0.0117-0.0128
0.01 mg/kg-day 0.0153 0.0145 1.09 0.0111-0.0152
0.1 mg/kg-day 0.0153 0.0145 1.09 0.0111-0.0152
1 mg/kg-day 0.0153 0.0145 1.09 0.0111-0.0152
10 mg/kg-day 0.015 0.0145 1.09 0.0111-0.0152
100 mg/kg-day 0.0123 0.0145 1.09 0.0111-0.0152
1,000 mg/kg-day 0.00436 0.0145 1.09 0.011-0.0152

GSD = geometric standard deviation.
Dose metrics calculated based on daily average given continuous exposure for 100 weeks. Baseline

parameters are based on in vitro data for metabolic parameters, and literature values for other parameters.
Posterior modes are based on the updated parameters listed in Table 3-1.
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Table 3-6. Summary evaluation of the reliability of tetrachloroethylene dose

metrics
Calibration| Validation
error or error or
Dose metric | variability | variability | Optimization | Additional potential concerns
species (GSD)? (GSD)? runs range® from sensitivity analysis
AUCCBId
Mouse ~2-fold ~2-fold <10% None
Rat ~2-fold ~2-fold <10% None
Human ~2-fold ~2-fold <20% None
FracOx
Mouse ~2-fold ~2-fold <40% Some sensitivity to lung
metabolism
Rat ~2-fold ~2-fold <20% None
Human ~2-fold ~3-fold <1.5-fold Some sensitivity to fraction of
oxidation to TCA
FracGSH
Mouse NA NA ~60-fold None
Rat ~2-fold NA <30% None
Human ~2-fold NA ~3,000-fold Calibration data cannot
distinguish between modes
TCASys
Mouse ~2-fold ~2-fold <30% Some sensitivity to fraction of
oxidation to TCA
Rat ~2-fold ~2-fold <20% Some sensitivity to fraction of
oxidation to TCA
Human ~2-fold ~3-fold <40% Some sensitivity to fraction of

oxidation to TCA

*Evaluated in rodents at 10 ppm in air by inhalation and 100 mg/kg-day orally, and in humans at 0.01 ppm
in air by inhalation and 0.01 mg/kg-day orally.

GSD = geometric standard deviation.
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The highest confidence dose metric in the Chiu and Ginsberg (2011) analysis is the AUC
of tetrachloroethylene in blood (refer to Table 3-2). The main source of uncertainty in this case
is the residual difference between the model predictions and the calibration and validation
data—a factor of about twofold for each species. Therefore, this dose metric should be
considered reliable for use in risk assessment with the acknowledgement of a possible twofold
residual error.

The next highest confidence as seen from Table 3-6 is in the estimates of
tetrachloroethylene oxidation and TCA formation. Here, the estimates of tetrachloroethylene
oxidation in mice and rats have similar uncertainty to that for AUC of tetrachloroethylene in
blood—predominantly twofold in the residual difference between model predictions and the
calibration and validation data. The range of estimates of tetrachloroethylene oxidation in
humans is largely dominated by interindividual variability—i.e., the differences in urinary
excretion of TCA across individuals. Thus, the central tendencies for the population are well
estimated—even if particular individuals may vary to a fair degree. Thus, at the population
level, these dose metrics should be considered reliable for use in risk assessment with the
acknowledgement of a residual error of about twofold or less.

In terms of predicted interspecies differences, the PBPK model generally predicts the
greatest oxidative metabolism in mice, followed by rats, and then humans. Humans would be
predicted to receive a smaller internal dose of oxidative metabolites for the same applied dose,
whether scaled by body weight or allometrically by body weight to the % power.

On the other hand, estimates of GSH conjugation appear more uncertain—especially for
humans. In rats, both the calibration data and the range of different optimization runs suggest
about a twofold uncertainty. In mice, there are no data on this pathway other than as a “mass
balance” from total metabolism (e.g., closed-chamber studies). Nonetheless, the range of
estimates based on the different optimization runs is about 60-fold. It is in the human predictions
that the range of estimates becomes extraordinarily large. In particular, there are evidently
two local maxima, each of which gives similar model fits, but for which model predictions differ
by 3,000-fold. This is a reflection not of the calibration data, which are fit quite well regardless,
but of the results of different optimization runs. Therefore, overall, the predictions for rat GSH
conjugation are considered reliable to about twofold, those for the mouse to about 60-fold, and
those for humans vary by about 3,000-fold. At this point, it is not possible to disentangle the
contributions of uncertainty and variability to the very large range of estimates of
tetrachloroethylene GSH conjugation in humans.

Interestingly, the predictions appear to support the default assumption of equivalent
concentrations in air leading to equivalent internal doses, as the estimates of AUC of

tetrachloroethylene in blood are within twofold of each other across species. In addition, at the
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higher oral doses (e.g., 100 mg/kg-day), rescaling the AUC in blood by body weight to the

% power leads to estimates across species within threefold of each other. These can be explained
by the sensitivity analysis, which showed AUC in blood to be most sensitive to cardiac output,
alveolar ventilation, and the partition coefficient, all of which either are similar across species or
scale approximately allometrically by body weight to the % power across species.

The implications of these results are quite substantial—particularly for interspecies
extrapolation between rats and humans. In rats, all the evidence appears to support a low amount
(<1% of dose) of GSH metabolism. At environmental exposures, the overall posterior mode
predicts about 15— to 30—fold more GSH conjugation as a fraction of dose in humans relative to
rats, but the uncertainty range in humans overlaps with the rat estimates, so the data are also
consistent with humans having either equal or greater GSH conjugation.

The analysis in Chiu and Ginsberg (2011) appears to have resolved a conflict between
PBPK model-based analyses that predicted high versus low amounts of tetrachloroethylene
metabolized in humans in two key aspects. This makes it particularly suited for use in this
assessment. First, there is now fairly high confidence in the predictions of oxidative metabolism
across species. Second, these results make it clear that the previously debated uncertainties in
total metabolism can be essentially attributed to uncertainty in GSH conjugation, which is
substantial. Those analyses that concluded low total tetrachloroethylene metabolism all
restricted the fraction of total (not oxidative) metabolism that was TCA to a fairly significant
percentage—30—100% [e.g.,(Qiu et al., 2010; Covington et al., 2007; Clewell et al., 2005; Chen
and Blancato, 1989)]. Thus, as was noted by the NRC (2010), total metabolism was essentially

only measuring oxidative metabolism. On the other hand, those analyses that concluded high

total tetrachloroethylene metabolism essentially lumped oxidative and GSH conjugation
metabolism together without restrictions as to the fraction producing TCA and/or made
inferences based on disappearance of the parent compound [e.g., (Chiu and Bois, 2006; Bois et
al., 1996; Reitz et al., 1996; Bois et al., 1990; Ward et al., 1988)]. Thus, the analysis in Chiu and

Ginsberg (2011) essentially reconciles the disparate conclusions as to human tetrachloroethylene

metabolism from previously published PBPK models. First, the conclusion of “low metabolism”
is certainly true for oxidation. Second, the conclusion of “high metabolism” may be true for
GSH conjugation but is highly uncertain. In essence, both conclusions are consistent with the
data if augmented by some additional qualifications: oxidative metabolism is low in humans,
while GSH conjugation metabolism may be high or low in humans, with high uncertainty and/or
variability (Chiu and Ginsberg, 2011).

Results obtained by applying the Chiu and Ginsberg (2011) model for the dose-response

modeling in this assessment are presented in Section 5.
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3.5.2. Age and Gender-Related Differences in Tetrachloroethylene Pharmacokinetics

Age and gender-specific differences in pharmacokinetics can have a substantial impact
on tissue dosimetry. The immaturity of metabolic enzyme systems in the perinatal period may
lead to decreased clearance of toxic chemicals as well as decreased production of reactive
metabolites. Clewell et al. (2004) examined these differences for various stages in life using
PBPK modeling for tetrachloroethylene and five other chemicals that differed considerably in
their physicochemical (lipophilicity, solubility, and volatility) and metabolic characteristics.
Parameters describing growth of various tissues were taken from the literature, and blood flow
changes with age were assumed to change proportionally with tissue volumes. For
tetrachloroethylene, only oxidative metabolism—specifically the production of TCA—was
considered. Data on age-dependent development of CYP2E1 were used for this purpose (Vieira
et al., 1996). The parameters for tetrachloroethylene were taken from the Gearhart et al. (1993)
model, and the age dependence of metabolism was based on the CYP2E1 data. The Gearhart
et al. (1993) model describes the amount of TCA produced as 60% of the total metabolized
tetrachloroethylene; this was fixed in the life-stage model.

The dose metrics examined were blood concentrations of the parent compound and the
metabolite TCA. Continuous lifetime oral exposure was simulated at a daily dose rate of
1 ng/kg-day. Table 3-7 provides the average daily dose during different life-stages of a male
expressed relative to that of a 25-year-old adult male. The gender and age differences in
tetrachloroethylene and TCA blood concentrations are detailed further in Figure 3-7.

Considerable gender differences in blood concentrations of TCA and tetrachloroethylene
were observed in these predictions. Internal dose during infancy differed most from the
corresponding dose in a 25-year-old. Tetrachloroethylene and TCA blood concentrations
increased with age, which the authors attributed to the lower metabolic and pulmonary clearance
of tetrachloroethylene when compared with other volatiles as well as its higher lipophilicity, both
resulting in storage of the compound in fat and other tissues. These age and gender differences
in pharmacokinetic sensitivity are significant, but they need to be considered together with
pharmacodynamic considerations in determining the contribution of exposure at a life-stage to

lifetime risk.
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Table 3-7. Ratio of average daily dose at various life-stages to the average
daily dose for a 25-year-old adult: physiologically based pharmacokinetic
(PBPK) simulations

Life-stage
Dose metric 0-6 months 0.5-5 years 5-25 years 25-75 years
PCE blood concentration 0.33 0.42 0.76 1.2
TCA blood concentration 0.057 0.16 0.59 1.4

Source: Clewell et al. (2004).
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Figure 3-7. Physiologically based pharmacokinetic (PBPK) simulations of

variations with age and gender in blood concentrations of

tetrachloroethylene and its main metabolite trichloroacetic acid (TCA).
Simulations are for continuous lifetime oral exposure at a constant daily intake of 1 pg/kg-day.

The same group of authors [i.e., (Gentry et al., 2003)] developed a PBPK model for

tetrachloroethylene that compared maternal and fetal/neonatal blood and tissue dose metrics
during pregnancy and lactation. The manuscript contains the details on the structure of the
model. Oxidative metabolism (TCA) in the mother and nursing infant was modeled using data
for CYP2E1 (Vieira et al., 1996); metabolism in the fetus was not included due to lack of

information pertaining to the development of this pathway during gestation. The dose metrics

were the fetal and infant blood concentrations of tetrachloroethylene and TCA. Changes in fetal
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blood concentrations were not pronounced because changes in tissue composition occurred in

both the mother and the fetus during pregnancy (Gentry et al., 2003). A decrease of nearly
three orders of magnitude of blood concentrations in the lactating infant when compared with
that of the fetus was calculated. This decrease was attributed to the lower exposure rate during
lactation as compared with placental exposure. Concentrations in the lactating infant were
considerably lower, by more than two orders of magnitude, than in the mother. The largest
variation in blood concentration occurred in the early postnatal period.

As the authors indicated, validation of the results in the Clewell et al. (2004) and Gentry
et al. (2003) work and further refinement of the parameters in the models are necessary. It
would, therefore, be premature to consider the results of such analyses for use in risk assessment.
Further investigation of variability in the parameters used in the Clewell et al. (2004) analysis is
needed before the results from Table 3-3 can be used to weigh upon considerations of a
pharmacokinetic uncertainty factor for age and gender variability. Nonetheless, these models
will enable future studies to focus on the key factors that are likely to influence pharmacokinetic

susceptibility.

3.5.3. Metabolic Interactions with Other Chemicals

Fisher et al. (2004) used PBPK modeling and complementary studies in mice to
investigate the effect of coexposures of orally administered carbon tetrachloride (CT) and
tetrachloroethylene on metabolic interactions between the two chemicals. CT is known to inhibit
its own metabolism (referred to as suicide inhibition). TCA was used as a biomarker to assess
the inhibition of the cytochrome P450 system by CT. Oral bolus intubation in the dose range of
1-100 mg/kg of CT was followed by a dose of 100 mg/kg of tetrachloroethylene an hour later. It
was concluded that dose additivity could not be used to predict interactions between the
compounds in this dose range because the metabolic interactions were found to be highly
nonlinear. The inhibition in metabolic capacity of tetrachloroethylene 2 hours after
administration of CT and 1 hour after single dose administration of tetrachloroethylene was
found to be 5, 52, and 90% at CT doses of 1.5, 10, and 19 mg/kg, respectively.

Dobrev et al. (2002) performed gas uptake studies in F344 rats and developed a mixture
PBPK model for humans to study interaction effects during coexposure to mixtures of TCE,
tetrachloroethylene, and methylchloroform. Corresponding to a 10% increase in TCE blood
concentration, the production rates of toxic conjugative metabolites exceeded 17%, pointing to a

nonlinear interaction effect due to coexposure to TCE.
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4. HAZARD IDENTIFICATION

This section discusses tetrachloroethylene toxicity on an organ-specific basis. For each
of the major organ systems, human effects are presented first, followed by effects in animals and
in in vitro systems. Cancer and noncancer toxicity and mode of action (MOA) are also included
in the discussions. The order of presentation is as follows: neurotoxicity (refer to Section 4.1);
kidney and bladder toxicity and cancer (refer to Section 4.2); liver toxicity and cancer (refer to
Section 4.3); esophageal cancer (refer to Section 4.4); lung and respiratory cancer (refer to
Section 4.5); immunotoxicity, hematologic toxicity, and cancers of the immune system (refer to
Section 4.6); developmental and reproductive toxicity, and reproductive cancers (refer to Section
4.7); genotoxicity (refer to Section 4.8); and susceptible populations (refer to Section 4.9).
Section 4.10 provides a summary of the hazard identification.

The database of published epidemiologic studies on cancer and tetrachloroethylene
exposure was examined to assess its ability to inform the cancer hazard from tetrachloroethylene
exposure. The analysis of epidemiologic studies on cancer and tetrachloroethylene presented in
Appendix B documents each study’s essential design features, exposure assessment approaches,
statistical analyses (including assessment of exposure- or concentration-response), and potential
sources of confounding and bias. This analysis supports the discussion of site-specific cancer
observations in Sections 4.2—4.7. In those sections, study findings for site-specific cancers are
presented with an assessment and discussion of their overall weight of evidence. The key
considerations in the weight of evidence are: study design, exposure assessment methodologies,
exposure- or concentration-response, and the potential for alternative explanations, including
bias and confounding. Greater weight is given to studies that (i) employ a cohort or case-control
design, (ii) use exposure assessment methodologies with a relatively high level of sensitivity and
specificity, and a low likelihood of exposure misclassification (iii) show a exposure- or
concentration-response gradient, and (iv) have less potential for alternative explanations.

Sample size (number of cases in a cohort study; number of exposed in a case-control study) was
also considered, but a larger sample size in itself did not outweigh the considerations based on
type of exposure assessment methodology. Studies that are more limited in one or more of these
characteristics are accorded lesser relative weight, but are not necessarily excluded from the

overall weight of evidence.
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4.1. NEUROTOXICITY

4.1.1. Human Studies

A wide range of effects on neurologic function have been observed for both acute and
chronic-duration exposure to tetrachloroethylene in humans, as summarized below. Most of the
reports evaluating neurological function in humans were inhalation chamber or chronic exposure
studies. Study designs, exposure-assessment methods, and results of individual studies are
presented with a discussion of chamber studies in Section 4.1.1.1 and chronic exposure studies in
Section 4.1.1.2. Within the latter section, the studies are further divided by type of exposure
setting (occupational; residential). In residential settings, exposure is more likely to be
continuous and of lower concentrations compared with the more intermittent, higher
concentration, more variable exposure experienced in work settings. Section 4.1.1.3 presents a
summary of neuropsychological and neurobehavioral effects in low- and moderate-exposure
studies with observations across studies discussed by neurological domain, categorized by visual
function, cognitive function, motor function, and neurological and neurobehavioral disorders.

Acute controlled inhalation exposures of 100 ppm and higher induced symptoms
consistent with depression of the central nervous system (CNS), such as dizziness and
drowsiness. Changes in visual function as measured by electroencephalograms (EEGs) have

also been noted with controlled inhalation exposures at this level (Stewart et al., 1977). Acute

exposure to lower levels of tetrachloroethylene (50 ppm for 4 hours/day for 4 days) induced
alterations in neurobehavioral function, with changes indicative of visual system dysfunction

including delayed neuronal processing time (Altmann et al., 1992; Altmann et al., 1990). A wide

range in susceptibility to neurological effects among the participants in these studies was
observed.

Epidemiologic studies of workers or residents with chronic exposure to
tetrachloroethylene show that the nervous system is a target, with most of these studies reporting
decrements in one or more nervous system domains. The visual and cognitive domains are most
commonly affected (NYSDOH, 2010; McDermott et al., 2005; NYSDOH, 2005a, b; Sharanjeet-
Kaur et al., 2004; Schreiber et al., 2002; Gobba et al., 1998; Spinatonda et al., 1997; Altmann et
al.. 1995; Echeverria et al., 1995; Cavalleri et al., 1994; Echeverria et al., 1994; Ferroni et al.,
1992; Nakatsuka et al., 1992; Seeber, 1989; Lauwerys et al., 1983). Other reports (Till et al.
2005; Laslo-Baker et al., 2004; Till et al., 2001a; Till et al., 2001b) suggest a vulnerability of the

fetus to organic solvent exposures, including tetrachloroethylene exposure. Deficits in

neurobehavioral parameters and in visual system functioning in young children of mothers
exposed during pregnancy compared with children of unexposed mothers were observed (Till et
al., 2005; Till et al., 2001a; Till et al., 2001b). These reports are not discussed further in this
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section because they do not provide specific data pertaining to tetrachloroethylene exposure.
Few studies are available on neurologic diseases such as Parkinson’s disease, amyotrophic lateral

sclerosis, and Alzheimer’s disease and organic solvents (IOM, 2002), and none of these reports

uniquely assess tetrachloroethylene. The influence of tetrachloroethylene exposure on risk of

these neurological diseases is not addressed in this Toxicological Review.

4.1.1.1. Chamber Studies

Several controlled experiments were conducted in the 1970s examining neurological
effects from short-term exposures (5—7.5 hours per day for 4 or 5 consecutive days) to
tetrachloroethylene at levels up to 100 ppm. There is no description in the published reports of
the informed consent and other human subjects research ethics procedures undertaken in these
studies, but there is no evidence that the conduct of the research was fundamentally unethical or
significantly deficient relative to the ethical standards prevailing at the time the research was
conducted.

In a study by Stewart et al. (1970), 12 healthy adults were exposed to 100 ppm for
7 hours; neurological symptoms including eye and nose irritation was reported by 60% of the
subjects, a slight frontal headache by 26%, mild lightheadedness by 26%, drowsiness by 40%,
and difficulty speaking by 25%. Of five healthy men exposed to 100 ppm, for 7 hours/day, on 5
consecutive days, one reported a mild frontal headache during each exposure, and two
consistently reported mild eye and throat irritation. Individual responses during exposures to 0
ppm were not assessed. Three tests of equilibrium (a modified Romberg test, where an
individual stands on one foot with eyes closed and arms at side; a heel-to-toe test; and a finger-
to-nose test) were performed every 60 minutes during each day of exposure. After 6 hours,
neurobehavioral tests of motor function (the Crawford manual dexterity and Flanagan
coordination tests), cognitive function (arithmetic test), and motor/cognitive function (inspection
test) were also performed. Three of the subjects exhibited impairments to equilibrium within the
first 3 hours of exposure but were able to perform the test normally when given a second chance.
Stewart et al. (1970) concluded that there were CNS effects in some subjects exposed to 100
ppm and that there exists a large range of individual susceptibility to tetrachloroethylene.

In the 6-week study by Hake and Stewart (1977), four healthy men were exposed
7.5 hours/day to 0 ppm (2 days in Week 1, 1 day in Week 3, and 2 days in Week 6), 21 ppm
(4 consecutive days in Week 3), 100 ppm (5 consecutive days in Week 2), and a time-weighted
average (TWA) of 100 ppm (5 consecutive days in Week 4) when exposure levels were more
than 53, 100, or 155 ppm (5 consecutive days in Week 5). In addition, four healthy women were
exposed to 100 ppm for 7.5 hours/day on 5 consecutive days and to O ppm on 2 days. The

subjects were told that they would be exposed to various concentrations of tetrachloroethylene,
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but they were not told their sequence of exposures (a single-blind protocol). Reports of
symptoms (e.g., headache) varied among individuals, but overall, complaints during exposures
were similar to those during control conditions—exposures to 0 ppm tetrachloroethylene. The
evaluation of visual function through EEG recordings made during exposure suggested altered
patterns indicative of cortical depression in three of four men and four of five women exposed to
100 ppm (constant or TWA). In five subjects, altered EEG recordings occurred during hours 4 to
7 of exposure; another subject had altered recordings within 10 minutes of exposure, which
gradually returned to normal during continued exposure, and the seventh subject showed changes
between 30 minutes and 6—7 hours of exposure. Recordings of visual evoked potentials (a
measure of visual function) in response to bright flashes of light (i.e., neurophysiological
measurements of the electrical signals generated by the visual system in response to visual
stimuli) and equilibrium tests (Romberg and heel-to-toe) were normal in men and women. The
performance of men on neurobehavioral tests of cognitive function (arithmetic), motor function
(alertness), motor/cognitive function (inspection), and time estimation was not significantly
affected by any exposure. The performance of men on a second test of motor function (Flanagan
coordination) was significantly decreased (p < 0.05) on 1 of 3 days during each of 2 weeks of
exposure to 100 ppm and on 2 of 3 days during the week of exposure to 155 ppm, but Hake and
Stewart (1977) concluded that only the results at 155 ppm were related to tetrachloroethylene. In
women, alertness (the only neurobehavioral endpoint evaluated) was not affected by exposure to
tetrachloroethylene. Hake and Stewart (1977) concluded that (1) there is considerable
interindividual variation in response to tetrachloroethylene vapors, (2) visual function changes
through EEG analysis indicates preliminary signs of narcosis in most subjects exposed to 100
ppm for 7.5 hours, (3) impairment of coordination may occur in subjects exposed to 155 ppm for
7.5 hours, and (4) the effects are likely due to tetrachloroethylene itself, given its slow
metabolism in humans. They also reported that their data suggested that a threshold limit value
of 100 ppm contains no margin of safety for susceptible subjects—both subjectively and
neurologically—to the vapors of tetrachloroethylene.

Altmann et al. (1992; 1990) examined neurological effects of tetrachloroethylene on
healthy adults exposed to 10 ppm or 50 ppm for 4 hours on 4 consecutive days. Visual acuity of
all subjects was normal or corrected to normal. The study was a single-blind study (subjects
were not told their level of exposure), and subjects were randomly assigned to either group.
Sixteen subjects were exposed to 10 ppm, and 12 subjects were exposed to 50 ppm. However,
neurophysiological measurements were made on only 22 subjects (12 at the low-exposure level
and 10 at the high-exposure level). Three neurophysiological measurements evaluating visual
and auditory function were taken on the day before exposure started and on each of the four

exposure days: (1) visual evoked potentials in response to black-and-white checkerboard
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patterns; (2) a visual contrast sensitivity (VCS) test; and (3) recordings of brainstem auditory-
evoked potentials (neurophysiological measurements of the electrical signals generated by the
hearing system in response to auditory stimuli) to evaluate peripheral hearing loss. All
measurements were started 2 hours after a subject entered the chamber and were completed
within 1 hour. A German version of the Neurobehavioral Evaluation System was used to assess
motor, motor/cognitive, and cognitive function of subjects. The battery included nine tests
(finger tapping, eye-hand coordination, simple reaction time, continuous performance, symbol
digit, visual retention, pattern recognition, digit span, and paired associates). A vocabulary test
and a test of emotional state (moods) were also given. Each subject was assessed with a
complete battery of tests during the preexposure baseline assessment and at the end of the study.
Subsets of the battery covering motor function and mood were given at the beginning and end of
each 4-hour exposure period. Tetrachloroethylene was not detected in blood samples collected
before the start of the first exposure period. The detection limit was less than 0.0005 mg/L.
Mean tetrachloroethylene blood levels increased slightly over the 4-day period. Among subjects
exposed to 10 ppm, mean blood levels were 0.33, 0.36, 0.4, and 0.38 mg/L at the end of days 1,
2, 3, and 4 of exposure, respectively. Among subjects exposed to 50 ppm, mean blood levels
were 1.1, 1.2, 1.4, and 1.5 mg/L at the end of days 1, 2, 3, and 4 of exposure, respectively.

The visual evoked potential latencies of subjects during the 3™ hour of exposure to
50 ppm on Days 1, 2, 3, and 4 of exposure were significantly longer (p < 0.05) compared with
those measured on the control day, and the differences became progressively longer on
successive exposure days. One set of visual evoked potential latencies on the day after the end
of the exposure period remained longer than the control day values (statistical significance not
reported). Visual evoked potential latencies in subjects with exposure to 10 ppm were not
statistically significantly longer than those recorded on the control day. There were significant
differences (p < 0.05) between the visual evoked potential latencies of subjects exposed to
10 ppm and those exposed to 50 ppm. Data on visual contrast sensitivity indicated greater
effects at 50 ppm than at 10 ppm; effects were most pronounced on the last day of exposure.
However, statistical analysis was not reported. There were no indications of peripheral hearing
loss at either exposure level. Neurobehavioral tests results were reported only for those tests
given repeatedly on 4 consecutive days (finger tapping, eye-hand coordination test, simple
reaction time, continuous performance, and moods). There were postexposure performance
deficits (p = 0.05) among subjects exposed to 50 ppm when compared with the group exposed to
10 ppm in tests of motor/cognitive function (continuous performance test for vigilance) and
motor function (eye-hand coordination), and a near-significant difference (p = 0.09) on a test of
motor function (simple reaction time). In all cases, the degree of improvement shown by the

subjects exposed to 50 ppm was less than that shown by the subjects exposed to 10 ppm. There
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were no exposure-related effects on the finger-tapping or moods test. Altmann et al. (1990)
concluded that visual function in healthy, young, adult males is mildly affected by
tetrachloroethylene exposures to 50 ppm maintained for 4 hours on each of 4 days and stated that
the impaired performance on tests of motor/cognitive and motor function suggests that 50 ppm
cannot be considered a NOAEL for neurobehavioral endpoints indicative of CNS depression
(Altmann et al., 1992).

4.1.1.2. Chronic Exposure Studies

Table 4-1 summarizes details of the chronic-duration tetrachloroethylene exposure
studies evaluating neurological function using tests of specific neurological domains in humans.
Most of these are studies of dry-cleaning and laundry workers, but some studies examined
neurobehavioral or visual system effects among residents living in close proximity to a dry-
cleaning establishment (NYSDOH, 2005a, b; Schreiber et al., 2002; Altmann et al., 1995) or in

other workers employed in the same building as a dry-cleaning business (Schreiber et al., 2002).

Exposure levels were approximately an order of magnitude higher in occupational settings
compared with residential exposure. Tetrachloroethylene concentrations reported in the dry-
cleaning and laundry worker studies ranged from an 8-hour TWA mean of 6 ppm for dry-cleaner
and ironing workers in Cavalleri et al. (1994) to an 8-hour TWA of 41 ppm for operators of a
wet-transfer dry-cleaning machine in Echeverria et al. (1995). Mean tetrachloroethylene
concentrations in residences near a dry-cleaning business were 0.4 ppm and 0.7 ppm,

respectively, in studies in New York City (Schreiber et al., 2002) and Germany (Altmann et al.,

1995). Two additional studies examining color vision in solvent-exposed workers (Muttray et

al., 1997) and peripheral neuropathy among patients with solvent-induced encephalopathy

(Albers et al., 1999) were identified but are not presented because they involved solvent

mixtures.
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Table 4-1. Summary of human neurotoxicity studies of occupational or
residential exposures to dry-cleaning facilities using tetrachloroethylene

Subjects, methods Exposure levels Results Reference(s)
Occupational exposures: dry-cleaning settings
Belgium, 26 dry cleaners, 33 Mean TWA =21 ppm, mean | Statistically significant differences |Lauwerys et
unexposed workers (controls), |duration = 6.4 yr for simple reaction time (before al. (1983)
B, EA, PA, U; not blinded to work) and critical flicker fusion
exposure status (before and after work); better
scores in exposed workers.
Germany, 101 dry cleaners Low-exposure group (n =57): |Decrease in information-processing | Seeber (1989)
(both sexes), 84 unexposed mean TWA = 12 ppm, mean speed (perceptual threshold, choice
workers (controls). PA, AA; duration = 11.8 yr; high- reaction time), visual scanning
blinded to exposure status exposure group (n =44): mean |(cancellation d2 test), visuospatial
TWA =53 ppm, mean duration | memory (digit reproduction) in dry
=10.6 yr cleaners compared with controls;
no statistically significant
difference between high- and low-
exposure groups. No fine motor
function deficits.
China, 64 dry cleaners, Geometric mean TWA =15 No effect on color vision loss Nakatsuka et
120 controls (clerical workers | ppm (males), 11 ppm (using less sensitive Lanthony al. (1992)

in factories). PA; not blinded to
exposure status

(females), duration not
reported

test).

Italy, 60 dry cleaners, 30
controls (hospital launderers, no
solvent use). B, A; blinded to
exposure level but not status

Mean TWA = 15 ppm, mean
duration = 10.1 yr

Impaired performance on simple
reaction time, vigilance, stress. No
fine motor function deficit. No
effects on digit symbol test. No
dose-response patterns observed.

Ferroni et al.
(1992)

Italy, 22 dry cleaners and 13

Mean TWA = 6 ppm (7.3 ppm,

CCI elevated among all workers

Cavalleri et

ironers, 35 controls. PA, EA; |dry-cleaning workers; 4.8 ppm, |(p = 0.025) and dry cleaners (p = |al. (1994)
blinded to exposure level ironers), mean duration = 8.8 | 0.007); statistically significant
yr exposure (TWA)-response

relationship. No effect observed in

ironers.
Italy, 33 dry cleaners and Geometric mean TWA ppm: Increased CCI in Group A Gobba et al.
ironers, self controls [baseline | Group A Group B (» <0.01); no change in Group B. | (1998)
measurements in Cavalleri et al. n=19) (@®=14) CCI correlated with exposure [follow up of
(1994)]. PA; not clear if Baseline 1.67  2.95 levels (r=0.38, p <0.05). Cavalleri et
blinded Follow-up 4.35 0.66 al. (1994)]

Michigan, 65 dry cleaners,
pressers, clerks; no unexposed
group, PA; blinded to exposure
level

Chronic exposure score based
on work history: low (n = 24;
2.1 yr), moderate (n = 18; 3.9
yr), high (n =23; 14.6 yr)

Statistically significant decrease in
high compared with low exposure
on three tests of visuospatial
memory. No effect on digit span.

Echeverria et
al. (1995)
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Table 4-1. Summary of human neurotoxicity studies of occupational or
residential exposures to dry-cleaning facilities using tetrachloroethylene

(continued)

Subjects, methods®

Exposure levels

Results

Reference(s)

Washington, 45 dry cleaners
matched to 69 laundry workers,
59 pressers, or counter clerks
from the same shop as the dry
cleaner operator. PA; blinded
to exposure level

Chronic exposure score groups
based on detailed work history
and estimated measures: mean
=0, 68, and 1,150 with
corresponding 8-h TWAs of
<0.2, 3, and 9 ppm. Mean
duration = 2.6 to 11 yr for low-
and high-exposure groups,
respectively

Evidence of associations between
chronic exposure and reduced test
performance on three tests of
visuospatial memory: switching (p
=0.10), pattern memory (p = 0.03),
and pattern recognition (p = 0.09).

Echeverria et
al. (1994)

Italy, 35 dry cleaners, 39 age-

Median = 8 ppm, grab sample.

Increase in vocal reaction time to

Spinatonda et

and education-matched Mean duration of employment | visual stimuli (reading task); dose- |al. (1997)
controls. AA; not blinded to =10.6 yr (from Figure 2) response relationship.
exposure status
Malaysia, 14 dry cleaners, 29 | No exposure information 43 and 93% of dry cleaners Sharanjeet-
controls (support staff of presented in paper other than | compared to 0 controls had errors | Kaur et al.
Universiti Kebangsaan PCE was used for dry cleaning |on the color vision D-15 testand | (2004)
Malaysia, control Group 2); not FM 100 Hue test, respectively.
blinded to exposure status Number of errors on FM 100 Hue

test also increased in dry cleaners

(» <0.05).
Israel, 88,820 births, Occupation of mother and Four cases were identified in 144 | Perrin et al.
1964—-1976, identified in father listed as dry cleaner on | offspring of dry cleaners. RR of  [(2007)

Jerusalem Perinatal Study,
linked to national Psychiatric
Registry for hospitalization
with a schizophrenia-related
diagnosis through 1997

birth certificate

3.4 (95% CI: 1.3-9.2) for
schizophrenia in the offspring of
dry cleaners using proportional
hazard modeling.

Occupational exposures: other

settings

New York, 9 employees of day-

Mean = 0.32 ppm (monitoring

Decreased color discrimination

Schreiber et

care center located in a building | before closure of dry cleaners). | among exposed but not statistically |al. (2002)
with a dry-cleaning business, 9 |No information on duration of |significant.

age- and gender-matched employment Lower (worse) scores on tests of

unexposed controls. PA, EA, visual contrast sensitivity.

B, U; not blinded to exposure

status

New York, 4-yr follow-up of 13 | Exposure had ceased 4 yr No difference in visual function NYSDOH
children who had attended a day | earlier (VCS, CCI) or neurobehavioral (2005b)

care located in a building with a
dry-cleaning business, 13
children matched to exposed
children on age, gender, and
daycare experience; not blinded
to exposure status

function between exposed children
and controls.
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Table 4-1. Summary of human neurotoxicity studies of occupational or
residential exposures to dry-cleaning facilities using tetrachloroethylene

(continued)

Subjects, methods® Exposure levels Results Reference(s)
Residential exposures
Germany, residents near dry- Mean = 7 d monitoring period, |Statistically significant increase in | Altmann et

cleaning business, 14 exposed
and 23 age- and gender-
matched nonexposed controls.
AA, B; not clear if blinded to
exposure status

0.7 ppm, mean duration = 10.6
yr

simple reaction time and decrease in
continuous performance and
visuospatial function. No fine
motor function deficits.

al. (1995)

New York, 17 exposed

Mean = 0.4 ppm (monitoring

Decreased color discrimination

Schreiber et

(apartment residents living before closure of dry cleaners). |among exposed, but not statistically |al. (2002)
above dry-cleaning business) Mean duration of residence = 6 |significant.

and 17 age- and gender- yr Lower (worse) scores on tests of

matched controls. AA, PA, EA, visual contrast sensitivity.

B, U; not blinded to exposure

status

New York, 65 households (67 | Geometric mean =5 ppb Association (p < 0.05) between PCE [ NYSDOH
adults and 68 children) in (0.005 ppm). Mean duration of | (indoor air and blood) and (2005a);
residential buildings with residence = 10 yr performance on test of visual Storm et al.
colocated dry cleaners, 61 contrast sensitivity in children. No |(2011)
households (61 adults and 71 association observed in adults. McDermott

children) in residential
buildings without dry cleaners.
AA; not blinded to exposure
status

Color vision impairment (p < 0.05)
among children but not adult
exposed subjects as compared with
controls.

et al. (2005)

A = air sample, not specified area or personal sample, AA = area air samples, B = biological monitoring of
blood, CCI = color confusion index, CI = confidence interval, EA = exhaled air samples, PA = Personal air
samples, PCE = tetrachloroethylene, RR = relative risk, U = biological monitoring of urine for
trichloroacetic acid, VCS = visual contrast sensitivity.

Vision testing in the four studies included tests of acuity, tests of spatial vision based on

contrast sensitivity, and tests of color vision. The visual acuity test measured the ability to

discriminate high-frequency (i.e., small) images at high contrast; e.g., reading successively

smaller black-on-white letters as part of an examination for corrective lenses. This measure

typically is dependent on the optics of the eye (and corrective lenses when needed) and is

insensitive to subclinical deficits in neurologic function. Contrast sensitivity measures the least

amount of luminance difference between dark and light bars needed to detect a given pattern

(e.g., a bar pattern). Impairments in color vision, beginning as blue-yellow confusion errors,

have been reported in populations exposed to organic solvents (Campagna et al., 1996;

Campagna et al.. 1995; Mergler et al., 1991; Mergler et al., 1988a; Mergler et al., 1988b; Mergler

and Blain, 1987; Mergler, 1987). The tetrachloroethylene exposure studies that assessed color
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vision relied on various versions of the Lanthony color vision test. This type of test consists of a
series of small round “caps” that the subject is asked to arrange in order by color. The types of
errors made can distinguish specific types of color vision deficiency; e.g., red-green color
confusion errors (blindness) is a common condition in males, mostly but not entirely of
congenital origin, whereas blue-yellow color confusion errors are very rarely due to congenital
conditions and, therefore, are considered as a hallmark of an acquired condition. Test scores are
based on the subject's ability to arrange a set of 15 caps according to a definite chromatic
sequence, with each mistake increasing the score above a perfect score of 1.00. A formula (the
Color Confusion Index [CCI]) based on Total Color Distance Scores can be used for scoring
(Geller, 2001; Bowman, 1982). The Lanthony D-15 desaturated test is more sensitive to mild

and moderate changes in color vision compared with other versions of the test that use more

contrasting hues (Lanthony, 1978). The vision tests are not recommended for epidemiological

studies of children under 5 years of age.
Other types of neurobehavioral effects were assessed in these studies using standardized
tests of cognitive or motor function, such as the digit symbol, digit span, Benton visual memory,

and simple reaction time tests. The standardized neurobehavioral battery has a high rate of

reliability and has been used to assess normal neurological function (Anger et al., 2000).

As with most conditions, age is an important factor that needs to be considered in
interpreting measures of neurological function. Generally, the comparison group within these
studies was age-matched (individually or frequency-matched) to the exposed subjects. Measures
of cognitive function can also be influenced by education (or more broadly, socioeconomic status
variables), by other intelligence measures, and by alcohol use. Thus, these attributes would also
need to be considered in studies using cognitive tests such as visuospatial memory, vigilance,
and information processing. Alcohol use, smoking, certain medications, chronic neurological
conditions, and solvents other than tetrachloroethylene may affect visual contrast sensitivity and

color vision measures (Paramei et al., 2004; Swinker and Burke, 2002). In contrast, color vision

and spatial vision have not been shown to be related to education or socioeconomic status, so

potential confounding by these factors is unlikely.

4.1.1.2.1. Occupational exposure studies: dry-cleaning settings

Lauwerys et al. (1983) studied 26° workers (24 women and 2 men) occupationally
exposed to tetrachloroethylene in six dry-cleaning shops in Belgium for a mean of 6.4 years
(range: 0.1 to 25 years) and 33 controls (31 women and 2 men) working in a chocolate factory

(n =20) or an occupational health service (n = 13) without occupational exposure to organic

® Abstract of paper reports 22 subjects were exposed to tetrachloroethylene, but the full text of the paper includes
26 subjects.
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solvents. No information is provided in the paper on the methods used to identify subjects or
their reasons for participating in the study. The level of education was similar in the exposed and
control groups, but the prevalence of smokers was higher among dry-cleaning workers (50%)
compared with the controls (27%). Neurobehavioral tests of motor function (simple and choice
reaction time), sensory function (critical flicker fusion), and cognitive function (sustained
attention test) were given twice to each worker, once before work and once after work. Both
groups were tested in the middle of the workweek. Individuals also were questioned about
chronic neurological symptoms (e.g., fatigue, depression, sleep disturbances). Blood samples
were collected both before and after work. The mean tetrachloroethylene air concentration
(8-hour TWA) was 21 ppm, and the range of TWA values was 9 to 38 ppm, using results from
active sampling of personal air. The mean tetrachloroethylene blood level (30 minutes after the
end of work) was 1.2 mg/L (range of means from the shops was 0.6 to 2.4 mg/L).
Trichloroacetic acid, a metabolite of tetrachloroethylene, was not detected (level of detection
[LOD] not identified in published paper) in urine specimens from exposed subjects. An
evaluation of the subjects was performed at each worksite, so examiners were not blinded to
exposure status. The score of the critical flicker fusion test (a test of sensory function) was
significantly increased (better performance) in the exposed workers compared with controls
when given both before and after work. Decreased simple reaction time was observed among the
exposed workers in the tests performed before work (mean + standard deviation [SD]: 0.374 +
0.120 and 0.448 + 0.155 seconds in exposed and nonexposed workers, respectively) but not in
the tests performed after work (mean £ SD: 0.341 £ 0.116 and 0.356 + 0.128 seconds in exposed
and nonexposed workers, respectively). The dry-cleaning workers did not differ from controls
on the other three neurobehavioral tests. The prevalence of abnormal scores (those beyond the
5™ or 95" percentile of the control group) did not vary significantly between the two groups.
Seeber (1989)7 evaluated the neurobehavioral effects of tetrachloroethylene in
101 German dry-cleaning workers (machine operators, ironers, touch-up workers, counter
attendants, and other employees) who were employed in coin-operated or while-you-wait shops,
all affiliated with one organization. The workers were separated into a low-exposure group
(50 women, 7 men) and a high-exposure group (39 women, 5 men) based on both activities and
room air measurements. A third group of 84 sales personnel (64 women, 20 men) from several
department stores and receptionists from large hotels served as unexposed controls. No
information was provided on the methods used to identify subjects or their reasons for

participating in the study. Predominant characteristics of both groups included primarily

" Dr. Seeber provided additional information on this study in written correspondence to the New York State
Department of Health (NYSDOH) dated January 19 and May 20, 1996. This information appears in
NYSDOH (1997).
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standing work, contact with customers, and moderate physical exercise. The authors reported
that 29 service technicians were excluded from the study because of either discontinuous
exposure conditions with peak concentrations or long periods of no exposure, which focused the
investigation on workers with relatively constant exposure levels. Mean tetrachloroethylene
concentrations (8-hour TWA) for the low- and high-exposure groups were 12 (£8) ppm and 53
(x17) ppm, respectively, using results from active sampling of room air and passive sampling of
personal air. The mean durations of occupational exposure for the low- and high-exposure
groups were 11.8 and 10.6 years, respectively.

Several tests of neuropsychological functioning were administered using a German
standardized neurobehavorial battery (Psychologisch-Neurologischer Fragebogen or PNF),
including overall neurological signs, standardized personality tests (emotional lability), tests of
sensorimotor function (including finger tapping and aiming), tests of attention (digit reproduction
and digit symbol), test of visual scanning (cancellations) and tests of information processing
speed (threshold of perceptual speed and choice reaction time) (Seeber, 1989). Some details of
the testing procedures were not provided, and one of the response variables, “delayed reactions,”
was not defined. The typical dependent variable measured in this task—response reaction
time—apparently was not measured; only the number of correct reactions was reported. In
addition, subtests of the Wechsler Intelligence Test (digit span, digit symbol, and cancellations)
were used, as was recognition of words, faces, and digits. Intelligence was assessed using the
logical thinking subtest of the German Performance Test System. The neurobehavioral tests
were given by two specialized clinic staff members who did not question the subjects regarding
exposure status. Test outcomes were reported as means + SDs.

The control group was younger than the dry-cleaning workers (mean ages: 38.2, 38.4,
and 31.8 years, respectively, in the low-exposure, high-exposure, and control groups,
respectively), and alcohol consumption also differed by group (mean: 8.2, 10.4, and 12.6 g/day

in the low-exposure, high-exposure, and control groups, respectively) (Seeber, 1989). Higher

scores on the intelligence test were observed among the control group (mean £ SD: 21.9 £ 5.8)
compared with the dry-cleaning workers (mean + SD: 18.3 £ 5.0 and 19.2 = 5.2 in the low- and
high-exposure groups, respectively). Age, gender, and intelligence scores were included in the
regression models analyzing the relation between exposure and neurobehavioral test scores;
additional control for group differences in alcohol consumption did not alter the observed results.

Dose-response relationships for several outcomes reported by Seeber (1989) were
suggested by statistical analysis. Performance of both the low-exposure and high-exposure
groups differed significantly from that of the unexposed control group on the threshold of
perceptual speed test, digit reproduction, digit symbol, and cancellations; all pairwise

comparisons had p-values < 0.01. “Delayed reactions” differed statistically significantly from
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controls in the high-exposure group (p = 0.03), but not in the low-exposure group (p = 0.08). For
other outcomes reported, personality test (emotional lability) and overall performance
(neurological signs), dose-response relationships were less clear. Performance of the low-
exposure group, but not the high-exposure group, differed statistically significantly from that of
the unexposed control group on the personality test (emotional lability) and for neurological
signs (p < 0.05 and p > 0.10 for low-exposure and high-exposure groups, respectively, on both
tests), although there was no statistically significant difference between the exposed groups for
both tests (p > 0.10). Last, the mean scores on “correct reactions” on a choice reaction time task
were not statistically significantly different from control for either exposure group (p > 0.10 for
both).

Characterization of a dose-response in this study is complicated by nonmonotonic
response patterns in the mean scores for several outcomes. Specifically, mean scores of the low-
exposure group for the outcomes of digit symbol and cancellations, as well as for emotional
lability and for overall neurological signs, were worse compared with control than the high-
exposure group scores. However, the wide confidence intervals around the individual means for
each of these outcomes in the exposed groups indicates no statistical differences in outcomes
between the two exposure groups. Further, there is substantial overlap between the exposure
ranges of the two sets of dry cleaning workers, reflecting assignment to groups based partly on
job activities, which also supports the inference that the treated groups are similar. Thus,
exposure misclassification is a possible contributor to the observed pattern. Without individual
test outcomes and exposure measurements, however, it is not possible to evaluate the dose-
response relationships more thoroughly. Seeber (1989) concluded that there was a significant
difference in outcomes between the control and exposed subjects. For some outcomes, NRC
(2010) characterized the study as having discrepant results based on worse mean test scores (for
neurologic signs, emotional lability, choice reaction time, cancellation d2 and digit symbol) in
the low- compared with high-exposure group.

Nakatsuka et al. (1992) evaluated the effects of tetrachloroethylene exposure on visual
function by examining the color vision of 64 dry-cleaning workers (34 women and 30 men) in
China. Control workers (72 women and 48 men) were recruited from the clerical sections of
dry-cleaning shops and from other factories (paint production plants or plants producing
tetrachloroethylene from trichloroethylene). No information is provided in the paper on the
methods used to identify subjects or their reasons for participating in the study. The mean ages
of the dry-cleaning workers (34.2 years for men, 35.3 years for women) were similar to those of
the male controls (34.0 years) but slightly higher than the female controls (32.6 years). The
Lanthony new color test, used for screening color vision, and the Ishihara’s color vision test,

used for confirmation of red-green vision loss, were carried out by ophthalmologists or
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occupational health doctors in charge of the factories under one of two lighting conditions
(natural sunlight or a daylight fluorescent light). (This color vision test is not as sensitive as the
Lanthony D-15 test used in the other studies discussed in this section.) The geometric mean air
concentrations of tetrachloroethylene (averaging time not reported) were 15.3 and 10.7 ppm for
the men and women, respectively, using results from passive sampling of personal air. The
overall geometric mean was 13 ppm. The authors reported no significant difference in the
performance of the dry-cleaning workers (or other solvent-exposed groups included in the study)
and unexposed controls on the Lanthony new color vision test, with 60% of the male dry-
cleaning workers and 63% of male controls classified as "normal" color vision. Corresponding
figures for females were 91 and 74% in the dry-cleaning workers and controls, respectively.
Results for the males were not appreciably different when individuals with red-green vision loss
were excluded.® Nakatsuka et al. (1992) concluded, overall, that they found no distinct color
vision loss among the dry-cleaning workers.

Ferroni et al. (1992)° evaluated neurobehavioral effects and prolactin levels among
60 female dry cleaners and 30 unexposed female controls. Prolactin secretion by the pituitary is
controlled by hypothalamic dopamine; dopamine is also important to neurotransmitter systems,
and serum prolactin, as a biochemical signal and marker of nervous system function, is a

proposed alternative for assessment of nervous system toxicity (Manzo et al., 1996). The

workers at every dry-cleaning shop in a small town outside of Parma, Italy, were invited to
participate in the study. There were no refusals. Controls were selected from the workers at a
hospital who cleaned clothes using a water-based process. Their jobs were essentially the same
as those of the dry cleaners, but they were not exposed to any organic solvents. Both groups
filled out a questionnaire on their health status, medication (including oral contraceptives),
lifestyle, and current and past jobs. Both groups met the following criteria: no history of
metabolic disorders, no history of psychiatric disorders, and low level of daily alcohol intake.
The dry cleaners and controls were comparable in age (mean ages: 39.7 and 37.6 years,
respectively), vocabulary level, height, weight, body mass index, smoking habits, and use of
medication. Workplace air samples were randomly collected throughout the workweek during
summer and winter to account for variability related to either the work cycle or seasonal

environmental fluctuations. Blood samples were collected during the workday during summer

¥ A statistical analysis of the dry cleaners data using a Fisher's exact test (for differences in proportions with at least
one sparse cell) indicated that tetrachloroethylene-exposed women were more likely to have normal color vision as
compared with unexposed women (p = 0.0423), but no difference was observed among the males (0.83, based on
Chi-squared test); reported in public comments of the Halogenated Solvents Industry Alliance to EPA (Halogenated
Solvents Industry Alliance, 2004) on the Neurotoxicity of Tetrachloroethylene Discussion Paper (U.S. EPA, 2003).
? Dr. Mutti provided details on the selection process of exposed and control subjects and also clarified reported
results to Dr. Ken Bodgen, NYSDOH, in written correspondence dated July 29 and September 5, 1995 [refer to
NYSDOH (1997)].
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and winter. The median tetrachloroethylene air concentration (4-hour TWA) was 15 ppm (range:
1 to 67 ppm). The subjects’ range of tetrachloroethylene blood levels was 0.012—0.864 mg/L
[median = 0.145 mg/L; incorrectly expressed in Ferroni et al. (1992) as 12,864 and 145 mg/L;
NYSDOH (1997)]. The mean duration of occupational exposure was 10 years.

Workers and controls were given five neurobehavioral tests (part of the Swedish
Performance Evaluation System, “adapted” Italian version: finger tapping with both dominant
hand and nondominant hand, simple reaction time, digit symbol test, shape comparison-

vigilance, and shape comparison-response to stress) (Ferroni et al., 1992). All subjects were

examined in the morning before their work shift in the same room by the same examiners, using
a standardized testing protocol (NYSDOH, 1997). Although the examiners were not blind to the

status of the subjects (dry cleaner or control), they were blind to the worker’s exposure level

(NYSDOH, 1997). Serum prolactin levels were measured in all subjects using a blood sample

taken at the time of the neurobehavioral testing; analysis was limited to those samples obtained
during the proliferative (follicular) phase of the menstrual cycle (41 dry cleaners and

23 controls). Ferroni et al. (1992) did not describe the protocol for determining menstrual cycle
phase, however. Serum samples from dry cleaners and controls were alternated and analyzed in
the same experimental runs (NYSDOH, 1997).

The dry cleaners showed significantly reduced performance when compared with the

unexposed matched controls in three tests (simple reaction time, p < 0.0001; vigilance,
p <0.005; and stress, p < 0.005) (Ferroni et al., 1992). Performance on the finger-tapping test
(both hands) and digit symbol test was not affected (NYSDOH, 1997). Additionally, the mean

serum level of prolactin was significantly higher in the workers than in the matched controls

(mean: 12.1 compared with 7.4 ng/L, p <0.001). Among the dry cleaners, none of the three
measures of exposure (duration of exposure and air or blood concentration of
tetrachloroethylene) was significantly associated with decreased test scores or increased serum
prolactin levels. Ferroni et al. (1992) concluded that tetrachloroethylene exposure in dry-
cleaning shops may impair performance.

Cavalleri et al. (1994) evaluated the effects of tetrachloroethylene exposure on the color
vision of dry cleaners and a comparison group of matched controls. The investigators compiled
a list of all the dry-cleaning shops in the municipality of Modena, Italy (110 shops employing
189 workers) and randomly selected 60 dry cleaners from 28 premises for recruitment into the

study (Aggazzotti et al., 1994a). Only full-time workers (n = 52) were asked to participate, and

two declined. All 50 workers provided, via questionnaires, information on work history, health
status, occupational and hobby use of solvents, drinking and smoking habits, and drug use.
Thirty-five of the 50 dry cleaners (33 women, 2 men) met the inclusion criteria; others were

excluded for hypertension, smoking more than 30 cigarettes a day, alcohol consumption
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exceeding 50 g of alcohol a day, oculo-visual pathology, or employed at a dry-cleaning facility
for less than 1 year. Another worker was excluded because a matched control could not be
found. The controls were factory workers who were not occupationally exposed to solvents or
other neurotoxic chemicals; they were selected and recruited into the study using the same
methods that were used for dry cleaners. The controls (n = 35) were from factories in the
Modena area and met the same inclusion criteria as the dry cleaners. They were matched to dry
cleaners by gender, age (£3 years), alcohol consumption (£10 g/day), and cigarette use

(£5 cigarettes a day). The mean age of both groups (35 years) and the percentages of each group
that were smokers (43%) or alcohol drinkers (71%) were comparable. All subjects appeared
healthy and met minimal status of visual acuity. None of the subjects reported hobby exposure
to solvents or other substances toxic to the eye. There were no known systematic differences
between exposed and control groups or between machine operators and ironers. Color vision
was assessed using the Lanthony D-15 desaturated panel test. Exposed and control subjects were
tested in random order (NYSDOH, 1997). All subjects were tested at the same time of day (in

the morning, before work) under the same lighting conditions by the same investigator. With

respect to exposed subjects, the investigator was unaware of both the exposure levels and the job
(operator or ironer) of each dry cleaner.

For all dry cleaners, the mean tetrachloroethylene air concentration (8-hour TWA) was
6 ppm, and the range of TWA values was 0.4—31 ppm, using results from passive sampling of

personal air (Cavalleri et al., 1994). For operators (n = 22), the mean air concentration 8-hour

TWA was 7.3 ppm (range 0.4—31 ppm). For ironers (n = 13), mean air concentration (8-hour
TWA) was 4.8 ppm (range 0.5—11 ppm). The mean duration of occupational exposure was
8.8 years. Tetrachloroethylene concentrations were also measured in alveolar air for a subset of
these dry cleaners, with a high correlation observed between tetrachloroethylene concentration in
alveolar air and 8-hour TWA levels in ambient air [ = 0.8, p < 0.001; Aggazzotti et al. (1994a)].
Only three dry-cleaning workers, as opposed to 13 controls, scored a perfect test score on
the color vision test (p < 0.01). Mistakes were made mainly in the blue-yellow range. Overall,
the workers showed poorer performance on the test as compared to controls, and they had a
significantly higher error rate (mean CCI score: 1.143 and 1.108 in workers and controls,
respectively, p = 0.03). The effect was observed in dry cleaners (mean CCI score: 1.192 and
1.089 in dry cleaners and their matched controls, respectively, p = 0.007) but not among the
ironers (mean CCI score: 1.061 and 1.073 in ironers and their matched controls, respectively).
There also was a statistically significant positive correlation (p < 0.01) between TWA air
concentrations and the CCI (» = 0.52), which remained after multivariate analysis considered
previous tetrachloroethylene exposure, duration, age, number of cigarettes a day, and daily intake

of alcohol as covariates. The CCI values were not associated with two other measures of
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tetrachloroethylene exposure (mean duration and an integrated index of exposure, yearly TWA
level). The study authors suggested that this may reflect the difficulty in controlling for the
interactive effects of age and exposure and accurately evaluating exposure. The effect on color

vision may not be rapidly reversible; preliminary data showed that the scores of some workers

did not improve when retested after 4 weeks of vacation (NYSDOH, 1997). Moreover, some of
these workers showed poorer performance on this test in the follow-up study by Gobba et al.
(1998), described below, suggesting color vision impairment is a chronic effect.

Gobba et al. (1998) reexamined color vision after a period of 2 years in 33 of the 35 dry
cleaners and ironers examined by Cavalleri et al. (1994). Two subjects had retired during the
2-year period between examinations. These investigators used the Lanthony D-15 test, the test
used by Cavalleri et al. (1994) to assess color vision, and performance was compared with the
subject’s score from the initial survey. Tetrachloroethylene concentration in the occupational
setting was determined in the breathing zone using personal passive samplers. Monitoring was
carried out during the afternoon shift, as Cavalleri et al. (1994) did not show any differences
between morning and afternoon samples. Gobba et al. (1998) found that tetrachloroethylene
concentration had increased during the 2-year period for 19 subjects, identified as Group A
(geometric mean, from 1.67 ppm at the first survey to 4.35 ppm at the second survey), and had
decreased for 14 subjects, identified as Group B (geometric mean, from 2.95 ppm to 0.66 ppm).
The decrease in exposures was due to new equipment or other changes to the working
conditions. As found in the first survey, color vision was impaired primarily in the blue-yellow
range of color, with few subjects presenting red-green errors. Color vision performance for the
entire group was related significantly to age (» = 0.45) and tetrachloroethylene concentration
(r=0.39; p <0.05). The mean CCI score for Group A subjects showed a statistically significant
difference between the two surveys (arithmetic mean: 1.16 and 1.26 in the first and second
surveys, respectively, p <0.01). For Group B subjects, who experienced lower exposure
concentrations by the second survey, the CCI score did not change from that of the initial survey
(arithmetic mean: 1.15 and 1.15 in the first and second surveys, respectively). The findings in
Groups A and B were also supported using analysis of variance methods to examine the relation
between CCI score and exposure level (log TWA), adjusting for age, alcohol consumption, or
cigarette smoking between the subgroups.

Echeverria et al. (1995) assessed the performance of 65 dry-cleaning workers on
neurobehavioral tests. The testing was conducted in 1986. The owners of 125 shops in Detroit,
MI, were contacted, and 23 agreed to allow their workers to participate in the study. Within each
shop, operators were matched on education and age (£5 years) with a lower-exposure subject.
The subjects (35 men and 30 women) were grouped into three categories of chronic

tetrachloroethylene exposure (low, moderate, and high), based on type of shop (wet-transfer or
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dry-to-dry), job title (counter clerk, presser, or operator), and years of employment. All the
operators were placed in the high-exposure category. There was no unexposed control group.
Dry-cleaning workers placed in the chronic exposure categories of low, moderate, and high had
been employed at their main job for 2.1, 3.9, and 14.6 years, respectively. Their mean ages were
40.9, 40.6, and 43 years. The three groups were also characterized by estimates of current
exposure (low, medium, and high), which corresponded to mean tetrachloroethylene air
concentrations (8-hour TWA) of 11, 23, and 41 ppm, respectively, for counter clerks, pressers,
and operators in the more common wet-transfer shops (17 of 23 shops). Estimated air
concentrations for counter clerks, pressers, and operators in the dry-to-dry shops were 0.5, 10,
and 11 ppm, respectively. The estimates were based on a relationship between breath and air

concentrations derived from a larger independent study (Solet et al., 1990). These estimates

were comparable to those found in other surveys of dry-cleaning facilities in the United States.
All subjects were tested in a minivan at the worksite in groups of two, in the afternoon

after work on the first or second day of their workweek (Echeverria et al., 1995). Each subject

provided a breath sample and completed a medical, symptom, work history, and hobby
questionnaire. The subjects were administered six neurobehavioral tests, a test of verbal skills,
and questionnaires on emotional states (moods) and CNS symptoms. The neurobehavioral test
battery consisted of one test of motor/cognitive function (symbol digit) and five tests of cognitive
function (digit span, trailmaking A and B, visual reproduction, pattern memory, and pattern
recognition). Multivariate analysis was used to evaluate the relationship between a chronic index
of lifetime exposure and performance on neurobehavioral tests, accounting for the potential
confounding variables of current exposure, age, education, verbal skill, alcohol consumption,
hours of sleep, fatigue, mood, symptoms, medication, and secondary exposures to
neurotoxicants. After adjustment for factors affecting performance, the scores of the dry-
cleaning workers with high chronic exposure were reduced (compared with the low chronic
exposure group) by 4% for pattern recognition, 7% for pattern memory, and 14% for visual
reproduction (all p-values <0.01). These impairments of visually mediated function were
consistent with the impairment of visuospatial functions observed in four patients who were
diagnosed with tetrachloroethylene encephalopathy who had been previously studied by
Echeverria et al. (1995). Other effects observed in the patients (mood changes and decreased
cognitive function in nonvisual tests) were not found in the dry-cleaning workers with high
lifetime exposures. Among complaints by the dry-cleaning workers, only the number of
complaints of dizziness from standing up rapidly and “solvent-induced dizziness” over the
previous 3 months was significantly elevated (p < 0.04) in the high-exposure group. Echeverria
et al. (1995) concluded that effects on visuospatial function were consistently found in subjects

employed as operators for an average of 14.6 years and exposed to an estimated
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tetrachloroethylene 8-hour TWA air concentration of 41 ppm, suggesting a vulnerability of
visually mediated functions with tetrachloroethylene exposure. This conclusion was based on
the impaired performance of the high-exposure group when compared with a group of dry-
cleaning workers with low lifetime exposure, including workers who were probably clerks in
wet-transfer shops where the mean current exposure level was 11 ppm. This exposure level is
substantially above background ambient levels, and whether the performance of the low-
exposure group was impaired when compared with that of a group without occupational
exposure (i.e., an unexposed control group) is not known.

Echeverria et al. (1994) builds on the results of Echeverria et al. (1995)," hypothesizing
degradation in behavior (particularly attention, executive function, visuospatial memory, short-
term memory, and mood) is an early indicator of neurotoxicity, leaving motor, language-based
skills, and long-term memory intact. The study was conducted in the Seattle/Tacoma, WA area
from 1989 through 1993, when the area’s dry-cleaning industry was switching from wet-transfer
to dry-to-dry machines. Initially, 320 dry-cleaning shops and laundries were sent introductory
letters requesting permission to allow their employees to participate in the study. Of the 181
owners who responded, 39 agreed to participate. The most common reasons for nonparticipation
were disinterest, time constraints, lack of English proficiency, and concerns about pending
regulatory actions concerning tetrachloroethylene. Recruitment ended when a total of 45
operators were enrolled. Each operator was matched with a less-exposed person from the same
shop. The subjects included laundry workers (n = 69), pressers or counter clerks (n = 59), and
operators or former operators (n = 45). The mean ages of the groups were 42.5, 34.2, and 46.2
years, respectively. Women comprised 63% of the study population (109/173). The subjects,
who were paid volunteers, were eligible if they spoke English, had no history of diabetes or CNS
disorders, and had worked for more than 1 year in the trade. The final sample excluded three
subjects because of limited English and reading skills and six subjects who did not wear their
prescription glasses on the day of testing or who were missing covariate information such as
vocabulary test scores.

An index of chronic exposure and measures of subchronic and acute exposure were
developed for each subject. The chronic exposure index was based on a detailed work history,
including consideration of the type of dry-cleaning machine, job title, percentage of time at each
job title, estimated air levels associated with each job title, and employment duration. The
measures of subchronic and acute current exposure were based on mean 8-hour TWA air
concentrations measured on the day of neurobehavioral testing. Mean chronic indices were zero

for the never-exposed group of laundry workers, 68 for the dry-cleaning workers with low

19 Although published a year after this study (Echeverria et al., 1994), the study by Echeverria et al. (1995),
discussed previously, was conducted in 1986, 3 years before this study.
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exposure (pressers/clerks), and 1,150 for the dry-cleaning workers with high exposure
(operators). Mean exposures (8-hour TWA, using results from passive sampling of personal air)
for workers placed in these chronic exposure categories were <0.2 ppm (laundry workers), 3 ppm
(pressers/clerks), and 9 ppm (operators). Dry-cleaning workers placed in the chronic exposure
categories of low and high had been employed in their current job for 2.6 and 11 years,
respectively. The subjects also were placed in acute and subchronic exposure categories of

<1 ppm (laundry workers and some dry-cleaning workers, e.g., clerks), low (mainly pressers),
and high (operators), with corresponding current tetrachloroethylene 8-hour mean concentrations
of 0.5, 3, and 20 ppm, respectively. Dry-cleaning workers placed in the acute and subchronic
low exposure and high exposure categories had been employed in their current job for 5 and 9
years, respectively. Because of the changes in dry-cleaning practices over the course of the
study, many subjects in the high chronic-exposure category could be found in the low acute- and
low subchronic-exposure categories because these latter two indices were based on air
concentrations on the day of testing.

The test battery included tests of cognitive function, including visuospatial memory,
motor skills, mood, CNS symptoms, and basic verbal and arithmetic skills. The chronic and
subchronic assessment was based on tests given during the morning of each subject’s day off and
on preshift scores. Each subject signed a consent form, provided a breath sample at each test
session, and completed a questionnaire covering transient factors that could affect performance
(e.g., headache). This was followed by questionnaires on medical history, medication, drug and
alcohol use, occupational and nonoccupational exposure to chemicals, symptoms, and mood.

Multivariate analysis was used to evaluate the relationship between exposure indices and
levels and performance on neurobehavioral tests after adjusting for the potential confounders of
age, gender, race, vocabulary level (as a surrogate for education and test-taking), and alcohol
consumption. Indications of associations between increased indices of chronic (lifetime)
exposure and reduced test performance were found in three tests of cognitive function: switching
(p =0.1), pattern memory (p = 0.03), and pattern recognition (p = 0.09). The magnitude of
change attributable to tetrachloroethylene was a 3% loss in function for the latency of pattern
memory and an 11% loss in function for the correct number in visual reproductions. Subjective
measures of mood and symptoms were not significantly associated with exposure. Dry-cleaning
workers scored lower (but not significantly) on all but one of the remaining tests (the digit span
test). Analysis of the association between test scores and measures of subchronic exposure
(8-hour TWA tetrachloroethylene concentrations on the day of testing) confirmed the findings of
the chronic analysis: reduced scores on tests of switching (» = 0.1) and pattern recognition
(p = 0.04) as exposure increased. In summary, Echeverria et al. (1994) detected deficits in

visuospatial function (reduced performance in tests of pattern memory and pattern recognition)
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in the dry-cleaning workers categorized as having high lifetime chronic exposure and whose
current exposure level was 9 ppm, 8-hour TWA. However, the exposure level of 9 ppm is not
representative of past chronic exposure levels because of changes occurring in the industry in the
study area (i.e., switching from wet-transfer to dry-to-dry machine). The investigators attributed
the reduced performance to exposures 3 to 5 years previously that were about two to four times
higher, and they hypothesized that a few years of reduced exposure may not be long enough to
eliminate the residual effects on visuospatial function caused by the exposures associated with
wet-transfer machines.

Spinatonda et al. (1997) assessed the effect of tetrachloroethylene exposure on cognitive
function by measuring vocal reaction times among 35 dry cleaners and 39 unexposed controls.
Controls were matched to exposed individuals by age (mean age of 35 years for both groups) and
education. The published paper did not identify the population from which exposed subjects and
controls were drawn or the inclusion criteria for exposed subjects and controls. Exposure was
assessed by a “grab sample” collected at the time of the neurological testing and is not a TWA.
Exposure monitoring indicated a median concentration of tetrachloroethylene of 8 ppm (range:
2-136 ppm). An index of cumulative exposure to tetrachloroethylene was also developed for
each exposed subject by multiplying the tetrachloroethylene concentration by the number of
years worked. Latency to and duration of vocal response to the stimulus (reading) were
measured in each subject after the presentation of a sequence of words on a computer screen.
For each condition, subjects were asked to say each word immediately or following delays of 0.1
or 0.5 seconds. The test was performed using a random sequence of concrete or meaningless
disyllabic words. These tests were carried out at the place of employment for dry cleaners and in
a clinical setting for controls, indicating that the investigators were not blinded as to a subject’s
exposure status. Compared with the control group, the exposed group had statistically
significant longer mean reaction times and/or vocalization durations under all response
conditions (immediate or delayed response) with either real or meaningless words. Furthermore,
statistically significant positive correlations were observed between cumulative
tetrachloroethylene exposure and immediate reading and delayed reading tasks (» = 0.69 and » =
0.73, respectively). No information on alcohol consumption or other potential differences
between exposed subjects and controls was reported, precluding an analysis of how these factors
may have affected the observed association between tetrachloroethylene and reaction time.

Sharanjeet-Kaur et al. (2004) examined visual function effects by assessing color vision
in 14 workers, ages 24—53 years, in three dry-cleaning facilities using tetrachloroethylene in
Malaysia. This study was part of a larger study assessing color vision in two other
occupationally exposed populations (39 workers in a factory producing polyethylene resin plastic

storage containers and 40 workers manufacturing polystyrene plastic bags). The paper does not
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report how facilities were identified or recruitment methods for study subjects. Furthermore, the
paper does not present any information on tetrachloroethylene concentrations,
tetrachloroethylene biomarkers, or exposure levels in this type of work setting in Malaysia,
making it difficult to judge the degree of exposure. Controls (n=29)"" were recruited from the
support staff of the Universiti Kebangsaan Malaysia and were age-matched to dry-cleaning
workers (mean age: 33 + 8.5 years and 33 + 3.9 years in dry cleaners and controls, respectively).
However, dry-cleaning workers differed from controls on several variables: work duration
(mean: 6.7 and 12.6 years in dry cleaners and controls, respectively), hours worked per day
(mean: 9.8 and 8.3 in dry cleaners and controls, respectively), cigarette smoking (36 and 7% in
dry cleaners and controls, respectively), and race (50 and 90% Malays in dry cleaners and
controls, respectively); no information is presented on possible differences between dry cleaners
and controls in socioeconomic status. Consent was obtained from all study participants. Visual
testing was carried out at the factory or dry cleaner, for exposed subjects, and at the Optometry
Clinic in the Universiti Kebangsaan Malaysia for control subjects. Thus, the investigators were
not blinded to exposure status during the testing procedure. Distance visual acuity was measured
using the Snellen chart, and near visual acuity was measured using a reading chart. Subjects
with poor visual acuity or with systemic, ocular, or neurological diseases were excluded; the
number of excluded subjects is not specified in the paper. Color vision was assessed binocularly
using Ishihara plates, the Lanthony D-15 test, and the Farnsworth Munsell (FM) 100 Hue test
under a light box at an illumination of 1,000 lux. None of the controls or dry cleaners had color
vision errors with the Ishihara plates. In contrast, errors on the Lanthony D-15 test and FM 100
Hue test were reported for 6 dry cleaners (43%) and 13 dry cleaners (93%) compared with no
errors reported among controls, respectively. Statistical testing of these differences was not
presented. Total error scores for the FM 100 Hue test differed between dry cleaners and controls
(p <0.05). Itis difficult to interpret these findings due to the lack of information on potential
tetrachloroethylene exposure other than job title, and differences between dry cleaners and
controls regarding test conditions and smoking history.

Perrin et al. (2007) evaluated the risk of schizophrenia among a cohort of 88,829 subjects
born between 1964—1976 in the Jerusalem Perinatal Project, a population-based cohort. Births in
this cohort are linked to the database of Israel's Psychiatric Registry, with cases identified using a
broad definition of schizophrenia-related disorders as recorded as hospital discharge codes.
Diagnoses for individuals with psychosis were validated, and the date of onset was identified as
the date of first psychiatric admission. Of the 88,829 births, 136 offspring were born to parents
identified as having a job title of dry cleaner on the birth certificate, 120 offspring whose fathers

""" An additional control group, Control Group 1, was included in the paper; this group was age matched to the other
factory workers included in the study.
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but not mothers were dry cleaners, 20 whose mothers but not fathers were dry cleaners, and 4
with both parents as dry cleaners; 4 of the 136 births had a later diagnosis of schizophrenia. The
relative risk (crude) between schizophrenia and parental employment in dry cleaning was 3.9
(95% confidence interval [CI]: 1.3—9.2) using proportional hazard methods. The investigators
noted risk estimates did not greatly change when fitting proportional hazard models that adjusted
for a number of potentially confounding variables; although adjusted relative risk (RR) estimates
are not reported in the paper. Variables considered as possible confounders were parents’ age,
father’s social class, duration of marriage, rural residence, religion, ethnic origin, parental
immigration status, and offspring’s birth order, sex, birth weight, and month of birth. Family
history of mental illness was not included as a covariate; rates of schizophrenia are higher among

relatives of patients than in the general population (Mueser and McGurk, 2004).

4.1.1.2.2. Occupational exposure studies: other settings

Schreiber et al. (2002) reported the findings from investigations using visual tests to
assess neurologic function in two populations: apartment residents'? and day-care employees
who had potential environmental tetrachloroethylene exposure due to close proximity to dry-
cleaning facilities. The study of day-care employees will be discussed in this section because
their exposure would have been of a similar pattern to others in an occupational setting. The
day-care facility, located near Albany, NY, was in a building that also housed a business that
performed dry cleaning. Atmospheric monitoring of the day-care facility before closure of the
dry-cleaning business showed airborne concentrations of tetrachloroethylene ranging from 0.27
to 0.35 ppm, with median and mean concentrations of 0.32 ppm. Samples obtained at the time of
visual testing, 5 weeks after removal of the dry-cleaning machines, approached background
concentrations (range: 0.0012—0.0081 ppm).

Objectives of the investigations were to characterize tetrachloroethylene exposure and to
screen for subclinical neurological effects using a battery of visual function tests (Schreiber et

al., 2002). All participants signed consent forms. The study included all of the current staff

members of the day-care center (n =9, all adult females). Controls were age- and gender-
matched acquaintances of the exposed participants, local retail shop employees, NYSDOH
employees, or staff from other local day-care centers with no known tetrachloroethylene
exposure. All subjects in the exposed and control groups were Caucasian (telephone
communication from K. Hudnell, EPA, to D. Rice, EPA, February 2003). Mean age was

27.7 years for control participants and 27.2 years for day-care workers; mean duration of
employment at the day-care center was 4 years. Sociodemographic data, lifestyle factors (e.g.,

personal and passive smoking, alcohol consumption, and exercise), medical history, and

12 The results of the residential study are summarized in Residential Exposure Studies, following this section.
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neurotoxicant exposure were obtained by questionnaire. Reported alcohol consumption was
similar (low or moderate) in the exposed and control groups.
Visual function testing consisted of near visual acuity, near visual contrast sensitivity,

and color vision (Schreiber et al., 2002). Examiners were not blinded as to a subject’s exposure

status. In the contrast sensitivity test, luminance varied between the bars in sine-wave fashion,
and each test pattern represented one size of bars or spatial frequency. The bar patterns were
presented at five different spatial frequencies, thereby breaking spatial visual function into its
essential components. The least amount of luminance contrast needed to detect each bar size
was measured. A strength of this study is that the test of contrast sensitivity employed a forced-
choice procedure, providing better reliability and consistency than other approaches.
Multivariate analysis of variance was used to analyze the visual contrast sensitivity data. Color
vision was assessed using the Lanthony D-15 test, with calculation of color confusion index
(CCI) based on the accuracy of the chip placement. Group differences in the CCI were assessed
using two-tailed Student’s #-tests for matched-pair analyses.

The mean measure of visual acuity was 20:22.2 in the exposed day-care workers and
20:26.4 in controls (p = 0.16). There was a statistically significant lower group mean visual
contrast sensitivity score across all spatial frequencies when day-care employees were compared
with the control group (refer to Figure 4-1). The mean CCI scores were 1.22 and 1.18 in the
exposed day-care workers and controls, respectively (p = 0.39).

Although it should be noted that the controls came from a different area (a rural area in
upstate New York) compared to the exposed subjects from New York City, there is little
evidence that degree of urbanity would be related to visual contrast sensitivity. Education has
not been found to be related to performance on the visual contrast sensitivity test (NYSDOH
2005b; U.S. EPA, 2004; Hudnell et al., 2001; Frenette et al., 1991; Mergler et al., 1991).

Additionally, occupation is highly correlated with socioeconomic status (Deonandan et al., 2000)

and is also not likely to confound the visual contrast sensitivity test.
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Figure 4-1. Visual contrast sensitivity functions for control and exposed
participants in a study of workers in a day-care center located in a building
with a dry-cleaning facility (Schreiber et al., 2002).

The X-axis represents the frequency of the stimulus bars, with finer bars toward the right. The
Y -axis represents the inverse of the contrast at which the subject could no longer distinguish the
orientation of the bars (threshold). Blue circles (top line) = controls; red circles (bottom line) =
exposed. For any frequency, a higher contrast sensitivity threshold represents better visual
function. Visual contrast sensitivity was significantly lower across all spatial frequencies in
exposed workers at a day-care center colocated with a dry-cleaning facility compared with their
matched controls. Used with permission of the authors.

The Pumpkin Patch Day Care Center Follow-up Evaluation (NYSDOH, 2010, 2005a, b)

examines the effect of tetrachloroethylene exposure on visual function in former students of the

day-care center collocated in a building with a dry-cleaning facility that was studied by Schreiber
et al. (2002). This study is discussed in this section because the children’s exposure would have
been of a similar pattern to others in an occupational setting, although exposure ceased 4 years
prior to this study. Children eligible for testing in the current evaluation were enrolled in the
New York State Volatile Organic Chemical (VOC) Registry and had attended the day-care
center. Of the 115 who met this criterion, 27 children with the highest number of hours spent at
the day-care center were invited to participate; 17 children completed vision testing, and

13 children completed some or all of the neurobehavioral assessment. Referents (controls) were
children who attended other day-care centers and were matched to the exposed children by day-
care experience, age, and gender. No information is provided on methods employed for referent
participation. Overall, 17 Pumpkin Patch Day Care Center and 13 comparison children

(13 matched pairs) completed vision testing, and 13 Pumpkin Patch Day Care Center and

13 comparison children (8 matched pairs) completed neurobehavioral testing, consisting of a
battery of tests that assess general intellectual function, attention/information processing speed,
visuospatial ability, reasoning and logical analysis, memory, motor functions, and sensory-

perceptual functions. A parent or guardian completed the Child Behavioral Checklist and a
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background history questionnaire. Neurobehavioral function of the 13 Pumpkin Patch Day Care
Center children evaluated in this follow-up study did not differ from that of the 13 referent
children, and Pumpkin Patch Day Care Center children performed better than referent children
on several tests. Visual function testing consisted of visual acuity, far visual contrast sensitivity,
and color vision. Visual contrast sensitivity was determined using the Functional Acuity
Contrast Test distance chart placed 10 feet from the participant under light conditions specified
by the manufacturer. Scores for each eye were recorded on a graph showing a normal range
(90% CI) of visual contrast sensitivity at each spatial frequency. Color vision was assessed using
both the Farnsworth D15 and Lanthony D-15 tests. Both color vision and contrast sensitivity
tests were performed monocularly. Examiners were not specifically blinded to exposure status,
but this information could have been revealed by the participant during the examination. Using
the Wilcoxon matched-pairs signed-ranks test, Pumpkin Patch Day Care Center children
performed better on the visual contrast sensitivity test compared to referent children. No
significant difference in the proportions of children with abnormal color vision or with children
making major errors, or with CCI scores were observed between Pumpkin Patch Day Care
Center and referent children. Similar results on the vision tests were observed when excluding

two pairs who were <6 years old.

4.1.1.2.3. Residential exposure studies

This section discusses studies of residential exposure scenarios. Residential exposure to

tetrachloroethylene can result in nearly continuous exposure (NYSDOH, 2005b) and is distinct

from the pattern of occupational tetrachloroethylene exposure.

Altmann et al. (1995) examined neurological effects of long-term exposure to
tetrachloroethylene among residents of Mulheim, Germany, who lived near dry-cleaning shops.
A total of 19 exposed subjects were chosen from a population of 92 individuals living in
neighborhoods close to dry-cleaning facilities. Three criteria were used to select subjects: (1) a
tetrachloroethylene blood level above 0.002 mg/L, (2) a period of living above or next to a dry-
cleaning facility for at least 1 year, and (3) no occupational exposure to organic solvents. The
mean age of the exposed subjects was 39.2 years (range: 27—58 years), and the mean duration of
living near a dry-cleaning facility was 10.6 years (range: 1—30 years). Thirty potential controls
(mean age: 37.2 years, range: 24—63 years) were recruited, mainly from the staff of a public
health office or an institute for environmental hygiene. One or two controls, matched for age (%1
year, but £3 years in one case and =6 years in another case) and gender, were chosen for each
exposed subject. Consent was obtained from all subjects prior to the initiation of testing. Five
exposed (26%) and seven control subjects (23%) were excluded for various medical reasons,

including impaired vision, diseases with potential neuropathy, hypertension, and joint
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impairment. All subjects met standards for visual acuity and vibration perception. The final
exposed group included 14 subjects (5 men, 9 women), and the control group included 23
subjects (9 men, 14 women). The two groups did not differ with regard to consumption of
alcoholic beverages, regular medication, smoking, or body mass index. Level of education was

29 ¢

divided into three categories, “low,” “medium,” or “high” (definitions of these categories were
not provided). The numbers of exposed subjects by education group (low, medium, and high)
were 4, 8, and 2, respectively; the numbers of controls in these respective groups were 1, 12, and
10, indicating a considerable imbalance across these strata. The effect of tetrachloroethylene
exposure on the neurophysiological and neurobehavioral measurements was evaluated using
linear regression, adjusting for age, gender, and the three-level education variable.

Visual evoked potentials (a measure of visual function) in response to black-and-white

checkerboard patterns were recorded for all individuals (Altmann et al., 1995). Vibration

perception using a tuning fork—a crude measure of peripheral neuropathy—was assessed at the
ankle. Five tests included in the Neurobehavioral Evaluation System developed in the United
States and adapted for testing on a German population were used: (1) finger-tapping speed with
the index finger of both the dominant and the nondominant hand; (2) hand-eye coordination
using a joystick to follow a sine wave on a computer screen; (3) a continuous performance test
for assessment of vigilance, which requires a response to a specific stimulus appearing on the
computer screen and failure to respond to other stimuli; (4) simple reaction time, which requires
the fastest possible response to a simple visual stimulus (measured twice); and (5) visual memory
on the Benton visual retention test, which requires a match of a previously displayed stimulus out
of several choices after a short delay interval. All testing was completed in a single 3-hour
session; testing times were selected randomly for both exposed or control subjects.

Blood samples were taken in the exam room immediately before testing (all subjects)

and, if possible, once when the exposed subjects were at home (Altmann et al., 1995). The mean

blood level for exposed subjects at the examination was 0.0178 mg/L (standard deviation:

0.469 mg/L). For seven of the nine exposed subjects, blood concentrations in samples collected
at home were higher than those in samples collected at the examination. None of the blood
concentrations in the control group exceeded the detection limit of 0.0005 mg/L. For the
exposed subjects (data from 13 apartments), indoor air sampling indicated that the mean (7-day
TWA) air concentration was 0.7 ppm (standard deviation: 1 ppm), and the median was 0.2 ppm.
For the control group, the mean and median values were 0.0005 ppm (standard deviation: 0.0005
ppm) and 0.0003 ppm, respectively. There was a good correlation between home indoor air
concentrations and blood levels of tetrachloroethylene in the exposed subjects (» = 0.81). The

correlation was much lower when the examination room blood samples were used (» = 0.24).
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Altmann et al. (1995) observed statistically significant differences between the adjusted
mean scores of exposed and control subjects on neurobehavioral tests of simple reaction time
(p <0.05 for the first test and p < 0.01 for the second test), continuous performance (p < 0.05),
and visual memory as tested with the Benton visual retention test (p < 0.05). In all cases, the
exposed subjects had slower response times or more errors than did the unexposed controls. The
degree of change from control was approximately 15—20% for these tests. The potential for
residual confounding by education should be considered; however, although education level was
independently associated with these measures and its affect on performance adjusted in the
statistical analysis, the use of three categories for education in the multivariate regression
analyses may not fully account for all effects from this covariate. No statistically significant
differences were observed between the performance of the exposed and control groups on the
finger-tapping or hand-eye coordination tests, which are measures of fine motor function; on
visual evoked potentials, which may be less sensitive than direct measurement of visual function;
or on vibration perception at the ankle using a tuning fork.

Schreiber et al. (2002) examined neurologic function as assessed by visual tests among
apartment residents who had potential environmental tetrachloroethylene exposure due to close
proximity to dry-cleaning facilities.”” The apartment residents lived in two separate buildings in
New York City that each contained a dry-cleaning business. The residential study served as a
pilot for a larger study that is investigating visual effects among tetrachloroethylene-exposed
residents. The exposed group consisted of 17 subjects (11 adults between the ages of 20 and 50,
2 adults over the age of 60, and 4 children, ages 6—18) from six families residing for a median of

6 years in two apartment buildings in New York City'* (Schreiber et al., 2002). Preliminary

monitoring of these buildings indicated tetrachloroethylene concentrations were elevated
compared to eight other buildings also monitored by the NYSDOH. Exposed residents were
from an affluent, English-speaking, Caucasian population living near New York City’s Central
Park (telephone communication from K. Hudnell, EPA, to D. Rice, EPA, February 2003).
Exposed participants were generally unaware of the tetrachloroethylene exposure, although some
study participants noted tetrachloroethylene-like odors prior to the study. Controls were
recruited from among NYSDOH Albany, NY employees and their families. All controls were
Caucasian, except for one Asian individual, and were age- and sex-matched to exposed

apartment residents. In some cases, more than one control participant was matched to an

1 Another study by Schreiber et al. (2002) of day-care staff from a center collocated with a dry-cleaning facility,
using a similar testing protocol, was described in the Occupational Exposure Studies—Other Settings section.

' Study subjects were identified through several methods: (1) both families in the first building (Building A) had
been referred to the NYSDOH for information about participating in the study by Consumer Union/Hunter College
researchers, (2) one family in the second building (Building B) had previously contacted NYSDOH about exposure
concerns and desired to participate in a study, and (3) three other families in Building B were recruited by a
participating family (NYS OAG, 2004).
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exposed subject. Mean age was 34.5 years for exposed apartment residents and 33.2 years for
control subjects.

The assessment of tetrachloroethylene exposure of residents consisted of concentrations
in indoor air and personal air samples, exhaled breath, and blood, which were collected at the
time of visual testing. Testing was performed during a period of active dry cleaning for four of
the families and 1 month after closure of the facility for the remaining two families in the
residential study. Adult residents also provided urine samples, which were analyzed for
tetrachloroethylene as well as for three products of its metabolism: TCA, trichloroethanol, and
the urinary acetyl metabolite. Ambient concentrations of tetrachloroethylene from 1 to 3 months
before the date of visual testing, when active dry cleaning was occurring in both apartment
buildings, were available for all subjects. Median concentrations in these samples were
0.21 ppm (mean: 0.36 ppm; range: 0.1-0.9 ppm). Airborne tetrachloroethylene concentrations
had decreased in samples collected at the time of visual testing; median tetrachloroethylene
concentration was 0.09 ppm (mean: 0.18 ppm; range: 0.01—-0.78 ppm). Tetrachloroethylene
levels in blood correlated well with levels in room air, personal air, and breath.

All participants, or their guardians in the case of children, signed consent forms prior to
study commencement. Information on sociodemographics; lifestyle factors such as exposure to
direct or passive smoke, alcohol consumption, and exercise; medical history; and neurotoxicant
exposure in addition to the visual tests was obtained by questionnaire from both study
populations and their controls. Exposed participants had no known exposure to other
neurotoxicants, ongoing illness, current use of neuroactive drugs, or a medical history indicative
of neurologic dysfunction. Reported alcohol consumption (low to moderate) was similar in the
adult exposed and control groups, and the Profile of Moods test scores of all residential exposed
subjects were within normal limits. However, two of the four children had medically verified

diagnoses of learning disabilities or developmental delays (NYSDOH, 2004).

As described in the previous discussion of Schreiber et al. (2002) (refer to Section
4.1.1.2.2 Occupational Exposure Studies—Other Settings), visual function testing consisted of
near visual acuity, near visual contrast sensitivity, and color vision, and the investigators were
not blinded as to a subject’s status as either exposed or nonexposed. The mean measure of visual
acuity was 20:27.7 in exposed residents and 20:22.8 in controls (p = 0.12). Group mean scores
for visual contrast sensitivity across spatial frequencies were statistically significantly lower in
exposed residents than in controls, indicating poorer visual function in the exposed groups (refer
to Figure 4-2). An exposure-response analysis did not show an association between poorer
performance and increasing tetrachloroethylene concentration. CCI scores (a measure of color

vision) of the exposed group were lower than those of controls, but the difference was not
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statistically significant (mean: 1.33 and 1.20 in exposed and control groups, respectively,

p=0.26).
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Figure 4-2. Visual contrast sensitivity functions for control and exposed

participants in residential exposure study (Schreiber et al., 2002).

The X-axis represents the frequency of the stimulus bars, with finer bars toward the right. The
Y-axis represents the inverse of the contrast at which the subject could no longer distinguish the
orientation of the bars (threshold). Blue circles (top line) = controls; red circles (bottom line) =
exposed. For any frequency, a higher contrast sensitivity threshold represents better visual
function. Visual contrast sensitivity was significantly lower across all spatial frequencies in
exposed residents of apartments in building with dry-cleaning facilities compared with their
matched controls. Used with permission of the authors.

A larger study of the effect of tetrachloroethylene exposure on visual function in
residents living in buildings colocated with a dry-cleaning establishment was also conducted
(Storm et al., 2011 [previously reported in NYSDOH, 2010]; NYSDOH, 2005a, b). This study,
the New York City Perc Project, did not include the subjects in Schreiber et al. (2002) and

employed different methods for testing visual contrast sensitivity and color vision. Study design

and protocols were approved by Institutional Review Boards at the NYSDOH and other
collaborating institutes (Mt. Sinai Medical Center and the Centers for Disease Control and
Prevention). Sixty-five households in 24 residential buildings with dry cleaners using
tetrachloroethylene on-site, and 61 households in 36 buildings without dry cleaners were
recruited. Health outcome and tetrachloroethylene concentrations as measured from indoor air
monitoring and in exposed subject’s breath and blood were obtained over the period from
2001-2003. McDermott et al. (2005) presents exposure monitoring findings from the dry-
cleaner households.

Subjects were identified in buildings from eleven contiguous zip code areas surrounding

Central Park, New York City. Household eligibility criteria included the presence of at least one
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adult (20—55 years old) and one child (5—14 years old), so as to assess whether residential
tetrachloroethylene exposure would disproportionately affect children. Initial monitoring
indicated few residences in dry-cleaner buildings, with elevated indoor air concentrations of
tetrachloroethylene above the current NYSDOH residential air guideline of 0.015 ppm

(0.1 mg/m®). The study area was broadened to include buildings that had been the subject of a
resident complaint and to include buildings in additional zip codes, primarily characterized by
lower socioeconomic status or higher percentage of minority residents. Of the 1,261 dry-cleaner
and 1,252 reference households contacted, 132 dry-cleaner households and 175 reference
households included age-eligible adult-child pairs. A total of 65 dry cleaner (67 adults,

68 children) and 61 referent households (61 adults, 71 children) participated in the study. The
socioeconomic status characteristics, residence duration, education level, age, and smoking and
alcohol use were similar in the adult residents of reference buildings and the residents of
buildings with dry cleaners. Differences between child residents in gender or residence duration
are not apparent, but the highest exposure group is about a year younger and has about one less
year of education than children in the other exposure groups. All participants or their guardians
signed voluntary consent forms prior to study commencement.

NYSDOH staff visited participants in their residences to collect 24-hour indoor air
samples and breath samples, and to give adult participants a questionnaire seeking information
on residential, occupational, and medical history for themselves and their children. Indoor air
tetrachloroethylene concentrations had decreased since 1997, the period of the pilot study

(Schreiber et al., 2002), and ranged up to around 0.77 ppm (5 m /m>) with a geometric mean of
ged up pp g g

0.005 ppm (0.035 mg/m”) in apartment buildings colocated with a dry cleaner. Monitoring was
carried out using passive monitoring badges. In comparison, tetrachloroethylene concentrations
in buildings without dry cleaners ranged up to 0.014 ppm (0.09 mg/m’) with a geometric mean of
0.0004 ppm (0.003 mg/m’). Both breath and blood tetrachloroethylene levels were significantly
(» <0.05) correlated with indoor air concentrations for adult and child subjects of dry-cleaning
buildings. LODs were 5 pg/m’ air and 0.048 mg/mL blood. Air, breath, and blood
tetrachloroethylene concentrations were inversely correlated with income and were higher
among minority compared to nonminority subjects. Participants received financial compensation
after completing the home visit ($50.00) and ophthalmology clinic visit ($50.00).

Ophthalmologic examinations and visual function tests were given to study participants
at the Mt. Sinai Medical School of Medicine Department of Ophthalmology research clinic. The
final report does not describe whether examiners were or were not blinded as to a subject’s

exposure status (NYSDOH, 2005a). The examination included determination of past ocular and

medical history; measurement of visual acuity, pupil size, extraocular motility, and intraocular

pressure; and anterior and posterior segment exams. Subjects with abnormalities or taking
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medications that could influence visual contrast sensitivity and/or color vision were excluded
from further testing. Furthermore, visual functional tests for some children were excluded from
the statistical analysis because of their young age or because they were identified by their parents
as learning disabled or having attention deficit hyperactivity disorder. Visual contrast sensitivity
was determined using the Functional Acuity Contrast Test (FACT) distance chart placed 10 feet
from the participant under light conditions of 68—240 cd/m’. These testing conditions differ
from those employed by Schreiber et al. (2002) in their residential study where visual testing was
carried out, assessing near-contrast sensitivity.

Adults and children demonstrated a ceiling effect with visual contrast sensitivity
performance, i.e., a maximum score at 1.5, 3, 6, 12, and 18 cycles per degree (cpd) is achieved
by some study participants. Visual contrast sensitivity scores among adults were not correlated
with any socioeconomic status factor or personal characteristics (smoking, alcohol use, education
level, duration of residence). Among all children, poorer visual contrast sensitivity at 1.5, 3, and
6 cpd was significantly correlated with speaking primarily Spanish at home.

Analyses examining relationships between tetrachloroethylene and visual function were
conducted using three categories of exposure: the referent exposure group (background exposure,
living in a building without a dry cleaner, geometric mean: 2.9 ug/m3 [0.0004 ppm], range:
1.5-4.2 pg/m’ [0.0002—0.0006 ppm]); <100 pg/m’ [geometric mean: 11.6 pg/m’® {0.002 ppm},
range: 4.2-42.0 pg/m’ {0.0002—0.006 ppm}]; and >100 pg/m’ [geometric mean: 477.9 pg/m’
{0.07 ppm}, range: 268.9—735.3 pg/m’ {0.04—0.11 ppm}]."> A decreasing trend (p < 0.05) was
observed across these three exposure groups and the proportion of adults achieving the
maximum contrast sensitivity score at 6 cpd (28.3, 14.3, and 8.3% in the referent, <100, and
>100 pg/m’ groups, respectively). This pattern was also observed in analyses stratified by race
or ethnicity, or by income, although the smaller sample sizes resulted in larger p-values (from
0.09 to 0.30) for each of the individual strata. In children, decreasing scores were observed at 6
cpd (43.4, 33.3, and 18.2% in the referent, <100, and >100 pg/m’ groups, respectively, trend: p =
0.05) and 12 cpd (37.7, 33.3, and 0.0% in the referent, <100, and >100 pg/m’ groups,
respectively, trend: p = 0.02). These effects were limited to minority and low income children in
the ethnicity and income-stratified analyses.

Results from logistic regression analyses further support susceptibility of children—but
not adults—to an adverse effect of tetrachloroethylene exposure on visual contrast sensitivity.
Whereas adult visual contrast sensitivity in the worse eye at 6 or 12 cpd was not significantly
influenced by any measure of tetrachloroethylene exposure, visual contrast sensitivity

performance at 12 cpd among children was significantly influenced (p < 0.05) by

3100 pg/m*=0.015 ppm.
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tetrachloroethylene concentrations in either indoor air or in blood; i.e., a lower percentage of
children achieved a maximum visual contrast sensitivity score with higher tetrachloroethylene
exposure. Odds ratio estimates were 2.64 (95% CI: 1.41, 5.52), 3.37 (95% CI: 1.44, 9.29), and
3.54 (95% CI: 0.94, 17.79) for the association between visual contrast sensitivity performance in
the worse eye at 12 cpd and indoor tetrachloroethylene, exhaled breath tetrachloroethylene at
home, and blood tetrachloroethylene, respectively. The logistic regression models examining
visual contrast sensitivity findings were adjusted for ethnicity or race and age, and, in adults,
smoking and alcohol use.

Color vision was assessed biocularly using both the Farnsworth D-15 test (differentiates
between strong/moderate and mild/normal CCI) and Lanthony D-15 test (differentiates between
normal and mild CCI). Both tests were administered under light conditions specified by the
manufacturer. Analyses were carried out using the proportion of subjects with no errors,
comparing quantitative differences in CCI, and logistic regression modeling to assess
associations between tetrachloroethylene exposure measures and occurrence of any major errors.
A high proportion of adult and child participants scored perfectly on both the Farnsworth and
Lanthony color vision tests. Lower annual household income, being a member of a minority
group, speaking primarily Spanish at home, and fewer years of education were all significantly
associated with increased CCI on both color vision tests. Tetrachloroethylene measures of
exposure were unrelated to color vision performance among adults; however, similar to visual
contrast sensitivity performance, children appear to be a more susceptible population. There
were no differences between exposure groups among adults or children in the percentage of
subjects with major errors on both color vision tests. A comparison of mean CCI between
exposure groups showed that children in the high-exposure category performed worse (mean:
CCI of 1.3, range: 1.0—1.9) compared with children in the low-exposure category (mean: CCI of
1.1, range: 1.0—1.7) and compared with referent children (mean: CCI of 1.2, range: 1.0-2.0) on
the Lanthony test; the test for trend for the three exposure groups was statistically significant
(p <0.05). Performance (mean CCI) on the less sensitive Farnsworth test was not associated
with tetrachloroethylene exposure in either adults or children. Moreover, for children,
tetrachloroethylene in breath was significantly associated (p < 0.05) with making one or more
major errors on the Lanthony color vision test in logistic regression analyses that adjusted for the
effects of age and gender. Logistic regression analyses examining color vision and other
tetrachloroethylene measures such as indoor tetrachloroethylene concentration or breath
concentration were not discussed in NYSDOH (2005a). The higher mean difference in CCI
between children and adults in the highest exposure category (>0.015 ppm or >100 pg/m>)
compared with referents was statistically significant. NYSDOH (2010) believed the decreased
mean child-adult difference in CCI was likely influenced by the low adult CCIs in the highest
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exposure group. Children in the high-exposure group, furthermore, were a year younger than in
other exposure groups; age was correlated with CCI and with tetrachloroethylene exposure in
this study. The highly correlated variables and the few numbers of children in the high exposure
group limit analysis of age effects on the association between breath tetrachloroethylene
concentration and CCI.

In summary, this study adopts a different approach than Schreiber et al. (2002) to assess
vision, using far vision methods as opposed to the near vision methods of Schreiber et al. (2002).
For contrast vision, a number of analyses (Storm et al., 2011 [previously reported in NYSDOH
2010]; NYSDOH, 2005a) are suggestive of vulnerability among children. Exposure to >0.015
ppm (>100 pg/m’) tetrachloroethylene was highly correlated with race and children’s age, and

the sample sizes in the highest exposure group, especially in higher income, nonminority groups,
make it difficult to fully examine possible effects of income, race, and age on vision. However,
association of tetrachloroethylene exposure >0.015 ppm (>100 pg/m’) with visual deficits

suggests a susceptibility of the children studied.

4.1.1.2.4. Oral exposure studies

Risk of learning and behavioral disorders was evaluated in relation to prenatal and
postnatal exposure to tetrachloroethylene in Cape Cod towns with a contaminated water
distribution system during 1969—1983 (Janulewicz et al., 2008). Mothers reported
developmental and educational histories and learning and behavioral disorders in self-

administered questionnaires returned during 2002—2003. Developmental risks were evaluated in
relation to the amount of tetrachloroethylene delivered to each subject’s residence during the
prenatal period (from the month and year of the last menstrual period through the month and year
of the birth) and during the early postnatal period (from the month and year of the birth through
the month and year of the 5" birthday). Prenatal and postnatal exposures were evaluated
separately in generalized estimating equation regression models. After excluding 404 subjects
because they had an attribute with a known association with the outcomes under study, there
were 2,086 children in the final data set. Of these, 842 and 1,244 children had no and any
prenatal exposure, respectively, and 760 and 1,326 children had no and any postnatal exposure,
respectively. Exposed and unexposed children were similar with respect to demographic
characteristics and behaviors. Low- and high-exposure categories were developed for the
9-month prenatal period and 5-year postnatal period using the number of grams of
tetrachloroethylene that corresponded to an average drinking water concentration of 40 pg/L, the
action level used in 1980, as a cutpoint. The authors reported that no meaningful associations
were observed between prenatal exposure and receiving tutoring for reading or math, being

placed on an Individualized Education Plan, or repeating a school grade. Increased odds ratios
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were noted among subjects with low exposure compared to no exposure for receiving a diagnosis
of attention deficit disorder or hyperactivity disorder, special class placement for academic or
behavioral problems, or lower educational attainment (high school graduate or less). However,
odds ratios were not markedly increased for subjects with high exposure (<1.1). For example, in
generalized estimating equations models adjusted for maternal age, race, and education, child’s
sex, and prematurity and/or low birth weight, the odds ratio for attention deficit disorder was 1.4
(95% CI: 0.9-2.0) among subjects with low prenatal exposure and 1.0 (95% CI: 0.7-1.6) among
subjects with high prenatal exposure. For postnatal exposure, no associations were observed for
receiving tutoring for reading or math, special class placement for academic or behavioral
problems, repeating a grade in school, or lower educational attainment. The same pattern of risk
with exposure level also was observed for low and high postnatal exposure compared to no
exposure. For example, the adjusted odds ratio for attention deficit disorder was 1.3 (95%

CI: 0.9-1.9) among subjects with low postnatal exposure and 1.0 (95% CI: 0.6—1.7) among

subjects with high postnatal exposure.

4.1.1.3. Summary of Neuropsychological Effects in Low- and Moderate-Exposure Studies

A summary of neuropsychological effects observed in chronic occupational or residential
exposure studies of tetrachloroethylene is shown in Table 4-2 and discussed by domain below.
Several studies (Storm et al., 2011 [previously reported in NYSDOH, 2010]; NYSDOH, 2005a,
b; Schreiber et al., 2002; Altmann et al., 1995; Echeverria et al., 1995) employed multiple

measures of exposure (indoor air monitoring, personal monitoring, and in some cases, biological

monitoring). Although some variation is expected and was observed in individual studies
[Altmann et al. (1995) for example], the correlation between tetrachloroethylene concentration as
assessed from indoor air monitoring or personal monitoring and biological metrics such as blood
tetrachloroethylene concentration was quite strong, suggesting indoor air concentration as a
reasonable exposure metric. Many studies did not include exposure monitoring of individual

subjects, and the statistical analyses compare groups using ¢-tests or y” tests (Spinatonda et al.,

1997; Ferroni et al., 1992). Dose response and multiple logistic regression analyses are

statistically more powerful, and five studies observed correlations or associations between
various tetrachloroethylene exposure measures and specific neurobehavioral tests (Storm et al.,
2011 [previously reported in NYSDOH, 2010]; Altmann et al., 1995; Echeverria et al., 1995;
Cavalleri et al., 1994; Seeber, 1989).
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Table 4-2. Summary of effects of chronic tetrachloroethylene exposure in humans observed in studies of
neuropsychological function?

(Reference), n exposed,
mean or median
exposure(s)

Visual domain?

Cognitive domain (executive function, attention)®

Motor?

Spatial
vision
(VCS)

Color

vision® | VEP

Visuo-
spatial
memory®

Vigilance

Trail-
making

Digit
span,
symbol

Cancellation

Information
processing®

Simple
reaction
time

Fine
motor
function

Occupational exposures—dry-cleaning settings

Lauwerys et al. (1983),
n=26,21 ppm

Seeber (1989), n =101,
12 and 53 ppm

Nakatsuka et al. (1992),
n =064, 13 ppm

Ferroni et al. (1992),
n =60, 15 ppm

Cavalleri et al. (1994),
n =135, 6 ppm

Gobba et al. (1998);
Cavalleri et al. (1994)
follow-up, n =33, 4 ppm

Echeverria et al. (1995),
n=065,11,23,41 ppm

Echeverria et al. (1994),
n=173,<0.2, 3,9 ppm

Spinatonda et al. (1997),
n =35, 8 ppm

Sharanjeet-Kaur et al.
(2004), n = 14, not
reported
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Table 4-2. Summary of effects of chronic tetrachloroethylene exposure in humans observed in studies of
neuropsychological function (continued)

Visual domain® Cognitive domain (executive function, attention)? Motor?
(Reference), n exposed, | Spatial Visuo- Digit Simple Fine
mean or median vision | Color spatial Trail- span, Information | reaction | motor
exposure(s) (VCS) | vision® | VEP | memory® | Vigilance | making | symbol | Cancellation | processing® time | function
Occupational exposures—other settings
Schreiber et al. (2002), +
Day-care workers n =9,
0.32 ppm
Residential exposures
Altmann et al. (1995), — + + + o
n=19,0.7 ppm
Schreiber et al. (2002), + +
n=17 (13 adults and 4 (trend)
children), 0.4 ppm
McDermott et al. (2005); | +(C), | —(C),
NYSDOH (Storm et al. —A) | —A)

2011; NYSDOH, 2010),
n = 68 children (C),
n =67 adults (A), 0.005

ppm

*+ denotes effects observed (i.e., worse performance) in exposed group; — denotes no effect or better performance in exposed group; —* denotes better
performance in the exposed group (before shift measure); blank cell denotes test not performed.

" Based on Lanthony D-15 test, except for Nakatsuka et al. (1992), who used a less sensitive version of this test.

¢ Tests include digit reproduction (
Benton test (Altmann et al., 1995).

4 Tests include choice reaction time (Seeber, 1989), perceptual threshold (

stimuli (Spinatonda et al., 1997).

Seeber, 1989); switching, pattern memory, and pattern recognition (Echeverria et al., 1995; Echeverria et al., 1994); and

Seeber, 1989), finger tapping (Ferroni et al., 1992), and vocal reproduction to reading
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4.1.1.3.1. Visual function domain

Color vision and visual contrast sensitivity are the visual domains that have been
observed to be affected by chronic exposure to tetrachloroethylene (refer to Table 4-2). Only
Schreiber et al. (2002) and NYSDOH (2005a) assessed spatial vision (VCS, visual contrast
sensitivity), an effect reported for exposure to other solvents (Schreiber et al., 2002; Hudnell et
al.. 1996a; Hudnell et al., 1996b; Broadwell et al., 1995; Campagna et al., 1995; Donoghue et al.,
1995; Bowler et al., 1991; Frenette et al., 1991; Mergler et al., 1991). In Schreiber et al. (2002),

visual contrast sensitivity deficits in subjects (mostly adults) with normal visual acuity were

observed at low-exposure concentrations in residential populations, and in NYSDOH (2005a);
evidence of these effects were observed in children but not in adults. Exposure levels were
lower in the latter study [mean: 0.4 ppm and geometric mean: 0.005 ppm in Schreiber et al.
(2002) and NYSDOH (2005a), respectively]. Potential bias and confounding could have been
introduced, however, from a lack of blinding of testers and, in the latter study, the inability to
control for socioeconomic and other factors that were highly correlated with higher
tetrachloroethylene exposures.

Deficits in blue-yellow color vision, a well established effect of solvents, were observed

in dry-cleaning workers in Italy in Cavalleri et al. (1994) and in a follow-up study (Gobba et al.

1998) of this population. Cavalleri et al. (1994) specifically noted that the color vision testing
was conducted by examiners who were blinded to the exposure level of individual study
participants, and the study participants were well-matched in terms of age, smoking, and alcohol
use. Mean TWA exposure levels were approximately 6 ppm among all workers in Cavalleri

et al. (1994). There also was a statistically significant positive correlation (p < 0.01) between
TWA air concentrations and the CCI (» = 0.52), which remained after multivariate analysis
considered previous tetrachloroethylene exposure, duration, age, number of cigarettes a day, and
daily intake of alcohol as covariates. This type of color vision deficit was not observed in the
dry cleaners study by Nakatsuka et al. (1992), but the form of the color vision test used in the
latter study, the Lanthony 15, is less sensitive to mild and moderate changes in color vision
compared with the desaturated version of the test (Lanthony D-15) used in the other studies

(Lanthony, 1978). Effects on color vision were also observed among 14 dry cleaners in the small

study in Malaysia by Sharanjeet-Kaur et al. (2004), but the lack of exposure information (other
than job title), and differences between dry cleaners and controls regarding test conditions and
smoking habits indicate that this study should provide little weight in the overall conclusions
regarding color vision. Two other small studies also reported lower scores on the Lanthony D-15
color vision test in exposed groups compared with controls, but the differences were not

statistically significant: in a study of residents living above dry cleaners (mean
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tetrachloroethylene exposure during active dry cleaning = 0.4 ppm), the mean CCI scores were
1.33 and 1.20 in 17 exposed and 17 control groups, respectively (p = 0.26); in a study of workers
in a day-care center located in a building with a dry-cleaning business (mean tetrachloroethylene
exposure: 0.32 ppm), the mean CCI scores were 1.22 and 1.18 in the exposed day-care workers
and controls, respectively (p = 0.39) (Schreiber et al., 2002). The follow-up study of NYSDOH
(2005a) further suggests tetrachloroethylene effects on color vision, particularly in children,
although NYSDOH (2010) believed the decreased mean child-adult difference in CCI was likely
influenced by the low adult CCls in the highest exposure group.

Peer-consultation comments on EPA’s earlier draft Neurotoxicity of Tetrachloroethylene
(Perchloroethylene) Discussion Paper (U.S. EPA, 2003) noted that the deficit in contrast

sensitivity could reflect a sensitivity of the visual system to tetrachloroethylene, or it may be that

this test was relatively more sensitive than other vision tests or tests used for other domains (U.S.

EPA, 2004). Furthermore, the peer consultants also suggested that contrast sensitivity loss may

reflect impaired function throughout the brain, because contrast sensitivity is affected by retinal,

optic nerve, or central brain dysfunction (U.S. EPA, 2004). Nonetheless, drawing strong

conclusions from these studies is difficult, particularly in light of the paucity of data on this test

in occupational populations with higher exposure concentrations and in animal studies.
Although Altmann et al. (1992; 1990) reported alterations in visual evoked potentials

(» <0.05) with 4-hour acute exposure at 10 ppm, they were not altered in residents exposed

chronically to a median of around 1 ppm tetrachloroethylene (Altmann et al., 1995). Acute and

chronic exposures are of different patterns—short-term peak exposure versus longer-duration

exposure—and, therefore, may result in a different pattern of response.

4.1.1.3.2. Cognitive domain

Cognitive domains affected by tetrachloroethylene include visuospatial memory,
attention, vigilance (continuous performance), and speed of information processing (refer to
Table 4-2). Effects on visuospatial memory are of particular interest, given similar results in

studies that examined this type of effect in occupational (Echeverria et al., 1995; Echeverria et

al., 1994; Seeber, 1989) or residential (Altmann et al., 1995) settings, and given similar reports
for other solvents (Daniell et al., 1999; Morrow et al., 1990). Echeverria et al. (1995) found

effects among 23 dry cleaners classified as having a high chronic exposure (based on type of

shop, job title, and years of employment) on tests of pattern memory, visual reproduction, and
pattern recognition in the absence of effects on attention (digit symbol and digit span) or
executive function (trailmaking A and B). Further, Echeverria and colleagues (1994) confirmed
these findings in an independent sample of dry cleaners categorized as having high lifetime

chronic exposure and whose current exposure level was 9 ppm, 8-hour TWA; the exposure level
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of 9 ppm is not representative of past chronic exposure levels because of changes occurring in
the industry (i.e., switching from wet-transfer to dry-to-dry machine). Seeber (1989) also
reported impaired visuospatial recognition in a low exposure (mean: TWA 12 ppm) and a high
exposure group (mean: TWA 53 ppm), and Altmann et al. (1995) observed deficits on a test of
visuospatial function in residents with much lower exposure concentrations (mean: 0.7 ppm)
than those of the occupational studies. All of these studies except Altmann et al. (1995) reported
that investigators were blinded to knowledge of the exposure level of the subject. These studies
provide strong weight, given the numbers of subjects and their use of appropriate statistical
methods, including adjustment for potentially confounding factors that may be relevant for
measures of the cognitive domain. For example, Seeber (1989) adjusted for age, gender, and a
measure of intelligence (alcohol was examined but not shown by these investigators as
confounding the association between tetrachloroethylene and cognitive performance), and a
variety of potential confounders were evaluated by Echeverria et al. (1995; 1994). It should be
noted, however, that residual confounding from education level differences between exposed and
referent subjects may still be present in Altmann et al. (1995).

The results pertaining to cognitive measures other than visuospatial memory are
somewhat mixed. Altmann et al. (1995) and Ferroni et al. (1992) assessed vigilance using a
continuous performance procedure in which the subject faces a screen that presents one of
several different stimuli at random intervals. The subject must make a response to a specified
stimulus and not to the others. This test measures sustained attention and is correlated with
performance on tests of executive function. Both studies found deficits as a result of
tetrachloroethylene exposure on this task. Seeber (1989) found effects on two tests of attention
(digit reproduction and digit symbol) that are subsets of the Wechsler 1Q tests and were designed
to be sensitive to performance within the normal range. These investigators also found positive
effects on a visual scanning test (cancellation d2) that is usually used to assess laterality of brain
damage but has also proved sensitive to toxicant (lead) exposure (Bellinger et al., 1994). In
contrast, Echeverria et al. (1995) and Ferroni et al. (1992), as described in NYSDOH (1997) did
not find effects on digit span, which is given as a test of attention and memory, or digit symbol,

despite higher levels of exposure than in Seeber (1989). Speed of information processing was
assessed in two studies: Seeber (1989) and Spinatonda et al. (1997). Seeber used two tasks:
recognition and choice reaction time. Effects were observed in both groups on a task requiring
recognition of briefly presented stimuli (perceptual speed). In the choice reaction time task
(correct reactions), effects were borderline in the lower-exposure group and negative in the
higher-exposure group, with no exposure-response relationship. Spinatonda et al. (1997)

observed longer mean reaction times and/or vocalization durations to vocal and visual stimuli.
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Two studies—an occupational study with relatively higher exposure (Ferroni et al., 1992)

and the Altmann et al. (1995) residential study—also assessed simple reaction time, a task that
uses a motor response and demands a relatively modest amount of attention. In both studies,
lower performance [ranging from an increase in reaction time from 24 (11%, 102 mg/m°)
(Ferroni et al., 1992)] to 50 ms [20%, 4.99 mg/m3 (Altmann et al., 1995)] was observed among
the exposed workers compared with referents. A third study, Lauwerys et al. (1983), reported

better performance on simple reaction time in exposed workers compared with referents when

measured before a work shift but not when measured after work.

4.1.1.3.3. Motor function domain
Tetrachloroethylene exposure has not been reported to affect fine motor tests. Seeber
(1989), Ferroni et al. (1992), and Altmann et al. (1995) each assessed fine motor control using

various instruments, and all three found no significant decrements in fine motor performance.

4.1.1.3.4. Other clinical tests and conditions

A clinical neurological examination that includes the Romberg test, neuroradiological
examination, neurophysiological tests such as EEGs, and nerve conduction tests or other tests for
peripheral neuropathy have observed limited use for assessing neurotoxicologic effects in
tetrachloroethylene-exposed populations. Mental disease and behavioral disorders of neurologic
origin have not been well studied with respect to environmental factors. Perrin et al. (2007), who
reports an association between schizophrenia and parental exposure in dry cleaning, is the only
such study. A fourfold increased risk of schizophrenia was observed among offspring.
However, in a small study, Janulewicz et al. (2007) did not observe an association between
prenatal or early postnatal drinking water exposure to tetrachloroethylene and disorders of
learning, attention, and behavior. Therefore, other studies are needed to understand the role of
parental tetrachloroethylene exposure in the development of mental disease and behavioral

disorders in children.

4.1.2. Animal Studies

Tetrachloroethylene exposure in experimental studies in animals results in general
CNS-depressant activity (decreased activity, anxiolytic behavior, lethargy), impairment in
balance and motor coordination, cognitive defects, sleep cycle changes, and changes in visual
function and nerve conduction velocity. These changes have been observed following either an
inhalation or oral/intraperitoneal (i.p.) exposure. In addition to these effects, several effects on
brain pathology including DNA- and RNA-level changes, changes in neurotransmitter levels

such as acetylcholine and glutamate, and changes in brain fatty acid composition, have been
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observed. Some studies also document potential developmental neurotoxicity consequences

following exposure to tetrachloroethylene during the gestation period.

4.1.2.1. Inhalation Studies

The animal inhalation neurotoxicity studies are summarized in Table 4-3 and described in
more detail below. Neurobehavioral, neurophysiological, and developmental neurotoxicity
effects have been reported following tetrachloroethylene exposure. Two neurobehavioral studies
observed that there was an increase in motor activity following a 1-hour exposure in NMRI mice

at 90 ppm and higher (Kjellstrand et al., 1985), and there was a decrease in immobility in Swiss

OF1 mice at 649 ppm and higher during 4 hours of exposure (De Ceaurriz et al., 1983). A more

recent neurobehavioral study examined effects of Long-Evans rats in a signal detection test and
reported decreased sustained attention as a measurement of decreased trial completions and

increased reaction time during an hour exposure to 500 ppm or higher (Oshiro et al., 2008). In

F344 rats, significant changes in FEP latency and amplitude following a 12-week repeated
exposure to 800 ppm or higher were reported by Mattsson et al. (1998), and in Long-Evans rats,
changes in visual evoked potential amplitudes during an acute (60—120 minutes) exposure to
250 ppm or higher were reported by Boyes et al. (2009). Developmental neurotoxic effects were
noted in three studies (Szakmary et al., 1997; Tinston, 1994; Nelson et al., 1979) where changes

such as decreases in muscular strength and exploratory behavior as well as other behavioral

habits were significantly different from nonexposed litters. Finally, there were many changes in
brain pathology as noted by decreased brain weight, brain DNA levels, and changes in
neurotransmitter levels (Wang et al.. 1993; Kyrklund and Haglid, 1991; Kyrklund et al., 1990,
1988; Karlsson et al., 1987; Kyrklund et al., 1987; Briving et al., 1986; Rosengren et al., 1986;
Kjellstrand et al., 1984; Kyrklund et al., 1984; Honma et al., 1980a; Honma et al.., 1980b;

Savolainen et al., 1977a; Savolainen et al., 1977b).

4.1.2.1.1. Neurobehavior

De Ceaurriz et al. (1983) exposed male Swiss OF1 mice (n = 10 per exposure group) to
596, 649, 684, or 820 ppm tetrachloroethylene for 4 hours. Immediately following exposure, the
mice were immersed in a cylinder filled with water, and the duration of immobility was observed
for 3 minutes. The term “behavioral despair” has been coined for this initial immobility, and the
length of immobility is shortened by antidepressant administration. Tetrachloroethylene
exposure also shortened the period of immobility, with a no-observed-effect level (NOEL) of
596 ppm.
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Table 4-3. Summary of animal inhalation neurotoxicology studies

Subjects Effect NOAEL/LOAEL? (ppm) Reference
Neurobehavioral studies
Swiss OF1 mice, males Decreased duration of immobility 596, 649, 684, 820;4 h De Ceaurriz

10/dose

et al. (1983)

NMRI mice, males (n =27
for 90, 320, 400, 600; n = 14
for 800, 1,200, 1,800, 3,600
ppm)

Increased motor activity

90, 3,600; 1 h

Kjellstrand et
al. (1985)

Long-Evans rats, males
(n =12 total; animals served
as own controls)

Increased number of false alarms,
increased reaction time, and decreased
trial completions in a signal detection
task measuring sustained attention

0, 500, 1,000, 1,500; 60 min

Oshiro et al.
(2008)

Neurophysiological studies

F344 rats Changes in FEP, SEP, EEG 0, 800; 4 d, 6 h/d Mattsson et
Pilot study: male al. (1998)
10/dose Increased amplitude and latency in 50, 200, 800;

Follow-up study: males and |late component of FEP 13 wk, 6 h/d, 5 d/wk

females

12/sex dose

Long-Evans rats, males Decreased frequency doubled 0, 250, 500, 1,000 for 1.5 h Boyes et al.
(n=9-10/exposure) amplitude in the steady state VEP (2009)

Developmental neurotoxicity studies

S-D rats Decreased weight gain 0, 100, 900 on Nelson et al.
pregnant females Behavioral changes, more extensive GDs 7—13 or on GDs 14-20, 7 |(1979)
1321 litters/dose; for late pregnancy exposure h/d

males and female Decreased brain acetylcholine

offspring assessed

CFY rats Transient decreases in muscular 0, 1,500 or 4,500 mg/m’ Szakmary et
pregnant females strength and exploratory behavior. GDs 1-20 for 8 h/d al. (1997)
15 litters/dose; Latent increases in motor activity in

male and female offspring | females at 100 d postnatally

assessed

S-D rats, multigeneration CNS depression in first 2 wk of F1 0, 100, 300, 1,000; Tinston
study and F2 generations, which ceased 2 h | 6 h/d, 5 d/wk, except during (1994)

28 litters/dose

after daily exposures

mating, 6 h/d-7 d/wk
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Table 4-3. Summary of animal inhalation neurotoxicology studies

(continued)

Subjects Effect NOAEL/LOAEL?® (ppm) Reference
Brain pathology
S-D rats, males Decreased brain weight, DNA, protein | 300, 600; Wang et al.
8/dose (1993)

S-D rats, males

Decreased brain RNA, increased brain

4 or 12 wk continuous (24 h/d)
200;4 d

=

Savolainen et

10/dose cholinesterase and increased motor al. (1977a;
activity 1977b)
S-D rats, males Change in fatty acid composition of | 320; 12 wk Kyrklund et
5—6/dose cerebral cortex continuous (24 h/d), 30-d al. (1990,
washout period; 1988)

320; 4 wk continuous (24 h/d)

S-D rats, males

Neurotransmitter changes, brain

200, 400, 800; 4 wk continuous

Honma et al.

5—6/dose regions (24 h/d) (1980a;
1980b)

Mongolian gerbils Decrease in DNA, frontal cortex 60, 300; 12 wk, continuous Rosengren et

males and females Decrease in brain weight (24 h/d); 16-wk washout period | al. (1986)

6/sex/dose

Mongolian gerbils Decrease in DNA, frontal cortex 60;12 wk, continuous (24 h/d) |Karlsson et

males and females Decrease in brain weight al. (1987)

4/sex/dose

Mongolian gerbils Taurine, glutamine changes in brain 120;12 mo continuous (24 h/d) | Briving et al.

males and females regions (1986)

8/sex/dose

Mongolian gerbils Decrease in brain weight, change in 320; 12 wk continuous (24 h/d) | Kyrklund et

gender unspecified fatty acids al. (1987)

6/dose

Mongolian gerbils Decreased brain long-chain fatty acids | 120;52 wk continuous (24 h/d) |Kyrklund et

males 6/dose al. (1984)

Guinea pigs Decrease in brain stearic acid in Maximum exposure 160; GDs | Kyrklund and

pregnant females offspring after in utero exposureb 33 to 65 continuous (24 h/d) Hagid (1991)

3/litters/dose

males and female;

offspring assessed

NMRI mice, Increase in butyl cholinesterase 9%, 37,75, 150; 4 wk Kjellstrand et

males and females continuous al. (1984)

3—8/sex/dose (24 h/d)

Males and females Increased motor activity 150; 4 wk intermittent- Kjellstrand et

10/sex/dose (1,2,4,8, or 16 h/d) al. (1984)

*Experimental/observational NOAEL is underlined; LOAEL is double-underlined.

" Questionable findings because litter was not used as the unit of measure in analysis.
“LOAEL for changes in liver weight.
EEG = electroencephalogram; FEP = Flash-evoked potential; GD = Gestational day; S-D = Sprague-Dawley; SEP =
Somatosensory-evoked potential; VEP = Visual Evoked Potential
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The effects of exposure to 90—3,600 ppm tetrachloroethylene for 1 hour on motor activity

were examined in male NMRI mice (n = 14—27 per exposure group ) (Kjellstrand et al., 1985).

A strong odor (cologne) was used as the control condition. Total activity was monitored during
the dark period during exposure and for several hours thereafter. All doses produced increased
activity during exposure; activity decreased over several hours after cessation of exposure.
Although apparently no statistical analyses were performed, it is clear from the figures that the
lowest dose produced an average performance that was well outside the boundary of the 95% Cls
of the cologne-treated controls, and performance was dose dependent.

Male Long-Evans rats (n = 12) previously trained to perform a visual signal detection
task were exposed to 0, 500, 1,000, and 1,500 ppm tetrachloroethylene for 60 minutes (Boyes et
al., 2009). In this learned task, rats are trained to respond to a light stimulus by pressing the
stimulus lever and to press the blank lever when there is no stimulus. Food pellets are provided
to the rat for each correct lever response. The parameters evaluated included measures of (1)
correct responses (pressing stimulus lever with stimulus), (2) correct rejections (pressing blank
lever when stimulus is not presented), (3) false alarms (pressing stimulus lever without stimulus),
and (4) misses (pressing the blank lever when the stimulus is presented). Other endpoints
measured included reaction times from presentation of stimulus to pressing of the lever and if the
rat completed the signal detection task within the allotted period of time (2 minutes).
Tetrachloroethylene (500—1,500 ppm) exposure significantly increased the number of false
alarms, indicative of a decrement in sustained attention. Additionally, the authors reported that
there was a dose-dependent increase in reaction time and decreased trial completions. Rats were
also tested with different signal intensities to evaluate if the changes were partially due to visual
deficits. The number of hits did not significantly change with the signal intensity of the stimulus,
which strongly suggests that the observed effects of tetrachloroethylene in this study are due to
cognitive changes rather than visual effects. The study authors reported a LOAEL of 500 ppm
(60 minute exposure) for effects related to decrements in sustained attention.

4.1.2.1.2. Neurophysiology

Mattsson et al. (1998) studied the effects of acute exposure to tetrachloroethylene for
13 weeks on visual function (flash-evoked potentials [FEPs], EEGs, sensory function
(somatosensory-evoked potentials [SEPs]), and rectal temperature in F344 rats. During the acute
(pilot) study, male rats were exposed to 0 or 800 ppm tetrachloroethylene, for 6 hours/day, for 4
days, and tested before and after exposure on the 4 day. Changes in FEP, SEP, and EEG
components were observed after acute exposure. In the subchronic study, the above evoked

potentials and caudal nerve conduction velocity were determined in male and female rats
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exposed to 0, 50, 200, or 800 ppm, for 6 hours/day, for 13 weeks. Testing was performed during
the week following cessation of exposure. A significant increase in the amplitude and in latency
(~3.0 ms) for the mid-component peak of the FEP was observed at the highest dose (800 ppm).
Several measures of the evoked potential were affected at 50 ppm but not at higher doses. Other
measures were not affected, and no dose response was observed.

Male Long-Evans rats (n = 9—10/group) were exposed to concentrations of
tetrachloroethylene ranging from 0—4,000 ppm in two separate experiments evaluating visual

function by measuring pattern-elicited steady state visual evoked potentials (Boyes et al., 2009).

In the first experiment, rats were exposed to (mean = SEM in parentheses) 0, 1,000 (1,006 + 7.4),
2000 (1993 + 8.3), 3,000 (3,018 + 6.9), or 4,000 (4,016 £+ 19) ppm for 2 hours (0, 1,000, 2,000
ppm), 1.3 hours (3,000 ppm), or 1 hour (4,000 ppm). In the second experiment, rats were
exposed to 0, 250 (249 + 1.1), 500 (488 £2.9), or 1,000 (1,053 £ 9.6) ppm for 1.5 hours. In both
experiments, the visual evoked potentials were measured while the animal was exposed to
tetrachloroethylene. The steady state visual evoked potential responses measured from the
animals are sinusoidal in nature, and the potentials were transformed so that amplitudes were
tabulated at the frequency of pattern presentation (F1) and at double the frequency of pattern
presentation (F2). At all test conditions, tetrachloroethylene significantly decreased the F2
amplitude of the steady state visual evoked potential. The LOAEL for steady state visual evoked
potentials for this study is 250 ppm tetrachloroethylene for 1.5 hours.

4.1.2.1.3. Developmental neurotoxicity

Developmental neurotoxicity is also discussed in Section 4.7.1.2. Nelson et al. (1979)
investigated developmental neurotoxicity in Sprague-Dawley (S-D) rats by exposing pregnant
dams to tetrachloroethylene at concentrations of 100 or 900 ppm during both early pregnancy
(gestation days [GDs] 7 to 13) or late pregnancy (GDs 14 to 20). The investigators made
morphological examinations of the fetuses and performed behavioral testing and neurochemical
analysis of the offspring. There were no alterations in any of the measured parameters in the 100
ppm groups. At 900 ppm, there were no skeletal abnormalities, but the weight gain of the
offspring as compared with controls was depressed about 20% at Weeks 3—5. Developmental
delay was observed in both the early and late pregnancy groups. Offspring of the early
pregnancy-exposed group performed poorly on an ascent test and on a rotarod test (evaluation of
neuromuscular function), whereas those in the late pregnancy group underperformed on the
ascent test only at postnatal day (PND) 14. However, later in development (PNDs 21 and 25),
their performance was higher than that of the controls on the rotarod test. These pups were

markedly more active in the open field test at PNDs 31 and 32.
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There were no effects on running in an activity wheel on PNDs 32 or 33 or avoidance
conditioning on PND 34 and operant conditioning on PNDs 40 to 46. Neurochemical analyses
of whole brain (minus cerebellum) tissue in 21-day-old offspring revealed significant reductions
in acetylcholine levels at both exposure periods, whereas dopamine levels were reduced among
those exposed on GDs 7—13. However, none of the statistics for the 100 ppm treatments were
presented. The authors observed that more behavioral changes occurred in offspring exposed
during late pregnancy than in those exposed during early pregnancy.

Szakmary et al. (1997) exposed CFY rats to tetrachloroethylene via inhalation throughout
gestation (i.e., GDs 1-20) for 8 hours/day at concentrations of 0, 1,500, or 4,500 mg/m3
tetrachloroethylene. The primary focus of the study was prenatal developmental evaluations
(refer to Section 4.7.2). However, a cohort of rats (15 litters/group) was allowed to deliver, and
the offspring (standardized to 8 pups/litter) were maintained on study until PND 100 and
evaluated for growth, development, and neurotoxic effects. The report did not specify whether
the animals were exposed to tetrachloroethylene after birth. Preweaning observations included
weekly body weights, developmental landmarks (pinna detachment, incisor eruption, and eye
opening), and functional assessments (forward movement, surface righting reflex, grasping
ability, swimming ontogeny, rotating activity, auditory startle reflex, and examination of
stereoscopic vision). After weaning, exploratory activity in an open field, motor activity in an
activity wheel, and development of muscle strength were assessed. The study authors reported
that adverse findings included a decreased survival index (details were not provided), a minimal
decrease of exploratory activity and muscular strength in treated offspring (presumably at both
exposure levels) that normalized by PND 51, and significantly increased motor activity on PND
100 of females exposed to 4,500 mg/m’. Litter was evaluated as the statistical unit of measure
for all outcomes. There is no clear indication of group means for postnatal measures reported.
The lack of experimental detail in the postnatal evaluation part of this study reduces the overall
confidence in the findings. There was no evaluation of postnatal histopathology of the nervous
system reported or cognitive testing during the postweaning period or during adulthood.

Tinston (1994) performed a multigeneration study of the effects on rats exposed to
airborne concentrations of tetrachloroethylene. The details of the study are discussed in
Section 4.7.2. The investigators observed several developmental effects. Of interest here were
the signs of CNS depression (decreased activity and reduced response to sound) observed for the
first 2 weeks in both adult generations and when the exposure was resumed on Day 6 postpartum
in the F1 generation (adults and pups). These effects disappeared about 2 hours after cessation
of the daily exposure. Other overt signs of tetrachloroethylene poisoning among the adults
included irregular breathing and piloerection at both 300 and 1,000 ppm. These changes stopped

concurrently with cessation of exposure or shortly thereafter.
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4.1.2.1.4. Brain pathology changes

Wang et al. (1993) exposed male S-D rats to 300 ppm tetrachloroethylene continuously
for 4 weeks or 600 ppm for 4 or 12 weeks. Exposure to 600 ppm at either duration resulted in
reduced brain-weight gain, decreased regional brain weight, and decreased DNA in the frontal
cortex and the brain stem but not the hippocampus. Four specific proteins [S-100 (an astroglial
protein), glial fibrallary acidic protein, neurone specific enolase, and neurofilament (68-kD
polypeptide)] were decreased at 4 and/or 12 weeks exposure to 600 ppm; 300 ppm had no effect
on any endpoint.

The effects of exposure to 200 ppm tetrachloroethylene, for 6 hours/day, for 4 days, in

male S-D rats were examined for a number of endpoints (Savolainen et al., 1977a; Savolainen et

al., 1977b). Rats were euthanized on the 5™ day following a further 0—6 hours of exposure.

Tetrachloroethylene levels were highest in fat, followed by liver, cerebrum, cerebellum, lung,
and blood. Tissue levels increased in all tissues over the 6 hours of exposure. Brain RNA
content decreased, and brain nonspecific cholinesterase was increased on the 5™ day, although no
statistical comparisons were performed. Locomotion in an open field was increased immediately
following the end of exposure on the 4™ day, with no difference 17 hours after exposure,
although no statistical comparisons were made. Brain protein, GSH, and acid proteinase were
unaffected.

A series of experiments were performed on the effects of tetrachloroethylene on brain
lipid patterns. Exposure to 320 ppm for 90 days (Kyrklund et al., 1990) or 30 days (Kyrklund et

al., 1988) in male S-D rats resulted in changes in the fatty acid composition of the cerebral
cortex, which persisted after a 30 day recovery period (Kyrklund et al., 1990). Similar results

were observed in the cerebral cortex and the hippocampus of Mongolian gerbils (sex

unspecified) as well as reduced brain weight after exposure to 320 ppm (Kyrklund et al., 1987).
Exposure of male Mongolian gerbils to 120 ppm for 12 months also resulted in decreases in
long-chain, linolenic acid-derived fatty acids in the cerebral cortex and the hippocampus
(Kyrklund et al., 1984).

The effect of tetrachloroethylene on neurotransmitter levels in the brain was explored in

male S-D rats exposed continuously to 200, 400, or 800 ppm tetrachloroethylene for a month
(Honma et al., 1980a; Honma et al., 1980b). The 800 ppm dose produced a decrease in ACh in

striatum, and there was a dose-related increase in a peak containing glutamine, threonine, and

serine in whole brain preparations. y-Aminobutyric acid (GABA), NE, 5-HT, and other amino
acids were not affected.

In a study from the same laboratory, Mongolian gerbils of both sexes were exposed to 60
or 300 ppm tetrachloroethylene for 3 months, followed by a 4-month solvent-free period.

Changes in both S-100 and DNA concentrations in various brain regions were observed at the
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higher concentration, and decreased DNA in the frontal cortex was observed after exposure to 60
ppm. The higher concentration also produced decreased brain—but not body—weight. The

results at 60 ppm were replicated in a follow-up study (Karlsson et al., 1987).

In a related study (Briving et al., 1986), Mongolian gerbils were exposed to

tetrachloroethylene at 120 ppm for 12 months. At the end of exposure, out of a total of 8§ amino
acids assayed, taurine was significantly decreased in the two brain regions assessed
(hippocampus and cerebellum), and glutamine was elevated in the hippocampus. GABA levels
were unaffected, as was uptake of GABA and glutamate.

Kyrklund and Haglid (1991) exposed pregnant guinea pigs to airborne
tetrachloroethylene continuously from GD 33 through GD 65. The exposure was continuous at
160 ppm except for 4 days at the beginning and end of the exposure period, when it was reduced
to 80 ppm. In the control group, there were three dams with litter sizes of four, three, and two
pups, and in the exposed group, there were three dams with litter sizes of two each. The pup
body weights differed between litters. According to the study authors’ analysis, the offspring
had a slightly altered brain fatty acid composition, with a statistically significant reduced stearic
acid content in the tetrachloroethylene treatment group, which is consistent with the study
authors’ earlier findings in rats. The statistical analysis, however, relied on pups as the
experimental unit rather than the litters, so the p-values were likely underestimated. The results
also suggested that tetrachloroethylene reduced the litter size, but a much larger study would be
necessary to establish reduced litter size because the effect of tetrachloroethylene in this study
was relatively small, and the reduction was not statistically significant.

Caucasian male and female NMRI mice were exposed to 9, 37, 75, or 150 ppm
tetrachloroethylene continuously for 30 days, to 150 ppm tetrachloroethylene for one of several
exposure periods ranging from 5—30 days, or to 150 ppm tetrachloroethylene for 30 days with

various recovery periods (Kjellstrand et al., 1984). Other groups were exposed intermittently on

several dosing and exposure regimens, which resulted in a TWA of 150 ppm for 30 days. Motor
activity was assessed following exposure. All concentrations of intermittent exposure increased

motor activity. Results of motor activity following continuous exposure were not reported.

4.1.2.2. Oral and Intraperitoneal Studies
Table 4-4 presents a summary of the oral neurotoxicity animal studies, which are
described in greater detail in the sections that follow. For the six oral neurotoxicity studies in

rodents reviewed here, only one (Fredriksson et al., 1993) describes effects lasting more than 1

week. In that study, the effect (increased motor activity) was the same at 5 and 320 mg/kg. The
lowest LOAEL occurring in the four remaining studies is 100 mg/kg for delayed onset of
circadian activity in rats (Motohashi et al., 1993). This LOAEL is based on an i.p.-administered
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dose describing transient neurological effects and is not comparable to inhalation or ingestion

LOAELSs without pharmacokinetic modeling of an appropriate dose metric. No information is

available for irreversible neurological effects via the oral route because no studies have evaluated

the potential for neurotoxicity following chronic oral exposure.

Table 4-4. Summary of oral neurotoxicity animal studies

Subjects Effect NOAEL/LOAEL? (mg/kq) Reference
Neurobehavioral studies
S-D rats, male | Pain threshold, pain susceptibility, Daily dose for 8 wk: 5, 50 mg/kg Chen et al.
9/dose weight gain decrement (2002b)
Interpretation is unclear
S-D rats, male, | Operant responses stopped Gavage single dose: 0, 160, 480 Warren et al.
8-10/dose immediately after 480 mg/kg dose, then | mg/kg (1996)
2/3 of animals recovered by 40 min
Brain PCE concentrations were the same
at both doses
ICR mice, male |NOAEL/LOAEL: Single i.p. doses: 0, 500, 1,000, 2,000, | Umezu et al.
8—10/dose | righting reflex, 2,000/4,000 4,000 mg/kg (1997)
Impaired balance, 1,000/2,000
Operant responses, 1,000/2,000
| punishment responses, 500/1,000
F344 rats, Increased reactivity, decreased motor Single doses: 150 mg/kg is LOAEL Moser et al.
female activity, decreased righting ability, (1995)
n/dose increased landing foot splay, abnormal | Repeated dosing for 14 d: 1,500

gait after one dose

No effect after repeated doses

mg/kg is NOAEL

Wistar rats, male
n/dose

Transient delay in circadian activity,
dose-related

i.p. doses: 0, 100, 500, 1,000 mg/kg-
day for 3 d

Motohashi et
al. (1993)

Developmental n

eurotoxicity study

NMRI male
mice,

postnatal
exposure

12 pups/dose
(derived from 3

litters)

Increased locomotion and decreased
rearing at Day 60 in both dose groups

No effect immediately after treatment

Gavage treatment: 5, 320 mg/kg daily
for PNDs 10—16

Fredriksson et
al. (1993)

* Experimental/observational NOAEL is underlined; LOAEL is double-underlined.
n/dose = Number of animals per dose not clearly defined
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4.1.2.2.1. Neurobehavior

A study in male S-D rats assessed the acute or short-term effects of tetrachloroethylene
by gavage on several screening tests (Chen et al., 2002a). A single dose of 500 mg/kg in adult

rats produced changes on three different tests of pain threshold, locomotor activity, and seizure
susceptibility threshold following pentylenetetrazol infusion, whereas 50 mg/kg resulted in
statistically significant effects only on seizure threshold. In the short-term study, young, 45—50 g
rats were dosed 5 days/week, for 8 weeks, with 5 or 50 mg/kg. Behavioral testing began 3 days
after the last dose. Locomotion was affected only at the high dose, whereas both doses produced
effects on the other four endpoints. The 8-week exposure resulted in retarded weight gain in
both treated groups, which was about 10% at the end of the dosing period. The interpretation of
these results is problematic. The tests required scoring by an observer. The study by Chen et al.
(2002a) does not state whether the observer(s) was blind to the treatment group of the animals, a
condition that is essential for such tests to be valid. Differences in body weight between control
and treated rats add potential bias. Further, the paper does not state whether all animals were
tested by the same person for each task or, if not, whether there was any indication of
interobserver correlation. The potential effect of the difference in weight between the control
and the treated groups on these measures is also unknown. Given that the difference between the
control and the treated groups in response latency to painful stimuli is tenths or hundredths of a
second with no dose response, these issues are of serious concern.

Various behavioral endpoints were assessed in 8-week-old ICR male mice at the
beginning of an experiment by Umezu et al. (1997). Righting reflex was affected after single-
dose i.p. administration of tetrachloroethylene at 4,000 but not at 2,000 mg/kg or less, and ability
to balance on a wooden rod was decreased at 2,000 but not at 1,000 mg/kg or less. Response rate
on a fixed-ratio 20 (FR20) schedule, which requires 20 responses for each reinforcement, was
affected at 2,000 but not at 1,000 mg/kg or less, 30 minutes after administration. In a procedure
in which a thirsty mouse was shocked every 20™ lick of a water spout, mice dosed with
500 mg/kg—but not with higher or lower doses—received an increased number of shocks. In an
FR20-FR20 punishment schedule, response in the punishment condition was increased at
1,000 but not at 500 mg/kg or less. A puzzling aspect of the study is the mention in the methods
section of “breeding animals,” with no further explanation. If the investigators bred their own
mice, there is no indication of how pups were assigned to treatment groups.

Moser et al. (1995) examined the effects of a number of potentially neurotoxic agents,
including tetrachloroethylene, on a neurotoxicity screening battery in adult female F344 rats
following either a single gavage dose (acute exposure) or repeated gavage doses over 14 days
(subacute exposure). For the acute study, subjects were tested 4 and 24 hours following

exposure. After acute exposure, a LOAEL of 150 mg/kg was identified for increased reactivity
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to being handled 4 hours after dosing, with increased lacrimation, decreased motor activity,
abnormal gait, decreased response to an auditory stimulus, decreased righting ability, and
increased landing foot splay at higher doses at 4 and/or 24 hours postdosing. A NOAEL was not
identified. In the subacute study, no endpoint was significantly different from those of controls
at doses of 50—1,500 mg/kg. This presumably represents behavioral acclimation following
repeated exposure to tetrachloroethylene.

Locomotor activity was monitored in NMRI mice gavaged with 5 or 320 mg/kg

tetrachloroethylene for 7 days beginning at 10 days of age (Fredriksson et al., 1993). Twelve

male pups from three or four litters were assigned to each treatment group. Locomotion, rearing,
and total activity (vibration of the cage) were measured for 60 minutes at 17 and 60 days of age.
A statistically significant increase in locomotor activity and total activity of treated mice in both
dose groups was observed, and rearing behavior decreased as compared with controls for all
three evaluations at 60 days of age, but not at 17 days of age when testing followed shortly after
the last dose. Litter mates were used as independent observations in the statistical analysis,
which tends to underestimate p-values and thereby overstate statistical significance [i.e., Holson
(1992); Buelke-Sam (1985)]. However, the magnitude of the effects seen, more than a twofold
increase in locomotion and total activity by the end of the Day 60 evaluation period, and the
persistent effects of subacute developmental exposures in this study raise concern. Locomotor
activity was assessed in 6-week-old male Wister rats following i.p. doses of 100, 500, or 1,000
mg/kg tetrachloroethylene for 3 consecutive days, with activity being monitored for at least 1

week following cessation of administration (Motohashi et al., 1993). Animals were monitored

24 hours/day, and locomotor activity (measured as change in electrical capacitance of a circuit
beneath the floor of the cage) was analyzed by time-series analysis and spectral analysis. All
doses of tetrachloroethylene changed circadian rhythm in a dose-dependent manner, with the
increased activity at the start of the dark period delayed by tetrachloroethylene exposure.
Recovery took 3—5 days after cessation of exposure.

Operant performance on a fixed-ratio 40 schedule of reinforcement was assessed in adult
male S-D rats gavaged with 160 or 480 mg/kg tetrachloroethylene immediately before testing

(Warren et al., 1996). The lower dose produced no effect on response rate over the 90 minute

session, whereas the higher dose produced a transient rate decrease in three of six animals (with
recovery after 20 to 40 minutes) and induced a complete cessation of response in two of the six
animals. Tetrachloroethylene concentrations increased rapidly after administration in blood,
brain, fat, liver, and muscle. For the duration of the 90 minute period of testing, blood
tetrachloroethylene levels were approximately linearly related to the administered dose, but brain
tetrachloroethylene levels were similar for both dose groups. This study did not evaluate the

persistent effects of exposure to tetrachloroethylene on cognitive performance.
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4.1.2.2.2. Developmental neurotoxicity

Evidence of potential developmental neurotoxicity was reported by Fredriksson et al.
(1993). In this study (refer to Section 4.1.2.2), tetrachloroethylene was administered to male
NMRI mice by gavage at dose levels of 0, 5, or 320 mg/kg-day on PNDs 10—16. At PNDs 17
and 60, spontaneous activity (locomotion, rearing, and total activity) was measured over three,
20 minute periods. No treatment-related alterations in activity were observed at 17 days of age;

however, at 60 days of age, all three measures of spontaneous activity were altered.

4.1.3. Mode of Action (MOA) for Neurotoxic Effects

The MOA for the neurotoxic effects of tetrachloroethylene is unknown; however, at
present, the best surrogate for the dose metric for neurotoxicity is blood tetrachloroethylene. The
primary neurobehavioral changes that are observed following tetrachloroethylene exposure are
visual changes, cognitive deficits, and increased reaction time. It is not clear if there are multiple
mechanisms resulting in these outcomes. Additionally, there may be multiple mechanisms or
MOAs, which may differ for adult and developmental exposure. The acute effects of
tetrachloroethylene appear to share much in common with those of other chlorinated solvents
such as trichloroethylene and dichloromethane as well as toluene, volatile anesthetics, and
alcohols. It is unknown how these different neurological effects are induced, but there are data
available to help elucidate what areas in the brain and specific molecular targets may be involved
in the resulting neurotoxicological outcome.

Neuropathology and mechanistic studies have been conducted in animal models (rats,
mice, gerbils) to determine how tetrachloroethylene may be producing the observed neurological
effects. Changes in fatty acid composition of the brain following a 30 or 90 day exposure have
been reported, and these changes persist for up to 30 days after the cessation of exposure
(Kyrklund et al., 1990, 1988, 1987; Kyrklund et al., 1984). Studies that examined the entire

brains of animals reported decreases in astroglial proteins (GFAP and S-100), decreased brain

RNA content, and decreased levels of glutamine, threonine, and serine (Wang et al., 1993;
Kyrklund et al., 1990, 1988, 1987; Rosengren et al., 1986; Kyrklund et al., 1984; Honma et al.,
1980a; Honma et al., 1980b; Savolainen et al., 1977a). Brain regions examined following

tetrachloroethylene exposure included the frontal cortex, the hippocampus, the striatum, and the
cerebellum (Wang et al., 1993; Karlsson et al., 1987; Briving et al., 1986; Kyrklund et al., 1984;
Honma et al., 1980a; Honma et al., 1980b). Notable changes include decreased DNA content in
the frontal cortex following continuous exposure of 600 ppm for 4 weeks in rats (Wang et al.,

1993) or a 60 ppm exposure for 3 months in Mongolian gerbils (Karlsson et al., 1987).
Decreased taurine levels were noted in both the cerebellum and hippocampus following a

12-month exposure to 120 ppm tetrachloroethylene in Mongolian gerbils, but there were no
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changes in GABA levels or uptake (Briving et al., 1986). Decreased acetylcholine levels in the

striatum were noted in male rats exposed to 800 ppm for 1 month (Honma et al., 1980a; Honma
et al., 1980b).
Voltage and ligand-gated ion channels have been implicated in many neurological

functions and have been studied as potential neurological targets for tetrachloroethylene and
other structurally related chlorinated solvents (e.g., trichloroethylene, 1,1,1-trichloroethane,
dichloromethane). Table 4-5 summarizes the available in vitro mechanistic studies with
chlorinated solvents. Tetrachloroethylene has been demonstrated to inhibit calcium channel

function (Shafer et al., 2005) and the neuronal nicotinic acetylcholine receptor (Bale et al.

2005). Based on the structural similarity of tetrachloroethylene to other chlorinated solvents as
well as the similar neurobehavioral and mechanistic findings, it is likely that tetrachloroethylene
also interacts with the other listed targets in Table 4-5. This solvent class has also been shown to

interact with ion channels such as the GABA, and glycine receptors (Lopreato et al., 2003;

Beckstead et al., 2000; Krasowski and Harrison, 2000). Overall, these solvents appear to

potentiate the function of inhibitory receptors and inhibit the function of excitatory receptors
[refer to Bushnell et al. (2007) and Bowen et al. (2006) for a review]. Additionally, this class of
solvents blocks sodium channel (Haydon and Urban, 1983; Shrivastav et al., 1976) and voltage

sensitive calcium channel function (Shafer et al.. 2005) when the membrane is held at or near the

resting membrane potential.

Based on these findings as well as other mechanistic studies conducted with
tetrachloroethylene, some neurotransmitter systems may be more favorably involved in
neurotoxicological outcomes than others. Also, based on the number of reported molecular
targets, it is more likely that there are several plausible mechanisms responsible for the resultant
neurotoxicological outcome, and those potential mechanisms (as well as a discussion of
plausibility) are summarized below by the major observed outcomes (visual changes, cognitive

deficits, increased reaction time).
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Table 4-5. Summary of in vitro ion channel effects of tetrachloroethylene
and other chlorinated solvents

Reference

Cellular system

lon channel/receptor

Concentration

Effects

Tetrachloroethylene

Shafer et al. |PC12 cells, primary | Voltage Sensitive Calcium 0-325 uM Shift of VSCC activation to a
(2005) cortical neurons Channels (VSCCs) more hyperpolarizing potential.
Inhibition of VSCCs at a
holding potential of =70 mV
Bale et al. Xenopus oocytes Human and rat 04p2, 032, |0-65uM Inhibition of nicotinic
(2005) and o7 nicotinic acetylcholine acetylcholine receptor function
receptors
Dichloromethane
Haydon and | Squid giant axon Sodium channels 0,15,25 mM |Inhibition of inward sodium
Urban (1983) channel currents
Trichloroethylene
Shafer et al. |PC12 cells, primary | VSCCs 0-2,100 uM | Shift of VSCC activation to a
(2005) cortical neurons more hyperpolarizing potential.
Inhibition of VSCCs at a
holding potential of =70 mV
Beckstead et | Xenopus oocytes | Human recombinant 0,390 uM 50% potentiation of the
al. (2000) glycine receptor al, GABA4 GABA, receptors; 100%
receptors, alf1, al2y2L potentiation of the glycine
receptor
Lopreato et | Xenopus oocytes Human recombinant serotonin | 0, 390 pM Potentiation of serotonin
al. (2003) 3A receptor receptor function
Krasowski | Human embryonic |Human recombinant glycine |Not provided |Potentiation of glycine receptor
and Harrison |kidney, 293 cells receptor al, function with an ECs, of 0.65 +
(2000) GABA 4 receptors 021 0.05 mM.
Potentiation of GABA
receptor function with an ECs,
0f 0.85+ 0.2 mM
Shrivastav et | Squid giant axon Sodium channels 5-80% Shift of sodium channel
al. (1976) saturation activation to a more
hyperpolarizing potential.
Inhibition of inward sodium
channel current at =70 mV
1,1,1-Trichloroethane
Cruz et al. Xenopus oocytes NMDA -glutamate receptor 0.1-10 mM Inhibition of NMDA-glutamate
(2000) NR1/2A, NR1/2B receptor function
Beckstead et | Xenopus oocytes Human recombinant 0.39 mM Potentiation of GABA and
al. (2000) glycine receptor al, GABA4 glycine receptor function
receptors, alf1, alB2y2L
Beckstead et | Rat hippocampal GABA4 receptor 0.28 mM Reversible increase in GABA,-
al. (2000) slices mediated inhibitory

postsynaptic currents (IPSCs)
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4.1.3.1. Visual Function Domain

Although tetrachloroethylene produces changes in visual evoked potentials, there are no
associated mechanistic studies to indicate what receptor systems may be involved. However,
there is a characterization study evaluating the contribution of specific ligand-gated ion channels
(GABAA, NMDA -glutamate, nicotinic acetylcholine receptors) to the generation of the steady

state visual evoked potential (Bale et al., 2005). The findings suggest that ion channels are

involved in visual function and, specifically, the measured evoked potentials. The only
administered drugs resulting in an effect similar to tetrachloroethylene were NMDA

(NMDA -glutamate receptor agonist) and mecamylamine (nAChR antagonist). Therefore, the
NMDA -glutamate and the nicotinic acetylcholine receptor systems may be more closely
involved in the visual evoked potential changes resulting from solvent exposure.

With respect to the impact on color vision and visual contrast sensitivity following
tetrachloroethylene exposure, the mechanisms behind these effects are unknown. These visual
changes occur at exposures that are lower than the visual evoked potential changes. Cones at the
level of the retina process color vision, and there may be a change in the function and/or
signaling of the retina to the visual center in the CNS. In visual contrast sensitivity, retinal
ganglion cells have been implicated as a sensitive target in processing changes in contrast
(Beaudoin et al., 2008). The available literature suggests that NMDA-glutamate receptors

(Manookin et al., 2010) and calcium channels (Hu et al., 2009) may be involved in visual

contrast sensitivity changes. It is known that tetrachloroethylene exposure affects calcium

channel function in vitro (Shafer et al., 2005), and a related chlorinated solvent,

1,1,1-trichloroethane, has been demonstrated to modulate NMDA-glutamate receptor function
(Cruz et al., 2000).

4.1.3.2. Cognitive Domain

The hippocampus is involved in cognitive functions, but only changes in taurine levels
were observed in this brain region following tetrachloroethylene exposure in gerbils (Briving et
al., 1986). It was demonstrated that tetrachloroethylene inhibits both human and rat recombinant

nicotinic acetylcholine receptors in vitro (Bale et al., 2005), and perhaps this finding may help

explain why cognitive changes are observed with tetrachloroethylene exposure. However, more
studies need to be conducted with tetrachloroethylene exposure and perhaps incorporating a
challenge with nicotinic agonists and antagonists to determine the involvement of nicotinic

acetylcholine receptors in cognitive function.

4-56


http://hero.epa.gov/index.cfm?action=search.view&reference_id=630341�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=732587�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=715477�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=732588�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630970�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=732586�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58323�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58323�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630341�

4.1.3.3. Motor Activity Domain - Reaction Time

Reaction time is a general measure of CNS function. With increased reaction time, it can
be surmised that there is a general CNS decrease in movement. Currently, there are no available
mechanistic studies with tetrachloroethylene that have evaluated neurological systems mediating
reaction time activity. There is one study that has reported that decreased CNS function
(anxiolytic profile) observed with tetrachloroethylene may be due to site-specific action on the
GABA receptors. Chen et al. (2002a) pretreated rats with tetrachloroethylene (50 or 500
mg/kg, oral gavage), and this pretreatment, following both an acute and a subchronic (5 or
50 mg/kg-day, 5 days/week, 8 weeks) schedule, significantly increased the seizure threshold
when challenged with pentylenetetrazole (PTZ), a convulsant that blocks GABA 4 receptors.
This study suggests that the GABAergic system may be involved in the anxiolytic and general
CNS depressive behavior that is observed following tetrachloroethylene exposure and could be

potentially related to observed increased reaction times in the various tasks.

4.1.4. Summary of Neurotoxic Effects in Humans and Animals

Human and animal studies provide complementary evidence regarding the association of
neurobehavioral deficits and tetrachloroethylene exposure. Tetrachloroethylene exposure in
humans has primarily been shown to affect visual function (including color vision) and
visuospatial memory and other aspects of cognition. Brain-weight changes have been measured
in animal studies. A more in-depth discussion of the human neurotoxicological studies can be
found in Section 4.1.1.3, and the animal inhalation and oral or i.p. exposure studies are discussed
in Sections 4.1.2.1 and 4.1.2.2, respectively.

Visual contrast sensitivity deficits as well as color discrimination deficits are commonly
present prior to detectable pathology in the retina or optic nerve head, making them one of the
earliest signs of disease and potentially more sensitive measures than evoked potentials from
visual stimuli (Regan, 1989). Several independent lines of evidence can be found in the
occupational and residential exposure studies to support an inference of visual deficits following
chronic tetrachloroethylene exposure. The studies that observed effects on color vision using the
Lanthony D-15 color vision test include cross-sectional and longitudinal designs in dry-cleaning
settings (Gobba et al., 1998; Cavalleri et al., 1994) and residential studies (Schreiber et al.,

2002). Decrements in color confusion were reported among all workers exposed to a mean

TWA of 6 ppm for an average of 8.8 years (Cavalleri et al., 1994). A significant dose-response

relationship between CCI value and tetrachloroethylene concentration (» = 0.52, p < 0.01) was
also observed in Cavalleri et al. (1994). As noted previously, the color vision testing in this
study was blinded to exposure level of the study participants, and the study participants were

well matched in terms of age, smoking, and alcohol use. A follow-up of these workers 2 years
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later (Gobba et al., 1998) showed greater loss in color discrimination in those who were

subsequently exposed to a higher concentration (increase in geometric mean from 1.7 to

4.3 ppm), with no change in those exposed to lower concentrations (decrease in geometric mean
from 2.9 to 0.7 ppm). Although Gobba et al. (1998) demonstrates persistent color confusion
effects in this follow-up evaluation, the study exposures are not clearly characterized over the
course of the 2-year duration. Nakatsuka et al. (1992) did not observe an association with color
vision among dry cleaners in China (n = 64, geometric mean TWA: 11 and 15 ppm in females
and males, respectively), but the relative insensitivity of the specific type of color vision test

used in this study (Lanthony, 1978) is a likely explanation for these results. Effects on color

vision were also observed among 14 dry cleaners in the small study in Malaysia by
Sharanjeet-Kaur et al. (2004), but this study provides little weight to the strength of the evidence
because of the lack of exposure information (other than job title), and differences between dry
cleaners and controls regarding test conditions and smoking habits. Two other small studies also
reported lower scores on the Lanthony D-15 color vision test in much lower exposure settings,
but the differences were not statistically significant: in a study of residents living above dry
cleaners (mean tetrachloroethylene exposure during active dry cleaning = 0.4 ppm), the mean
CCI scores were 1.33 and 1.20 in 17 exposed and 17 controls, respectively (p = 0.26); in a study
of workers in a day-care center located in a building with a dry-cleaning business (mean
tetrachloroethylene exposure 0.32 ppm), the mean CCI scores were 1.22 and 1.18 in the exposed

day-care workers and controls, respectively (p = 0.39) (Schreiber et al., 2002). Overall, the

evidence reveals a high degree of consistency in this aspect of visually mediated function.

Visual contrast sensitivity changes were reported in two NYSDOH residential studies. In
a small pilot study (4 children and 13 adults), mean scores for visual contrast sensitivity (using a
near vision visual contrast sensitivity test) across spatial frequencies were statistically
significantly lower in exposed residents than in controls, indicating poorer visual function in the

exposed groups (Schreiber et al., 2002). Controls were age- and sex-matched to the exposed

group, and both groups were English speaking and predominately Caucasian ethnicity; however,
they were drawn from different geographic areas. In addition, two of the four exposed children
had diagnoses of learning disabilities or developmental delays, which could affect performance
on this type of test. In the larger study (NYSDOH, 2010, 2005a, b), the test (Functional Acuity
Contrast Test, FACT) assessed far vision visual contrast sensitivity, and the test had a low rate of

detecting visual contrast changes. For contrast vision, a number of analyses in NYSDOH (Storm
et al., 2011 [previously reported in NYSDOH, 2010]; NYSDOH, 2005a) suggest a vulnerability

among children. However, exposure to >0.015 ppm (>100 pg/m?) tetrachloroethylene was

highly correlated with race and children’s age, and the sample sizes in the highest exposure

group, especially in higher income, nonminority groups, make it difficult to fully examine
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possible effects of income, race, and age on vision. Therefore, while both studies report visual
contrast sensitivity changes with exposed children being more sensitive, there are concerns with
the methodological and analytic approaches in these studies.

Acute human exposure studies reported increased latencies of up to 3.0 ms in visual

evoked potentials (Altmann et al., 1990) and changes in EEGs (magnitude of effect was not
specified) (Hake and Stewart, 1977; Stewart et al., 1970) at higher exposures ranging from 340
to 680 mg/m”.

In rats, acute inhalation exposure to tetrachloroethylene results in significant changes to

the flash-evoked potential at 800 ppm (Mattsson et al., 1998), and a decrease in F2 amplitudes of

the steady state visual evoked potential at 250 ppm (Boyes et al., 2009). In a subchronic

exposure study (13 weeks, up to 800 ppm tetrachloroethylene), changes in flash-evoked potential
responses were not observed at tetrachloroethylene exposures up to 200 ppm. In the 800 ppm
group, there was a significant increase in the amplitude and a significant increase in latency
(~3.0 ms) of the mid-flash-evoked potential waveform (N3), but histopathological lesions were
not observed in the examination of the visual system brain structures [e.g., visual cortex; optic
nerve; Mattsson et al. (1998)]

Effects on visuospatial memory in humans were also reported in each of the studies that

examined this measure (Altmann et al., 1995; Echeverria et al., 1995; Echeverria et al., 1994;

Seeber, 1989). These effects (increased response times or cognition errors) were observed in

occupational and residential studies, and the occupational studies were quite large, involving
101, 65, and 173 dry-cleaning workers in Seeber (1989), Echeverria et al. (1995), and Echeverria
et al. (1994), respectively. Several different types of tests were used including digit reproduction

(Seeber, 1989), switching, pattern memory, and pattern recognition (Echeverria et al., 1995;

Echeverria et al., 1994), and the Benton test (Altmann et al., 1995). Exposures for the increased
reaction time observations (LOAELSs) ranged from 4.99 to 102 mg/m’ (Altmann et al., 1995;
Echeverria et al., 1995; Ferroni et al., 1992). The changes in the cognitive tasks were observed

at exposures (LOAELSs) ranging from 53.9 to 364.22 mg/m’ (Spinatonda et al., 1997; Echeverria
et al., 1995; Seeber, 1989). All of these studies except Altmann et al. (1995) indicate that the

neurobehavioral assessment was blinded to knowledge of the exposure level of the subject, and

all of the studies adjusted for potentially confounding factors. It should be noted, however, that
residual confounding from education level differences between exposed and referent subjects
may still be present in Altmann et al. (1995).

Changes in the motor activity domain as measured by increased reaction time, increased
number of false alarms, and decreased trial completions in a signal detection task (measures of
decreased attention) were reported in an acute (60 minutes) exposure (6,782 mg/m’ or higher)

study in rats (Oshiro et al., 2008). Additionally, operant tasks that test cognitive performance
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have demonstrated deficits in rats and mice following acute tetrachloroethylene oral (Warren et

al., 1996) and i.p. (Umezu et al., 1997) exposures. These findings are consistent with observed

effects on cognition and memory in humans. However, no studies, to date, have evaluated the
persistent effects of tetrachloroethylene exposure on cognitive performance deficits in animal
models.

An occupational exposure study (n = 60) (Ferroni et al., 1992) and a residential exposure

study (n = 14) (Altmann et al., 1995), with mean exposure levels of 15 ppm and 0.7 ppm,

respectively, reported significant increases in simple reaction time of 24 ms (11%) (Ferroni et al.,
1992) and 40 and 51.1 ms (15 and 20% increases, respectively, for two separate measurements)
(Altmann et al., 1995) for the exposed subjects. A third study, Lauwerys et al. (1983), reported

better performance on simple reaction time in 21 exposed workers (mean TWA: 21 ppm)
compared with controls measured before a work shift but not after.

The changes in brain weight, DNA/RNA, and neurotransmitter levels that were observed
in the animal studies are highly supportive of the neurobehavioral changes observed with
tetrachloroethylene exposure. Changes in brain DNA, RNA, or protein levels and lipid
composition were altered following inhalation, with changes observed in the cerebellum, the

hippocampus, and the frontal cortex (Wang et al., 1993; Rosengren et al., 1986; Savolainen et al.,

1977a; Savolainen et al., 1977b). The replication of these changes in biochemical parameters

and effects in brain weight in both rats and gerbils is pathognomonic. Changes in

neurotransmitters systems (Briving et al., 1986; Honma et al., 1980a; Honma et al., 1980b) and

circadian rhythm (Motohashi et al., 1993) in animal studies are consistent with neuroendocrine

alterations observed in humans (Ferroni et al., 1992).

In conclusion, the weight of evidence across the available studies of humans and animals
exposed to tetrachloroethylene indicates that chronic exposure to tetrachloroethylene can result
in decrements in color vision, visuospatial memory, and possibly other aspects of cognition and

neuropsychological function, including reaction time.
4.2. KIDNEY AND BLADDER TOXICITY AND CANCER
4.2.1. Human Studies

4.2.1.1. Kidney Toxicity in Humans

High concentrations of inhaled tetrachloroethylene given acutely as an anesthetic are

associated with symptoms of renal dysfunction, including proteinuria and hematuria (ATSDR

1997a; Hake and Stewart, 1977). Controlled inhalation exposure to tetrachloroethylene at levels

of 0, 20, 100, or 150 ppm for up to 11 weeks did not affect a number of urine parameters or
blood urea nitrogen (BUN) (a measure of kidney function) in 12 healthy individuals [Stewart et

4-60


http://hero.epa.gov/index.cfm?action=search.view&reference_id=631142�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631142�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631108�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=66305�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195935�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=66305�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=66305�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195935�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195890�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58354�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58277�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58168�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58168�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75191�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58323�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75391�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75390�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=195191�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=66305�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=192111�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58147�

al. (1977), as reported in ATSDR (1997b)]. Whether renal effects would occur from these acute
exposure levels in a larger, more diverse population than the one studied by Stewart et al. (1977)
is not known.

The evidence for kidney effects from chronic inhalation of tetrachloroethylene is limited
to studies of urinary renal proteins as indicator of kidney function. One study has become
available on end stage renal disease (ESRD) incidence in a cohort of dry cleaners (Calvert et al.
2011). The ATSDR (Lybarger et al., 1999; ATSDR, 1998a) recommends a standard battery of

kidney function tests including serum creatinine, urinalysis with microscopic examination of

urine sediment, albumin, retinol binding protein (RBP), N-acetyl-B-D-glucosaminidase (NAG),

alanine aminopeptidase (AAP), osmolality, and urine creatinine (Lybarger et al., 1999). These

indicators evaluate a range of toxicity, from effects on general kidney function to effects on
specific segments of the nephron. For example, the overall integrity of the nephron can be
evaluated from the urinalysis, and albumin is an indicator of the integrity of the glomerulus;
three indicators—RBP, NAG, and AAP—assess damage to the proximal tubules, although it
should be noted that NAG is not a sensitive and specific marker of tubular dysfunction (Lybarger
et al., 1999). The proximal tubules house B-lyase enzymes and are hypothesized to be a target of

tetrachloroethylene toxicity due to the bioactivation of reactive metabolites produced from the
further metabolism of TCVC (refer to Section 3). For this reason, altered urinary indicators of
proximal tubule function are consistent with knowledge of metabolic processing.

The epidemiologic studies are suggestive of subtle damage to the renal tubules.
Table 4-6 summarizes the human kidney function studies. Five studies (Trevisan et al., 2000;
Verplanke et al., 1999; Mutti et al., 1992; Solet and Robins, 1991; Lauwerys et al., 1983) have
examined the three core indicators of tubule function—RBP, NAG, or AAP—in urine of dry

cleaners. Three studies measured RBP, with two of the studies reporting a statistically

significant elevated prevalence of abnormal values among study participants (Mutti et al., 1992)

or a statistically significant elevated geometric mean concentration of RBP (Verplanke et al.,

1999) for tetrachloroethylene-exposed workers as compared with controls. The mean
concentration of RBP for exposed subjects (75.4 pug/g creatinine) in the Verplanke et al. (1999)

study is within a normal range.'

' Lapsley et al. (1998) found a median and an upper 98% confidence limit of 67 and 143 ug/g creatinine,
respectively, in a survey of 70 adults, and this range closely matches the findings of Topping et al. (1986), who
observed a mean and a 98% upper limit of 64 and 185 pg/g creatine, respectively, in 118 subjects.
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Table 4-6. Summary of human kidney toxicity marker studies of
occupational exposures to dry-cleaning facilities using tetrachloroethylene

Subjects, methods Exposure levels Results Reference(s)
Occupational exposures: dry-cleaning settings
Belgium, 26 dry cleaners, |Mean TWA =21 No differences in creatinine-adjusted urinary Lauwerys et
33 unexposed workers ppm, U-TCA =ND, |B2p-globulin, retinol-binding protein and al. (1983)

(controls), B, EA, PA, U
[before and after shift]

mean duration =
6.4 yr

albumin.

Italy, 57 dry cleaners

Dry cleaners

50% increase in creatinine-adjusted geometric

Franchini et

(mostly females) (Group | (Group 1): mean mean concentration of urinary f2-glucuronidase |al. (1983)
1), 188 painters (mostly TWA =10 ppm and 100% increase in geometric mean urinary
males) (Group 2), 51 (extrapolated from lysozyme in dry cleaners compared to either
glass-fiber reinforced boat | postshift U-TCA control group. No difference in total protein or
workers (Group 3), 212 according to Ikeda et |albumin.
workers exposed to Cs-C; |al. (1972), mean
alkanes (Group 4), 30 duration = 13.9 yr
unexposed workers
(mostly females) (Control
Group 1) and 81
unexposed workers
(mostly males) (Control
Group 2). U [before and
after shift]
Czech Republic, 22 female |3 shops with mean Fourfold elevation in geometric mean creatinine- | Vyskocil et
dry cleaners, 15 female TWA <12 ppm, 2 adjusted urinary concentration of lysozyme. No |al. (1990)
controls (clerical workers). | shops with mean difference in albumin, f2p-globulin and total
PA, U [end of shift] TWA 42 ppm and protein, or prevalence of subjects whose urinary
47 ppm, mean proteins above 95™ percentile.
duration = 11 yr
United State, 192 dry Mean TWA =7 ppm, |No correlation of exposure and creatinine- Solet and
cleaners (mostly females), |mean duration = adjusted urinary protein, albumin, or N-acetyl- | Robins
no controls. PA, U 11.6 yr B-glucuronidase. (1991)
[collection time varied by
subject]
Italy, 50 dry cleaners and |Mean TWA = 8.8 1.5- to 4-fold increase in creatinine-adjusted Mutti et al.
ironers (mostly females), |ppm, mean duration = | mean concentration of § urinary renal proteins | (1992)

50 controls (blood donors).
B, PA, U [before shift]

10 yr

(albumin, transferrin, 3 brush border antigens,
tissue nonspecific alkaline phosphatase,

p <0.05; glycosaminoglycans, Tamm-Horsfall
glycoprotein, p = 0.06) and 2 serum proteins
(anti-glomerular basement membrane, laminin
fragments, p < 0.05) in dry cleaners;
discriminated between dry cleaners and matched
controls (p < 0.05). No difference in 12 other
urinary renal proteins (includes total protein and
N-acetyl-B-glucuronidase).
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Table 4-6. Summary of human kidney toxicity marker studies of
occupational exposures to dry-cleaning facilities using tetrachloroethylene
(continued)

Subijects, methods Exposure levels Results Reference(s)
Italy, 40 female dry Mean TWA = 14.8 Positive correlation between preshift urinary Trevisan et al.
cleaners, 45 female ppm, mean duration = | PCE and total solutes and total proteins (p < (2000)
controls (ironers). PA,; B, |15yr 0.01) and postshift urinary PCE and glutamine
U [before and after shift] synthetase (p < 0.001). No difference in

creatinine-adjusted mean urinary concentration
of total solutes, total protein angiotensin
converting enzyme, N-acetyl-B-glucuronidase, or
glutamine synthetase.

The Netherlands, 101 dry |Mean TWA =8 ppm | Retinol binding protein (creatinine-adjusted Verplanke et
cleaners (mostly males), (dry cleaners), <2.2 | mean concentration) elevated twofold among al. (1999)

19 controls (seamstresses, |ppm (controls), mean |dry cleaners (p = 0.01). No difference in

sorters or folders in dry- duration = 3.9 yr creatinine-adjusted mean of B-galactosidase, V-

cleaning shops or laundry acetyl-B-glucuronidase, or alanine

workers) (mostly females). aminopeptidase. No difference in geometric

PA, U [before shift] mean albumin or total protein.

A = air sample, not specified area or personal sample; AA = area air samples, B = biological monitoring of
blood, BTX = benzene, toluene, xylene, EA = exhaled air samples, ND = not detectable, PA = personal air
samples, PCE = tetrachloroethylene, U = biological monitoring of urine for trichloroacetic acid.

As a comparison, Nomiyama et al. (1992) suggest a critical level of RBG of 200 ug/g
creatinine as indicative of cadmium-induced kidney toxicity. Exposure levels were to a median
of 15 ppm (range: limit of detection to 85 ppm) in Mutti et al. (1992) and 1.2 ppm (range:
0.3—6.5 ppm) in Verplanke et al. (1999). Lauwerys et al. (1983), the only other study to assess
RBP, did not observe any differences in the geometric mean concentration of RBP between dry
cleaners with a mean tetrachloroethylene exposure of 21 ppm and their controls; however, this
study contained fewer exposed subjects with a shorter duration of exposure than did that of Mutti
et al. (1992).

The four studies that measured urinary excretion of NAG (Trevisan et al., 2000;
Verplanke et al., 1999; Mutti et al., 1992; Solet and Robins, 1991) and the one study that
measured AAP (Verplanke et al., 1999) did not observe any differences between exposed

subjects and controls. These findings are not surprising, given the limitations in terms of

sensitivity and specificity of NAG as a marker of tubular dysfunction (Lybarger et al., 1999).

Mean exposures were 14 ppm in Solet and Robins (1991) and 9 ppm in Trevisan et al. (2000);
both studies assessed exposure from personal monitoring of exhaled breath.
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The above findings are further supported by the observation of elevated urinary excretion
of other proteins that are also indicators of damage to the proximal tubules: B2u-globulin,
intestinal alkaline phosphatase (IAP), tissue nonspecific alkaline phosphatase (TNAP),
lysozyme, B2-glucuronidase, and glutamine synthetase. Both IAP and TNAP are indicators of

proximal tubule brush border integrity (Price et al., 1996), whereas lysozyme and f2p-globulin
indicate a failure of the tubule to reabsorb protein (Lybarger et al., 1999; Kok et al., 1998;

Bernard and Lauwerys, 1995). Glutamine synthetase is a mitochondrial enzyme located in the

proximal tubules and has been recently suggested as a marker of tubular damage in rats exposed
to 1,3-hexachlorobutadiene (Trevisan et al., 1999).

Mutti et al. (1992) observed an elevated prevalence of abnormal values for B2p-globulin

and brush border antigens, a higher geometric mean concentration of brush border antigens in
urine, and a higher concentration of TNAP in urine among 50 exposed dry cleaners as compared
with 50 blood donors matched by sex and age with the exposed subjects. Furthermore, markers
of renal damage were highly predictive of exposure status in discriminant analysis.
B2u-Globulin, however, was not elevated among exposed subjects as compared with controls in

the other two studies that examined this protein (Vyskocil et al., 1990; Lauwerys et al., 1983),

although the mean concentration of B2p-globulin appeared higher in subjects studied by
Vyskocil et al. (1990) than the mean concentration in controls. Both these studies contained
fewer numbers of exposed subjects than did the study by Mutti et al. (1992), and reduced power
as a consequence of fewer subjects may be a reason for the null observations. Further,
tetrachloroethylene exposure appears to affect reabsorption in the renal tubules. Two studies that

assessed lysozyme or 2-glucuronidase observed a statistically significant elevated mean

concentration of these proteins among dry cleaners as compared with controls (Vyskocil et al.,
1990; Franchini et al., 1983).

It is not clear whether tetrachloroethylene exposure affects other parts of the kidney. The

study by Mutti et al. (1992) is suggestive of damage to the glomerulus; however, the lack of an
elevated excretion of albumin, an indicator of glomerular function (Lybarger et al., 1999), in the

study by Verplanke et al. (1999) argues for further assessment of possible glomerular effects.
Because some albumin is normally filtered, small increases in the amount of albumin in the urine
may result from tubular damage due to failure to reabsorb the small amount filtered (NRC,
2010).

Calvert et al. (2011) examined the incidence of end stage renal disease (ESRD) in a
cohort of 1,704 dry cleaners assembled by the National Institute of Occupational Safety and
Health (NIOSH), 618 who had worked only in a shop where tetrachloroethylene was the primary
cleaning solvent (tetrachloroethylene-only subcohort) and 1,086 who worked in a shop that used

tetrachloroethylene but who also had a history of employment in shops where the primary
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solvent could not be identified (tetrachloroethylene-plus subcohort) (Ruder et al., 2001, 1994).
All subjects alive as of 1977 were linked to the Renal Management Information System (RMIS),
a database of individuals receiving Medicare benefits for ESRD, and followed to 2004. Thirty
cases of ESRD were identified over the 27-year period (standardized incidence ratio [SIR]: 1.34,
95% CI: 0.90, 1.91), with 12 ESRD cases in the tetrachloroethylene-only subcohort (SIR: 1.30,
95% CI: 0.67, 2.26). Of these cases, eight were due to hypertensive ESRD (SIR: 2.66,

95% CI: 1.15, 5.23), of whom six cases were female subjects (SIR: 2.86, 95% CI: 1.05, 6.23).
The observed risk estimate for hypertensive ESRD among tetrachloroethylene-only subjects
appears larger than that for the tetrachloroethylene-plus subcohort (SIR: 1.53, 95% CI: 0.62,

3.16). An exposure-response pattern was further suggested because hypertensive ESRD risk was

highest among those in the tetrachloroethylene-only subcohort employed for >5 years (SIR: 3.39,
95% CI: 1.10, 7.92). These findings support an association between tetrachloroethylene
exposure and ESRD, particularly hypertensive ESRD. ESRD-observed risk is likely
underestimated using RMIS records. An examination of cause of death among cohort subjects
who had died by 2004 found five additional workers with chronic renal failure listed as an
underlying cause of death. Medical records for three of these five deaths indicated two subjects
with ESRD. Calvert et al. (2011), moreover, found substantial underreporting of chronic renal
disease on death certificates, suggesting incidence as superior to mortality for assessing
tetrachloroethylene exposure and kidney disease. Of the 23 deaths among the 30 ESRD subjects,
cause of death on death certificates for 11 of these subjects was due to chronic renal disease and
3 due to “renal disease not otherwise specified.”

Taken together, the epidemiologic studies support an association between
tetrachloroethylene and chronic kidney disease, as measured by urinary excretion of renal
proteins and ESRD incidence. The elevated urinary RBP levels observed in two studies

(Verplanke et al., 1999; Mutti et al., 1992) and lysozyme or f2-glucuronidase in Franchini et al.

(1983) provide some evidence for effects to the proximal tubules from tetrachloroethylene
exposure. Effects are observed in populations of both males and females, and potential
differences in susceptibility due to sex-related differences in rates of metabolism (refer to
Section 3) cannot be determined from the available evidence. Median exposure levels in the
studies that observed alterations in renal enzymes were 9 ppm (Trevisan et al., 2000), 10 ppm
(Franchini et al., 1983), and 15 ppm (Mutti et al., 1992), representing LOAELSs for these studies.

Only the study by Trevisan et al. (2000) observed an exposure-response relationship, a

correlation between urinary tetrachloroethylene and the concentration of glutamine synthetase (p
<0.001). None of the other studies reported exposure-response relationships, which is a
limitation on the inference of an association between tetrachloroethylene and renal damage.

However, as pointed out by Mutti et al. (1992), this is a common finding among solvent-exposed
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populations, and inadequate definition of the dose metric most likely contributes to the null
finding. Table 4-6 summarizes the human kidney toxicity studies. Calvert et al. (2011) supports
an association between inhalation tetrachloroethylene exposure and ESRD, particularly
hypertensive ESRD. They observed a twofold elevated incidence (SIR: 2.66, 95% CI: 1.15,
5.23) among subjects who worked only in a shop where tetrachloroethylene was the primary
cleaning solvent compared to that expected based on U.S. population rates. An exposure-
response pattern was further suggested because hypertensive ESRD risk was highest among
those employed for >5 years (SIR: 3.39, 95% CI: 1.10, 7.92).

4.2.1.2. Kidney Cancer in Humans

Twenty-seven epidemiologic studies reporting data on kidney cancer and
tetrachloroethylene exposure were identified. This set of studies includes 13 cohort or nested
case-control studies within a cohort (Seldén and Ahlborg, 2011; Calvert et al., 2011; Pukkala et
al., 2009; Wilson et al., 2008; Sung et al., 2007; Ji et al., 2005b; Blair et al., 2003; Chang et al.,
2003; Travier et al.. 2002; Anderson et al., 1999; Boice et al.. 1999; Anttila et al.. 1995; Lynge
and Thygesen, 1990); 11 case-control studies of occupational exposures ( Lynge et al., 2006;
Parent et al., 2000; Pesch et al., 2000a; Dosemeci et al., 1999; Delahunt et al., 1995; Mandel et
al., 1995; Schlehofer et al., 1995; Auperin et al., 1994; Mellemgaard et al., 1994; McCredie and
Stewart, 1993; Asal et al., 1988), and 3 studies of residential exposure through contaminated
drinking water (Ma et al., 2009; Vieira et al., 2005; Aschengrau et al., 1993). Some sets of these

studies represent overlapping study populations. For example, three papers examined cancer risk

among occupational groups defined by census data in Sweden (Wilson et al., 2008; Ji and

Hemminki, 2005a; Travier et al., 2002), one paper used a similar design in Denmark (Lynge and

Thygesen, 1990), two papers were based on census data from Sweden, Denmark, Finland, and
Norway (Lynge et al., 2006; Andersen et al., 1999), and a third paper added data from Iceland
(Pukkala et al., 2009). Cases and controls in another four studies (Dosemeci et al., 1999;
Schlehofer et al., 1995; Mellemgaard et al., 1994; McCredie and Stewart, 1993) were included in
the National Cancer Institute’s (NCI’s) multicenter international renal cell study (Mandel et al.
1995).

Generally, cohort studies presented risk estimates for “kidney and other and unspecified

urinary organs,” and case-control studies presented risk estimates for renal cell carcinoma, a
histological type included in the broader kidney and other and unspecified urinary organs
category. The exceptions were two studies that presented risk estimates for cancer of the renal
pelvis (Wilson et al., 2008; McCredie and Stewart, 1993) and two studies of the same cohort that
presented risk estimates for kidney and urinary (bladder) organs (Sung et al., 2007; Chang et al.,

2003). These 27 studies represent the core studies evaluated by EPA, as described in more detail
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below. One other cohort study included information on tetrachloroethylene but did not report

risk estimates for kidney cancer (Radican et al., 2008), and one case-control study identified only

one exposed case (as a dry-cleaning operator) and did not provide an estimate of the association

(Partanen et al., 1991), and so were not evaluated further. Appendix B reviews the design,

exposure-assessment approach, and statistical methodology for each study. Most studies were of
the inhalation route of exposure, of occupational exposure, and unable to quantify

tetrachloroethylene exposure.

4.2.1.2.1. Consideration of exposure-assessment methodology

Many studies examine occupational title as dry cleaner, launderer, and presser as
surrogate for tetrachloroethylene, given its widespread use from 1960 onward in the United
States and Europe (Calvert et al., 2011; Seldén and Ahlborg, 2011; Pukkala et al., 2009; Wilson
et al., 2008; Lynge et al., 2006; Ji et al., 2005b; Blair et al., 2003; Travier et al., 2002; Parent et
al., 2000; Andersen et al., 1999; Dosemeci et al., 1999; Delahunt et al., 1995; Mandel et al..
1995; Auperin et al., 1994; Mellemgaard et al.. 1994; McCredie and Stewart, 1993; Lynge and

Thygesen, 1990; Asal et al., 1988). Seven studies conducted in Nordic countries are based on

either the entire Swedish population or combined populations of several Nordic countries;
strengths of these studies are their use of job title as recorded in census databases and
ascertainment of cancer incidence using national cancer registries (Seldén and Ahlborg, 2011;
Pukkala et al., 2009; Wilson et al.., 2008; Lynge et al., 2006; Ji et al.. 2005b; Travier et al., 2002;

Andersen et al., 1999). Some variation can be expected within an occupational group among

countries; however, as Lynge et al. (2006) reported, average tetrachloroethylene usage in
1960—1970 in Sweden was higher than in Finland or Norway. Studies examining mortality
among U.S. dry-cleaner and laundry workers (Calvert et al., 2011; Blair et al., 2003) are of

smaller cohorts than the Nordic studies, with fewer observed kidney cancer events.

The exposure surrogate in studies of dry-cleaners and laundry workers is a broad
category containing jobs of differing potential for tetrachloroethylene exposure. Thus, these
studies have a greater potential for exposure misclassification bias compared to studies with
exposure potential to tetrachloroethylene assigned by exposure matrix approaches applied to
individual subjects. Three studies used additional information pertaining to work environment to
refine the exposure classification (Calvert et al., 2011; Seldén and Ahlborg, 2011; Lynge et al.,
2006). Seldén and Ahlborg (2011) obtained information about the dry-cleaning establishment

(e.g., washing techniques, chemicals used, number of employees, and work history of individual
employees) in a questionnaire sent to businesses in Sweden in the 1980s. Lynge et al. (2006),
using job titles reported in the 1970 Census, identified subjects based on the occupational code of

“Laundry and dry-cleaning worker” or industry code of “Laundry and dry cleaning.” Additional
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information used to refine this classification was sought for incident kidney cancer cases (and
cases of cancer of the esophagus, gastric cardia, liver, pancreas, cervix, bladder, and
non-Hodgkin lymphoma) within this defined cohort. Five controls, matched to the cases by
country-, sex- age-, and calendar period, were also included in this study. The additional
information sought by Lynge et al. (2006) included handwritten task information from the census
form from Denmark and Norway, pension databases in Denmark and Finland, and next-of-kin
interviews in Norway and Sweden. Exposure classification categories were dry cleaner (defined
as dry cleaners and supporting staff if employed at a business with <10 workers), other job titles
in dry cleaning (launderers and pressers), unexposed (job title reported on 1970 Census was
other than in dry cleaning), or unclassifiable (information was lacking to identify job title of
subject). The unclassifiable category represented 43 of 210 identified kidney cancer cases (20%)
and 241 of the 1,060 controls (22%). Another dry-cleaning study of unionized dry cleaners in

the United States included an analysis of subjects who worked for 1 or more years before 1960 in

a shop known to use tetrachloroethylene as the primary solvent (Calvert et al., 2011; Ruder et al.,
2001, 1994). The cohort was stratified into two groups based on the level of certainty that the
worker was employed only in facilities using tetrachloroethylene as the primary solvent
exposure; tetrachloroethylene-only and tetrachloroethylene-plus. Two of the five observed
kidney cancer deaths were among the tetrachloroethylene-only subset (n = 618) of study
subjects.

Only Blair et al. (2003; 1993) used an exposure metric for semiquantitative cumulative
exposure within a dry-cleaning setting. Four other studies presented risk estimates by
employment duration (Lynge et al., 2006; Ji et al., 2005b; Travier et al., 2002; Mandel et al.,
1995). Because employment duration does not account for variation in exposure levels, it is a

weaker exposure measure (i.e., more subject to misclassification) compared with one defined as
a semiquantitative measure.

One case-control study used a job exposure matrix (JEM) or one with information on
specific tasks, a job-task exposure matrix (JTEM), with semiquantitative exposure assessment

across a variety of jobs (Pesch et al., 2000a), and two study centers (Dosemeci et al., 1999;

Schlehofer et al., 1995) of the large NCI international renal cell carcinoma study used a JEM and

occupations to assign overall tetrachloroethylene exposure potential to individual subjects. In
Pesch et al. (2000a), the use of the German JEM identified approximately three times as many
cases with any potential tetrachloroethylene exposure (38%) compared to the JTEM (12%), and,
in both approaches, few cases were identified with substantial exposure (6% by JEM and 2% by
JTEM). Pesch et al. (2000a) noted, “exposure indices derived from an expert rating of job tasks
can have a higher agent-specificity than indices derived from job titles.” For this reason, the

JTEM approach, with consideration of job tasks, is considered a more robust exposure metric for
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examining tetrachloroethylene exposure and kidney carcinoma due to likely reduced potential for
exposure misclassification compared to exposure assignment using only job history and title.
Four other cohorts with potential tetrachloroethylene exposure in manufacturing settings

have been examined. These studies include aerospace workers in the United States (Boice et al.

1999), workers primarily in the metal industry, workers in Finland (Anttila et al., 1995), and

electronic factory workers in Taiwan (Sung et al., 2007; Chang et al., 2005). Boice et al. (1999)

used an exposure assessment based on a job-exposure matrix, and Anttila et al. (1995) used
biological monitoring of tetrachloroethylene in blood to assign potential tetrachloroethylene
exposure to individual subjects. In contrast, the exposures in the Taiwan studies included
multiple solvents, and tetrachloroethylene exposure was not linked to individual workers. These
cohorts also included white-collar workers, who had an expected lower potential for exposure
(Sung et al., 2007; Chang et al., 2003).

Three geographic studies focused on residential proximity to drinking water sources

contaminated with tetrachloroethylene and other solvents (Ma et al., 2009; Vieira et al., 2005;

Aschengrau et al., 1993). Two other studies in Cape Cod, MA, used either an exposure model

incorporating leaching and characteristics of the community water distribution system to assign a

household-relative dose of tetrachloroethylene (Aschengrau et al., 1993) or residential proximity

to Superfund sites without identifying specific exposures and a generalized additive model that

incorporates smoothing approaches and adjusts for covariates (Vieira et al., 2005). Ma et al.
(2009) is an ecological-designed study examining the rate of hospital discharges with a diagnosis
of kidney cancer and the average number of dry cleaners per square kilometer within New York
City zip codes as an exposure surrogate.

In summary, with respect to exposure-assessment methodologies, nine studies with
kidney cancer data assigned tetrachloroethylene exposure to individuals within the study using a

job exposure matrix (Pesch et al., 2000a; Boice et al., 1999; Dosemeci et al., 1999; Schlehofer et

al., 1995), or semiquantitative metric (Blair et al., 2003), biological samples (Anttila et al.

1995), an exposure model (Aschengrau et al., 1993), information about working conditions

obtained through a questionnaire (Seldén and Ahlborg, 2011), or classifying the cohort by

certainty of tetrachloroethylene exposure (Calvert et al., 2011). One other study based on

occupational census data sought additional information for use in refining potential exposure

within dry-cleaning settings (Lynge et al., 2006). The relative specificity of these exposure-

assessment approaches strengthens their ability to identify cancer hazards compared to studies
with broader and less sensitive exposure-assessment approaches. The least sensitive exposure
assessments are those using very broad definitions such as working in a plant or factory (Sung et
al., 2007; Chang et al., 2003) or density of dry-cleaning establishments by zip code (Ma et al.
2009).
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4.2.1.2.2. Summary of results

Seven of the 27 studies evaluated by EPA reported estimated relative risks based on a
large number of observed events: 50 or more deaths/incident cases in cohort studies (Pukkala et
al., 2009; Ji and Hemminki, 2005a; Travier et al., 2002; Andersen et al., 1999), or 50 or more

exposed cases in case-control studies (Pesch et al., 2000a; Dosemeci et al., 1999; Mandel et al.,

1995). Two of these studies adopted a relatively high quality exposure-assessment approach to
assign tetrachloroethylene exposure potential to individual subjects (Pesch et al., 2000a;
Dosemeci et al., 1999). Pukkala et al. (2009) updates the analysis of Andersen et al. (1999),

adding data from a 5™ country, Iceland, and extending follow-up to 2005, and is preferred over

Andersen et al. (1999) for these reasons.

The three'” cohort studies with findings based on 50 or more events observed
standardized incidence ratios or odds ratio estimates of 1.15 (95% CI: 0.98, 1.35), 0.94 (95% CI.:
0.83, 1.07), and 1.11 (95% CI: 0.93, 1.33) in Ji et al. (2005b), Pukkala et al. (2009) and Travier
et al. (2002), respectively, for the association between kidney cancer risk and ever having a job
title of dry-cleaner or laundry worker (refer to Table 4-7). The largest case-control study
(n = 245 cases from Australia, Denmark, Germany, Sweden, and the United States) reported an
odds ratio for the association between renal cell carcinoma and ever exposed to dry-cleaning
solvents of 1.4 (95% CI: 1.1, 1.7) (Mandel et al., 1995). Dosemeci et al. (1999), whose subjects
were included in the larger study of Mandel et al. (1995), reported an odds ratio estimate of 1.07

(95% CI: 0.7, 1.6) for the association between overall tetrachloroethylene exposure and renal cell
carcinoma, based on 50 cases exposed to tetrachlorethylene. The other large case-control study
by Pesch et al. (2000a) also included a high-quality exposure-assessment approach (JTEM) for
tetrachloroethylene. This study observed odds ratio estimates of 1.2 (95% CI: 0.9, 1.7), 1.1 (95%
CI: 0.7, 1.5), and 1.3 (95% CI: 0.7, 2.3) and, 2.2 (95% CI: 0.9, 5.2), 1.5 (95% CI: 0.6, 3.8), and
2.0 (0.5, 7.8) for medium, high, and substantial exposure in males and females, respectively.
This study observed lower odds ratio estimates for the association between kidney cancer and
tetrachloroethylene exposure assigned using a job-exposure-matrix, a less robust exposure-
assessment approach compared to a JTEM.

Differences in risk estimates between males and females were reported in three studies;

two studies observed higher point estimates in females (Ji et al., 2005b; Pesch et al., 2000a), with

a higher risk estimate for males observed in Dosemeci et al. (1999). Pukkala et al. (2009), in
contrast, did not observe differences in kidney cancer risk estimates between male and female

subjects. It is unclear why apparent differences in sex-specific results were observed in some

'7 Andersen et al. (1999) is not included in this summary of the data from the individual studies because it was
updated and expanded in the analysis by Pukkala et al. (2009).
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studies, although different exposure potentials, different exposure intensities, chance, or residual

confounding are possible alternative explanations (NRC, 2010; Dosemeci et al., 1999).

In addition to the large cohort and case-control studies, some evidence is found in studies
whose effect estimates are based on fewer observed events and that carry less weight in the
analysis. As expected, the magnitude of the point estimate of the association reported in these
studies is more variable than in the larger studies. Because of the relatively small number of
observed exposed cases in these cohort studies or exposed cases in case-control studies, ranging
from 2 in Antilla et al. (1995) and Boice et al. (1999) to 29 in Seldén and Ahlborg (2011), the
statistical power of these lesser-weighted studies is limited. The variation in the association
observed in these studies is consistent with that from studies discussed above that carry greater
weight in the analysis. For the association between kidney cancer and dry cleaning, six studies
reported risk estimates from 0.69 to 0.94 [Andersen et al. (1999); Asal et al. (1988), males;
Pukkala et al. (2009); Lynge et al. (2006); Boice et al. (1999); Lynge and Thygesen (1990)],
three studies reported risk estimates from 1.0 to 1.08 (Seldén and Ahlborg, 2011; Blair et al.,
2003; Aschengrau et al., 1993), four studies reported risk estimates from 1.35 to 1.92 (Parent et
al., 2000; Anttila et al., 1995; Delahunt et al., 1995; Calvert, 1976), and four studies reported risk
estimates from 2.3 to 2.8 [Asal et al. (1988), females; Schlehofer et al. (1995); Mellemgaard et
al. (1994); McCredie and Stewart (1993)].

Several studies had been previously identified based on the relative strengths of their

exposure-assessment methodology. The results from these studies are mixed. Some of these
studies reported no evidence of an increased risk, with relative risks of 0.67 [(Lynge et al., 20006);
dry cleaners], 0.69 [(Boice et al., 1999); routine exposure], 1.04 (Seldén and Ahlborg, 2011), and

1.07 [(Dosemeci et al., 1999); tetrachloroethylene exposure]. No cases were observed in the

group above the 90" percentile of exposure based on modeling of residential exposure in
Aschengrau et al. (1993), and the overall relative risk for any tetrachloroethylene exposure was
1.08. In contrast, data from other studies with relatively strong exposure-assessment methods
provide more evidence of an effect, with relative risks of 1.35 [(Calvert, 1976);
tetrachloroethylene-only], 1.5 [(Blair et al., 2003); medium-high exposure], 1.82 (Anttila et al.,
1995); biological samples], and 2.52 [(Schlehofer et al., 1995); tetrachloroethylene or

tetrachlorocarbonate exposure]. The data from Pesch et al. (2000a), as described earlier, do not

indicate a pattern of increasing risk with increasing exposure among males (odds ratio [OR]: 1.2,
1.1, and 1.3 for medium, high, and substantial exposure, respectively), or among females,
although the overall risk pattern is stronger among women (OR: 2.2, 1.5, and 2.0 for medium,
high, and substantial exposure, respectively).

Two studies of the same population, an electronics factory in Taiwan, which did not use

an exposure-assessment approach that allowed individual-level classification of exposure,
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observed standardized mortality ratios (SMRs) for kidney and urinary organ cancer of 1.18
(95% CI: 0.24, 3.44) (Chang et al., 2003) and 1.10 (95% CI: 0.62, 1.82) (Sung et al., 2008),

respectively. A geographic-based study reported a relatively constant prevalence rate ratio for

the association between hospital discharge diagnoses for kidney cancer and density of dry

cleaners by zip code of residence (Ma et al., 2009).

The two studies reporting findings for cancer of the renal pelvis and dry cleaner and
laundry jobs were each based on 10 or fewer observations, with the standardized incidence ratio
or odds ratio estimates in these studies of 1.23 (95% CI: 0.39, 2.86) and 6.09 (95% CI: 1.95, 8.9)
in Wilson et al. (2008) and McCredie and Stewart (1993), respectively.

Establishment of an exposure or concentration-response relationship can add to the
weight of evidence for identifying a cancer hazard, but only limited data pertaining to exposure-
response relationships for kidney cancer and tetrachloroethylene exposure are available. Seven
studies presented risk estimates for increasing exposure categories. Four studies used exposure
duration as a proxy (Lynge et al., 2006; Ji et al., 2005b; Boice et al., 1999; Mandel et al., 1995);

one of these included only five cases in three exposure categories (Boice et al., 1999), which

limits the potential of this study to assess trends. Three studies used a semiquantitative exposure
surrogate (Ma et al., 2009; Blair et al., 2003; Pesch et al., 2000a), but one of these was a

relatively nonspecific and nonsensitive measure based on zip code area-based density of dry

cleaners (Ma et al., 2009). A monotonic increasing trend in relative risk with increasing

exposure surrogate was not observed in any of the larger occupational exposure studies with

three or more exposure categories (Lynge et al., 2006; Pesch et al., 2000a; Mandel et al., 1995).

In a smaller study, Blair et al. (2003) reported a higher risk in the higher of two exposure
categories (SMR: 0.3 for little-to-no exposure and 1.5 for medium-to-high exposure). One other
study provided data pertaining to the effect of duration of work. Ji et al. (2005b) reported a
higher, but more imprecise, SIR for females employed as laundry workers and dry cleaners in the
1960 and 1970 Swedish Censuses (SIR: 1.67, 95% CI: 1.07, 2.37) compared to those who were
classified in this type of work only in 1960 (SIR: 1.41, 95% CI: 1.13, 1.71). Neither of the two
studies of renal pelvis cancer reported odds ratio estimates by exposure gradients.

Statistical analyses in all case-control studies except McCredie and Stewart (1993) and
Lynge et al. (2006) controlled for cigarette smoking, a known risk factor for kidney cancer
(Parent et al., 2000; Pesch et al., 2000a; Dosemeci et al., 1999; Delahunt et al., 1995; Mandel et
al., 1995; Schlehofer et al., 1995; Auperin et al., 1994; Mellemgaard et al., 1994; Aschengrau et
al., 1993; Asal et al., 1988). Fewer studies also controlled for body mass index, another risk
factor for kidney cancer (Parent et al., 2000; Dosemeci et al., 1999; Mandel et al., 1995;

Mellemgaard et al., 1994). Direct examination of possible confounders is less common in cohort

studies relying on company-supplied or census work history data compared to case-control
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studies where information is obtained from study subjects or their proxies. In cohort studies,
however, use of internal controls rather than an external referent group (e.g., national mortality
rates) can minimize effects of potential confounding due to smoking or socioeconomic status,
because exposed and referent subjects are drawn from the same target population. However,
only one of the available cohort studies included an analysis using internal controls, and that
study is limited by the observation of only two kidney cancer cases with routine

tetrachloroethylene exposure in the cohort (Boice et al., 1999). Effect of smoking as a possible

confounder may be assessed indirectly through examination of risk ratios for other smoking-
related sites such as lung cancer. Several studies observed roughly a 30% increase in lung
cancer risk among dry cleaners (Calvert et al., 2011; Seldén and Ahlborg, 2011; Pukkala et al.,

2009; Ji et al., 2005b; Blair et al., 2003). Any expected contribution of smoking to kidney cancer

risk will be smaller than that for lung cancer.

In conclusion, the epidemiologic data provide limited evidence pertaining to
tetrachloroethylene exposure and kidney cancer risk. The studies that support this finding
include the largest international case-control study (245 exposed cases from Australia, Denmark,
Germany, Sweden, and the United States), which reported a relative risk of 1.4
(95% CI: 1.1, 1.7) for any exposure to dry-cleaning solvents (Mandel et al., 1995). This study

was able to adjust for smoking history, BMI, and other risk factors for kidney cancer. The large

cohort studies, using a more general exposure classification based on national census occupation
data, present more variable results, with relative risks 0of 0.94, 1.11, and 1.15 in Pukkula et al.
(2009), Travier et al. (2002), and Ji et al. (2005b), respectively. One difference among these
cohort studies is that Travier et al. (2002) and Ji et al. (2005b) were based on data from Sweden,
while Pukkula et al. (2009) used data from Sweden, Denmark, Finland, Norway, and Iceland.
Differences between these countries in tetrachloroethylene usage, as was noted by Lynge et al.
(2006), may have introduced an additional source of exposure misclassification in this
multicountry analysis. In addition to the large cohort studies, evidence also comes from cohort
and case-control studies, whose effect estimates are based on fewer observed events. Smaller
studies that do not also have a more sensitive or specific exposure metric carry lesser weight in
the analysis. Eight studies were identified that used a relatively specific exposure-assessment
approach to refine classification of potential tetrachloroethylene exposure in dry-cleaning
settings (Calvert et al., 2011; Lynge et al., 2006; Blair et al., 2003), the aerospace industry (Boice

et al., 1999), or within a variety of workplaces (Pesch et al., 2000a; Dosemeci et al., 1999;

Anttila et al., 1995; Schlehofer et al., 1995) or a residential area setting (Aschengrau et al.,

1993). The results from these studies are mixed, with some studies reporting little or no

evidence of an association (Lynge et al., 2006; Pesch et al.. 2000a; Boice et al., 1999; Dosemeci

et al., 1999; Aschengrau et al., 1993), and other studies reporting elevated risks (Calvert et al.
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2011; Blair et al., 2003; Anttila et al., 1995; Schlehofer et al., 1995). An increasing trend in

relative risk with increasing exposure surrogate was not observed in any of the larger

occupational exposure studies with three or more exposure categories (Lynge et al., 2006;

Mandel et al., 1995), but some indication of higher risk with higher exposure (or duration) was

observed in other studies (Blair et al., 2003). As expected, the results from 16 other studies

using a relatively nonspecific exposure measure (broad occupational title of launderers and dry
cleaners, all workers at factory, density of dry-cleaning establishments by zip code) are more

variable and less precise, reflecting a greater potential for misclassification bias.
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer

Relative risk No. obs.
Exposure group (95% CI) events Reference
Cohort Studies
Biologically monitored workers Anttila et al. (1995)
All subjects 1.82 (0.22, 6.56) 2 849 Finnish men and women, blood PCE [0.4 umol/L in females and
0.7 pumol/L in males (median)], follow-up 1974—1992, external
referents (SIR)
Aerospace workers (Lockheed) Boice et al. (1999)
Routine exposure to PCE 0.69 (0.08, 2.47) 2 77,965 (n = 2,631 with routine PCE exposure and n = 3,199 with
Routine-intermittent Juration to PCE intermittent-routine PCE exposure), began work during or after 1960,
outme-intermittent exposure duration to worked at least 1 yr, follow-up 1960—1996, job exposure matrix
0l1.0% 22 without quantitative estimate of PCE intensity, 1987—1988 8-h TWA
PCE concentration (atmospheric monitoring) 3 ppm (mean) and 9.5
<1yr|0.49(0.07, 3.68) 1 ppm (median), external reference for routine exposure (SMR) and
1-4 yr[0.56 (0.13, 2.41) ) internal references (workers with no chemical exposures) for routine-
intermittent PCE exposure (RR)
>5 yr|0.46 (0.10, 2.08) 2
Electronic factory workers (Taiwan) Chang et al. (2003); Sung et al. (2007)
All Subjects 86,868 (n=70,735 female), follow-up 1979—1997, multiple solvents
Mal 0 exposure, does not identify PCE exposure to individual subjects, cancer
ales 131 mortality, external referents (SMR) (Chang et al., 2003);
=1 P 63,982 females, follow-up 1979-2001, factory employment proxy for
Females | 1.18 (0.24, 3.44)° 3 exposure, multiple solvents exposures and PCE not identified to
A individual subjects, cancer incidence, external referents, analyses
Females | 1.10 (0.62, 1.82) 10

lagged 5 yr (SIR) (Sung et al., 2007)

Aircraft maintenance workers from Hill Air Force Base

Radican et al. (2008)

Any PCE exposure

Not reported

10,461 men and 3,605 women (total n = 14,066, n = 10,256 ever
exposed to mixed solvents, 851 ever-exposed to PCE), employed at
least 1 yr from 1952-1956, follow-up 1973—2000, job exposure matrix
(intensity), internal referent (workers with no chemical exposures) (RR)
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
Dry-cleaner and laundry workers Andersen et al. (1999)
All laundry worker and dry cleaners 0.92 (0.73, 1.15) 81 29,333 men and women identified in 1960 Census (Sweden) or 1970
Census (Denmark, Finland, Norway), follow-up 1971—1987 or 1991,
Males 1.03 (0.66, 1.53) 24 PCE not identified to individual subjects, external referents (SIR)
Females 0.88 (0.67, 1.15) 57
Blair et al. (2003)
All subjects 1.0 (0.4, 2.0) 8 5,369 U.S. men and women laundry and dry-cleaning union members
. . (1945-1978), follow-up 1979—1993, semiquantitative cumulative
Semiquantitative exposure score .
exposure surrogate to dry clean solvents, cancer mortality, external
Little to no exposure [ 0.3 (<0.1, 1.6) 1 referents (SMR)
Medium to high exposure | 1.5 (0.6, 3.1) 7
Jietal. (2005b)
Laundry workers and dry cleaners in 1960 1.15(0.98, 1.35) 153 9,255 Swedish men and 14,974 Swedish women employed in 1960
Census (men) or 1970 (women) as laundry workers or dry cleaners, follow-up
1961/1970—2000, PCE not identified to individual subjects, external
Males | 0.90 (0.69, 1.14) 6l referent (SIR) and adjusted for age, period, and socioeconomic status
Females | 1.41 (1.13, 1.71) 92
Laundry workers and dry cleaners in both 1960 and 1970 Censuses
Males | Not reported
Females | 1.67 (1.07, 2.37) 26
Laundry workers and dry cleaners in 1960, 1970, and 1980 Censuses
Males | Not reported
Females | 1.00 (0.90, 1.10) 3
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

PCE

Not reported

Laundry

Not reported

Relative risk No. obs.
Exposure group (95% CI) events Reference
Dry-cleaner and laundry workers (continued) Lynge and Thygsen (1990)

All laundry worker and dry cleaners 0.88 (0.44, 1.58) 11 10,600 Danish men and women, 20—64 yr old, employed in 1970 as

laundry workers, dry cleaners, and textile dye workers, follow-up
Males | 1.50 (0.55,3.27) 6 1970—1980, external referents (SIR)
Females | 0.58 (0.19, 1.36) 5

Pukkala et al. (2009)

Launderer and dry cleaner 0.94 (0.83, 1.07) 263 Men and women participating in national census on or before 1990, 5
Nordic countries (Denmark, Finland, Iceland, Norway, Sweden),

Male| 0.89 (0.68, 1.14) 62 30—64 yr, follow-up 2005, occupational title of launderer and dry
Female | 0.96 (0.84, 1.10) 201 cleaner in any census, external referents (SIR)

Calvert et al. (2011)

All subjects 1.14 (0.37,2.67) 5 1,704 U.S. men and women dry-cleaning union members in CA, IL,
E duration/ti ce 1 : ¢ MI, NY follow-up 1940—2004 (618 subjects worked for one or more
Xposure durafion/fime since 1~ employmen yr prior to 1960 only at shops where PCE was the primary cleaning

<5 yr/<20 yr | Not reported solvent, identified as PCE-only exposure), cancer mortality (SMR)
<5 yr/>20 yr | Not reported
>5 yr/<20 yr | Not reported
>5 yr/>20 yr | Not reported
PCE-only subjects 1.35(0.16, 4.89) 2
Seldén and Ahlborg (2011)
Dry-cleaners and laundry workers 1.04 (0.69, 1.49) 100 9,440 Swedish men (rn =2,810) and women (n = 9,440) in 461

washing and dry-cleaning establishments, identified by employer in
mid-1980s, employed 1973—1983, follow-up 1985—2000, exposure
assigned using company self-reported information on PCE usage—
PCE (dry cleaners and laundries with a proportion of PCE dry
cleaning), laundry (no PCE use), and other (mixed exposures to PCE,
CFCs, TCE, etc.), external referents (SIR)
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
Travier et al. (2002)
All subjects, 1960 or 1970 Census in laundry and | 1.11 (0.93, 1.33) 121 Swedish men and women identified as laundry worker, dry cleaner, or
dry cleaner or related occupation and industry presser (occupational title), in the laundry, ironing, or dyeing industry
All subjects in 1960 and 1970 in laundry and dry | 1.20 (0.71, 2.02) 14  |orrelated industry in 1960 or 1970 (543,036 person-years); or, as
) i d indust laundry worker, dry cleaner, or presser (occupational and job title)
cleancr occupation and INQUSILY (46,933 person-years) in both censuses, follow-up 1971—-1989,
external referents (SIR)
Wilson et al. (2008)
All subjects, laundry and dry cleaning occupation 16,512 Swedish men (n = 3,375) and women (n = 13,137) identified in
1960 or 1970 as laundry worker or dry cleaner (occupation) or in
Males | Not reported <2 obs. laundry, ironing and dyeing industry, follow-up 1971-1989, external
Females | 1.23 (0.39, 2.86) 5 referents (SIR), cancer of the renal pelvis
Case-Control Studies
Asal et al. (1988)
Dry-cleaning industry 315 histologically or radiologically confirmed renal cell carcinoma
cases identified from 29 Oklahoma hospitals, 1981—-1984, 336
Males 0.7 (0.2, 2.3) 3 population controls frequency matched on age and sex and 313
Females |2.8 (0.8, 9.8) 8 hospital controls matched by age, sex, race, hospital and time of
interview to cases, in-person interview using questionnaire, longest
job held was exposure surrogate, OR adjusted for age, smoking weight
Upper Cape Cod, MA (United States) Aschengrau et al. (1993), Vieira et al. (2005)
Any PCE 1.08 (0.42,2.79) 6 35 kidney cancer cases, 1983—1986, Massachusetts Cancer Registry,
RDD 90" percentile 0 777 population controls, residential history, ordinal estimate of PCE-

contaminated water (RDD) from exposure model (Aschengrau et al.,
1993) or geographical information system and proximity to
groundwater plume (Vieira et al., 2005), OR adjusted for sex, age at
diagnosis, vital status at interview, education, cigarette smoking, and
urinary tract infection or stone (both studies)
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
10 hospitals (France) Auperin et al. (1994)

Dry cleaning occupation Not reported 151 histologically confirmed renal cell carcinoma hospital cases,
1987—1991, 161 hospital cancer controls and 186 hospital controls
with nonmalignant disease matched on age, sex, and interviewed to
cases, in-person interview, lifetime occupational title as exposure
surrogate, OR adjusted for age, smoking, weight

Population of New Zealand Delahunt et al. (1995)

Launderer and dry cleaner occupation 1.92 (0.37, 13.89) Not| 710 male histologically confirmed renal cell carcinoma cases, >20 yr

reported | of age, 1978—1986, 12,758 male controls randomly selected from

same cancer registry as cases but with tumor outside urinary tract,
interview method not reported, occupational title (ever employed or
usual job title not reported) as exposure surrogate, Mantel-Haenszel
OR stratified by smoking history and 10 yr age group

International Renal Cell Cancer Study (Australia, Denmark, Germany, Sweden, United
States)

Mandel et al. (1995); Dosemeci et al. (1999); McCredie and Stewart
(1993); Mellemgaard et al. (1994); Schlehofer et al. (1995)

All Centers (Mandel et al., 1995)

Ever exposed to dry-cleaning solvents 1.4 (1.1, 1.7) 245
Duration of exposure to dry-cleaning solvents
(yr)
1-7(0.2 (0.9, 1.8) 70
8-25[1.7(1.2,2.4) 78
26-60(1.2 (0.9, 1.8) 75
Denmark (Mellemgaard et al., 1994)
>1 yr exposure duration in dry-cleaning industry,
10 yr before interview
Males 2.3 (0.2, 27) 2

1,732 histologically or cytologically confirmed renal cell carcinoma
cases from 6 study centers (Mandel et al., 1995) [438 renal cell
carcinoma cases from one United States center [Minnesota Cancer
Surveillance System, a SEER reporting site] (Dosemeci et al., 1999),
368 cases from Denmark (Mellemgaard et al., 1994), 277 renal cell
carcinoma cases from 10 local urology departments near Heidelberg,
Germany (Schlehofer et al., 1995)], 20—79 yr (20—75 yr, Heidelberg),
1989—-1991, identified from hospital surveillance (Germany) national
cancer registries (all other countries), same birth country and cancer
registry (except Australia and the United States), 2,309 population
controls (all countries, with controls >65 yr in the United States
identified from HCFA roles) (Mandel et al., 1995) [687 population
controls (Dosemeci et al., 1999); 396 population referents
(Mellemgaard et al., 1994), 286 population controls (Schlehofer et al.,
1995)], matched on sex, and age, in-person interview with
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
Females [2.9 (0.3, 33) 2 questionnaire inquiry on specific occupations (4 centers)
cont | New South Wales, Australia (McCredie and Stewart, 1993)¢ or full occupational history (2 centers); occupation and chemical
.. . . grouping as exposure surrogate, OR stratified by sex and adjusted for
Dry-cleaning industry occupation or job 270 (1.08,6.72) 16 age, smoking, BMI, education, and study center, OR reported for
Germany (Heidelberg) (Schlehofer et al., 1995) males only (Mandel et al., 1995). In Mellemgaard et al. (1994), OR
for occupational title/exposure >1 year duration and 10 years before
PCE and tetrachlorocarbonate 2.52(1.23,5.16) 27 interview and adjusted for age, BMI and smoking. In Dosemeci et al.
United States (Minnesota) (Dosemeci et al., 1999) (1999), OR reported for both sexes together and separately and
adjusted for age, smoking hypertension, and/or diuretic use, and/or
PCE 1.07(0.7, 1.6) 50 anti-hypertension drug use, and BMI. In Schlehofer et al. (1995), OR
Male | 1.12 (0.7, 1.7) 42 for exposure duration >5 years and adjusted for age and smoking
Female | 0.82 (0.3, 2.1) 8
Nordic Countries (Denmark, Finland, Norway, Sweden) Lynge et al. (20006)
Unexposed 1.00 129 Case-control study among 46,768 Danish, Finnish, Norwegian, and
Drv ol 0.67 (043. 1.05 29 Swedish men and women employed in 1960 as laundry worker or dry
ry cleaner -67(043,1.05) cleaner, follow-up 19701971 to 1997-2001, 210 renal cell
Other in dry-cleaning 1.15(0.52, 2.53) 9 carcinoma cases, 3 controls per case randomly selected from cohort
: matched on country, sex, age, calendar period at diagnosis time,
Unclassifiable 0.76 (0.50, 1.16) 3 occupational task at 1970 Census proxy for exposure, kidney cancer
Dry cleaner, employment duration, 1964—1979 incidence, RR adjusted for country, sex, age, calendar period at time
of diagnosis
<1yr|0.24 (0.03,2.04) 1
2—4 yr|0.86 (0.28, 2.67) 4
5-9yr|0.70 (0.32, 1.55) 8
>10 yr|0.75 (0.39, 1.42) 14
Unknown | 0.70 (0.15, 3.36) 2
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
New South Wales, Australia McCredie and Stewart (1993)

Dry-cleaning industry occupation or job 6.09 (1.95, 18.9)° 8 147 renal pelvic cancer cases, 20—79 yr, 1989—-1990, identified from
hospitals and physicians, 523 population controls, in-person or
telephone interview, job title or industry as exposure surrogate, OR
adjusted for age, sex, and method of interview (for renal cell
carcinomas) and age, sex, interview methods and education (for renal
pelvic cancers)

Finland Partanen et al. (1991)

Dry-cleaning operator Not reported 1 338 renal cell carcinoma cases, 20—95 yr, 1977-1987, identified from
Finnish Cancer Registry, 484 population controls matched on birth
year, sex, and survival status at time of interview, mailed interview,
job title or industry for all jobs held 1926—1968, OR adjusted for
smoking, coffee consumption and obesity

Germany, 5 regions Pesch et al. (2000a)
PCE, JEM 935 histologically confirmed renal cell carcinomal cancer in men and
) women, hospital record study, 1991-1995, 4,298 age-sex-matched
Medium exposure } é (8'3’ }g) 11:/[ 1;2 population controls, in-person interview, JEM and JTEM for PCE, OR
208, 1.8) adjusted for age, study center, smoking
High exposure| 1.1 (0.9, 1.4) M 138
1.3(0.8,2.0)F 29
Substantial exposure | 1.3 (0.9, 1.8) M 55
0.8(0.3,19F 6
PCE, JTEM
Medium exposure | 1.2 (0.9, 1.7) M 44
22(09,52)F 8
High exposure | 1.1 (0.7, 1.5) M 39
1.5(0.6,3.8) F 6
Substantial exposure | 1.3 (0.7, 2.3) M 15
2.0(0.5,7.8) F 3
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Table 4-7. Summary of human studies on tetrachloroethylene exposure and kidney cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
Montreal, Canada Parent, 2000
Launderers and dry cleaners 142 histologically confirmed renal cell carcinoma cancer, 1979—1985,
35-70 yr, 533 population control group and 1,900 cancer control
Any exposure | 1.7 (0.6, 4.7) 4 group, in-person interviews, occupational title, OR adjusted age,
Substantial exposure 0 smoking, and BMI
Geographic Studies
New York City, NY (United States) Ma, 2010
Zip codes with number of dry cleaners/km” 10,916 cases with hospital discharge diagnosis of renal or renal pelvis
cancer, 1993—2004, zip code of residential address and dry-cleaner
0-0.47|1.0a 1,458 . .
business number/zip code area as exposure surrogate, crude
0.47-0.90|1.14 (1.03, 1.27)f 2,289 prevalence rate ratio (prevalence RR)
0.90-1.50|1.09 (0.97, 1.21)" | 1,838
1.50-2.70| 1.17 (1.05, 1.32)" | 2,766
2.70-16.43|1.15 (1.01, 1.30)" | 2,565

"Referent.

°For Chang et al. (2003), SMR for kidney and urinary organs.

‘For Sung et al. (2007), SIR for kidney and urinary organs, 10 yr lag period.

In McCredie and Stewart (1993), renal cell carcinoma cases from hospitals and physicians in New South Wales, Australia. Of the 489 renal cell carcinoma
cases, 256 were from the Sydney Metropolitan area and were included in the National Cancer Institute’s international study (Mandel et al., 1995).

°In McCredie and Stewart (1993), OR for renal pelvic cancer.

In Ma et al. (2009), rate ratio from negative binomial regression model with main effect for zip code (crude rate ratio). Rate ratios from models with adjustment
for age, race, sex, population density and median household and effect modifiers that vary by exposure category are 1.0 (referent), 1.15 (95% CI: 1.04, 1.27)
[no effect modification], 1.10 (1.00, 1.24) [effect modification by population density], 1.27 (95% CI: 1.13, 1.42) [effect modification by race], and 1.16 (05%
CI: 1.02, 1.33) [effect modification by mean household income and age], for numbers of dry cleaners of 0—0.47, 0.47-0.90, 0.90—1.50, 1.50—2.70, and
2.70—16.43/km’, respectively.

JEM = job-exposure matrix, HCFA = Health Care Financing Administration, JTEM = job-task-exposure-matrix, PCE = tetrachloroethylene, RDD = relative
delivered dose, TWA = time-weighted-average.
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4.2.1.3. Bladder Cancer in Humans

Thirty-two epidemiologic studies reporting data on bladder cancer and
tetrachloroethylene exposure were identified. This set of studies includes 13 cohort or nested
case-control studies within a cohort (Calvert et al., 2011; Seldén and Ahlborg, 2011; Pukkala et
al., 2009; Wilson et al., 2008; Sung et al., 2007; Lynge et al., 2006; Chang et al., 2005; Ji and
Hemminki, 2005a; Blair et al., 2003; Travier et al., 2002; Andersen et al.. 1999:; Boice et al.,
1999; Lynge and Thygesen, 1990), 16 case-control studies of occupational exposures (Colt et al.
2011; Dryson et al., 2008; Reulen et al., 2007; Gaertner et al., 2004; Kogevinas et al., 2003;
Zheng et al., 2002; Pesch et al., 2000b; Teschke et al., 1997; Swanson and Burns, 1995; Burns
and Swanson, 1991; Siemiatycki, 1991; Steineck et al., 1990; Silverman et al., 1989a; Silverman
et al., 1989b; Smith et al., 1985; Schoenberg et al., 1984), and 3 studies of residential exposure
through contaminated drinking water (Vieira et al., 2005; Aschengrau et al., 1993; Mallin, 1990).

These 32 studies represent the core studies evaluated by EPA, as described in more detail below.

Two other cohort studies and one case-control study included information on tetrachloroethylene
but did not report risk estimates for bladder cancer (Radican et al., 2008; Colt et al., 2004;

Anttila et al., 1995), and so were not evaluated further. The peer-reviewed literature also

contains a meta-analysis that examined dry cleaning and bladder cancer (Reulen et al., 2007).

There is some overlap in the study populations among these studies: Travier et al. (2002)
used occupational data from the Swedish national census, and Lynge and Thygsen (1990) used a
similar design in Denmark; Andersen et al. (1999) and Lynge et al. (2006) expanded these
studies to include Denmark, Finland, and Norway in addition to Sweden, and Pukkala et al.
(2009) added Iceland to this set. Pesch et al. (2000b) is a large case-control study examining
urothelial cancers, a grouping of bladder, ureter, and renal pelvis neoplasms, with exposure
information on tetrachloroethylene. Kogevinas et al. (2003), a pooled analysis of 11 studies
conducted in European countries between 1976 and 1996, includes the dry cleaning but not the
tetrachloroethylene exposure observations in males in Pesch et al. (2000b). Kogevinas does not
provide information on women; 't Mannetje et al. (1999) pooled observations in women in these
11 studies but did not report findings on dry-cleaner and laundry workers.

Appendix B reviews the design, exposure-assessment approach, and statistical
methodology for each study. Most studies were of the inhalation route, of occupational

exposure, and unable to quantify tetrachloroethylene exposure.

4.2.1.3.1. Consideration of exposure-assessment methodology

Many studies examine occupational titles such as dry cleaner, launderer, and presser as

surrogate for tetrachloroethylene, given its widespread use from 1960 onward in the United

4-83


http://hero.epa.gov/index.cfm?action=search.view&reference_id=670877�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699243�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699237�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699237�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699229�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699225�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632522�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699209�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630649�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630649�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630365�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631051�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628971�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630736�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=668314�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=668314�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699227�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699223�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699249�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699204�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=598068�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724591�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631033�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=598072�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=598074�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=598074�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=4905�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632852�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632850�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632850�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630984�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=698903�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632577�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58352�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630742�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699234�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699207�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630313�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699223�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=631051�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630736�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628971�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632522�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699237�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724591�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699204�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724591�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=732613�

States and Europe (Calvert et al., 2011; Colt et al., 2011; Pukkala et al., 2009; Dryson et al.,
2008; Reulen et al., 2008; Wilson et al., 2008; Reulen et al., 2007; Lynge et al., 2006; Ji and
Hemminki, 2005a; Gaertner et al., 2004; Blair et al.. 2003; Kogevinas et al., 2003; Travier et al.,
2002; Zheng et al., 2002; Andersen et al., 1999; Teschke et al., 1997; Swanson and Burns, 1995;
Burns and Swanson, 1991; Lynge and Thygesen, 1990; Silverman et al., 1990; Steineck et al.,
1990; Silverman et al., 1989a; Silverman et al., 1989b; Smith et al., 1985; Schoenberg et al.,

1984). Six studies conducted in Nordic countries are either based on the entire Swedish

population or combined populations of several Nordic countries; strengths of these studies are
their use of job titles as recorded in census databases and ascertainment of cancer incidence
using national cancer registries (Pukkala et al., 2009; Wilson et al., 2008; Lynge et al., 2006; Ji et

al., 2005a; Travier et al., 2002; Andersen et al., 1999). Studies examining mortality among U.S.

dry-cleaner and laundry workers (Calvert et al., 2011; Blair et al., 2003) are of smaller cohorts

than the Nordic studies, with fewer observed bladder cancer events.

The exposure surrogate in studies of dry-cleaners and laundry workers is a broad
category containing jobs of differing potential for tetrachloroethylene exposure. Thus, these
studies have a greater potential for exposure misclassification bias compared to studies with
exposure potential to tetrachloroethylene assigned by exposure matrix approaches. Two studies
used additional information pertaining to work environment to refine the exposure (Calvert et al.
2011; Lynge et al., 2006). Lynge et al. (2006), using job titles reported in the 1970 Census,

identified subjects based on an occupational code of “laundry and dry-cleaning worker” or an

industry code of “laundry and dry cleaning.” Additional information to refine this occupational
classification was sought for incident cancer cases, including bladder cancer, within this defined
cohort. Five controls, matched to the cases by country, sex, age, and calendar period, were also
included in the study. The additional information included handwritten task information from
the census forms from Denmark and Norway, pension databases in Denmark and Finland, and
next-of-kin interviews in Norway and Sweden. Exposure classification categories were dry
cleaner (defined as dry cleaners and supporting staff if employed in a business of <10 workers),
other job titles in dry cleaning (launderers and pressers), unexposed (job title reported on 1970
census was other than dry cleaning), or unclassifiable (information was lacking to identify job
title of subject). The unclassifiable category represented 57 of 351 bladder cancer cases (16%)
and 234 out of 1,482 controls (16%). The study by Calvert et al. (2011) included an analysis of
subjects who worked for one or more years before 1960 in one or more shops known to use
tetrachloroethylene as the primary solvent (Calvert et al., 2011). The cohort was stratified into

two groups based on the level of certainty that the worker was employed only in facilities using
tetrachloroethylene as the primary solvent exposure; tetrachloroethylene-only and

tetrachloroethylene plus. However, there were no bladder cancer deaths among this subset
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(n = 618) of tetrachloroethylene-only subjects. Three additional studies used a semiquantitative
or quantitative exposure metric. Blair et al. (2003) used an exposure metric for semiquantitative
cumulative exposure between dry-cleaning and laundry workers. The case-control study by
Siemiatycki (1991) used a JEM based on occupational titles for tetrachloroethylene, and another
case-control study used a JEM and one JEM with information on specific tasks, a JTEM, with

semiquantitative exposure assessment across a variety of jobs (Pesch et al., 2000b).

Two other cohorts with potential tetrachloroethylene exposure in manufacturing settings

have been examined. These studies include aerospace workers in the United States (Boice et al.

1999) and electronic factory workers in Taiwan (Sung et al., 2007; Chang et al., 2005). Boice et

al. (1999) used an exposure assessment based on a JEM to classify exposures. In contrast, the
exposures in the Taiwan studies included multiple solvents, and tetrachloroethylene exposure
was not linked to individual workers (Sung et al., 2007; Chang et al., 2005).

Three geographic studies focused on residential proximity to drinking water sources

contaminated with tetrachloroethylene and other solvents. Mallin (1990) examined incidence
and mortality by county in Illinois, with the exposure surrogate assigned uniformly to all
subjects. Two other studies in Cape Cod, MA, used either an exposure model incorporating
tetrachloroethylene leaching and characteristics of the community water distribution system

(Aschengrau et al., 1993) or residential proximity to Superfund sites and a generalized additive

model that incorporates smoothing approaches and adjusts for covariates (Vieira et al., 2005).

In summary, four studies with bladder cancer data assigned tetrachloroethylene exposure

to individuals within the study using a job exposure matrix (Blair et al., 2003; Pesch et al.,

2000b; Boice et al., 1999) or an exposure model (Aschengrau et al., 1993). One other study

sought additional data using a questionnaire for use in refining potential exposure within dry-

cleaning settings (Lynge et al., 2006). The relative specificity of these exposure-assessment

approaches strengthens their ability to identify cancer hazards compared to studies with broader

and less sensitive exposure-assessment approaches.

4.2.1.3.2. Summary of results

Seven studies evaluated by EPA reported estimated relative risks based on a large
number of observed events; 50 or more deaths/incident cases in cohort studies (Pukkala et al.,
2009; Wilson et al., 2008; 2005a; Travier et al., 2002; Andersen et al., 1999), or 50 or more
exposed cases in case-control studies (Lynge et al., 2006; Pesch et al., 2000b), with sufficient

power to detect a twofold elevation in estimated risk. Pukkala et al. (2009) updates the analysis

of Andersen et al. (1999) adding data from a 5t country, Iceland, and extending follow-up to
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2005, and is preferred over Andersen et al. (1999) for these reasons. The five'® large cohort
studies observed a standardized incidence ratio or odds ratio estimate of 1.01 (95% CI: 0.86,
1.19), 1.08 (95% CI: 0.98, 1.23), 1.14 (95% CI: 0.89, 1.45), 1.27 (95% CI: 1.08, 1.48), and 1.44
(95% CI: 1.07, 1.93) in Travier et al. (2002), Pukkala et al. (2009), Wilson et al. (2008), Ji et al.
(2005a) and Lynge et al. (2006), respectively, for the association between bladder cancer risk
and ever having a job title of dry cleaner or laundry worker (refer to Table 4-8). The Lynge et al.
(2006) results were slightly higher among the subgroup from Denmark and Norway, in which the
number of unclassifiable data was negligible (relative risk 1.69, 95% CI: 1.18, 2.43). The large
case-control study by Pesch et al. (2000b) reported an odds ratio of 0.8 (95% CI: 0.6, 1.2), 1.3
(95% CI: 0.9, 1.7), and 1.8 (95% CI: 1.2, 2.7) for medium, high, and substantial exposure,
respectively, compared to low exposure, based on the JTEM approach.

Additional evidence is found in studies whose effect estimates are based on fewer
observed events and that carry lesser weight in the analysis. As expected, the magnitude of the
point estimate of the association reported in these studies is more variable than in the larger
studies: 4 studies report relative risks between 0.7 and 0.91 [Colt et al. (2011), males; Dryson et
al. (2008); Boice et al. (1999); Lynge and Thygesen (1990)], 10 studies report relative risks
between 1.2 and 1.9 [Colt et al. (2011), females; Gaertner et al. (2004); Blair et al. (2003);
Kogevinas et al. (2003); Aschengrau et al. (1993); Burns and Swanson (1991); Siemiatycki
(1991); Steineck et al. (1990); Smith et al. (1985); Schoenberg et al. (1984)], and 3 studies report
relative risk estimates >2.0 (Reulen et al., 2007; Zheng et al., 2002; Teschke et al., 1997).

Except for the estimate from Reulen et al. (2007) (RR: 2.7, 95% CI: 1.1, 6.6), all of the 95% Cls
of these estimates overlap 1.0. Because of the relatively small number of observed cases in these

cohort studies or exposed cases in case-control studies, ranging from 2 in Boice et al. (1999) to
19 in the pooled study of Kogevinas et al. (2003); the statistical power of these lesser-weighted

studies is limited.

'8 Andersen et al. (1999) is not included in this summary of the data from the individual studies because it was
updated and expanded in the analysis by Pukkala et al. (2009).
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer

Exposure group

Relative risk
(95% CI)

No. obs.
events

Reference

Cohort Studies

Biologically monitored workers

Anttila et al. (1995)

All subjects

Not reported”

849 Finnish men and women, blood PCE [0.4 pmol/L in females
and 0.7 pmol/L in males (median)], follow-up 1974—1992,
external referents (SIR)

Aerospace workers (Lockheed)

Boice et al. (1999)

Routine exposure to PCE

0.70 (0.09, 2.53)

Routine-Intermittent exposure to PCE

Not reported®

77,965 (n = 2,631 with routine PCE exposure and n = 3,199 with
intermittent-routine PCE exposure), began work during or after
1960, worked at least 1 yr, follow-up 1960—1996, job exposure
matrix without quantitative estimate of PCE intensity,
1987-1988 8-h TWA PCE concentration (atmospheric
monitoring) 3 ppm [mean] and 9.5 ppm [median], external
reference for routine exposure (SMR) and internal references
(workers with no chemical exposures) for routine-intermittent
PCE exposure (RR)

Electronic factory workers (Taiwan)

Chang et al. (2005); Sung et al. (2007)

All Subjects

Males

1.06 (0.45, 2.08)°

Females

1.09 (0.56, 1.91)°

12

Females

0.34 (0.07, 1.00)

12

86,868 (n = 70,735 female), follow-up 1979—1997, multiple
solvents exposure, does not identify PCE exposure to individual
subjects, cancer incidence, external referents (SIR) (Chang et al.,
2005);

63,982 females, follow-up 1979-2001, factory employment
proxy for exposure, multiple solvents exposures and PCE not
identified to individual subjects, cancer incidence, external
referents, analyses lagged 5 yr (SIR) (Sung et al., 2007)

Aircraft maintenance workers from Hill Air Force Base

Radican et al. (2008)

Any PCE exposure

Not reported

10,461 men and 3,605 women (total n = 14,066, n = 10,256 ever
exposed to mixed solvents, 851 ever-exposed to PCE), employed
at least 1 yr from 1952 to 1956, follow-up 1973-2000, job
exposure matrix (intensity), internal referent (workers with no
chemical exposures) (RR)
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Dry-cleaner and laundry workers Andersen et al. (1999)
All laundry worker and dry cleaners 1.00 (0.83, 1.21) 119 29,333 men and women identified in 1960 Census (Sweden) or
1970 Census (Denmark, Finland, Norway), follow-up
Males 114 (0.87, 1.46) 2 11971-1987 or 1991, PCE not identified to individual subjects,
Females 0.89 (0.68, 1.16) 57 external referents (SIR)
Blair et al. (2003)
All subjects 1.3(0.7,2.4) 12 5,369 U.S. men and women laundry and dry-cleaning union
. . members (1945—1978), follow-up 1979—1993, semiquantitative
Semiquantitative exposure score .
cumulative exposure surrogate to dry clean solvents, cancer
Little to no exposure | 1.4 (0.4, 3.2) 5 mortality, external referents (SMR)
Medium to high exposure | 1.5 (0.6, 3.1) 7
Jietal. (2005a)
Male laundry workers and dry cleaners in 1960 1.27 (1.08, 1.48) 157 9,255 Swedish men employed in 1960 as laundry worker or dry
Census cleaner, follow-up 19612000, PCE not identified to individual
Male laundry workers and dry cleaners in 1960 1.13 (0.96, 1.31)" 157 subg ects, extemn al referent (SIR) and adjusted for age, period and
socioeconomic status
Census
Male laundry workers and dry cleaners in both 1960 |1.03 (0.80, 1.29)" 67
and 1970 Censuses
Male laundry workers and dry cleaners in 1960, 1970 | 0.86 (0.51, 1.28)" 19
and 1980 Censuses
Female laundry workers and dry cleaners Not reported
Lynge and Thygsen (1990)
All laundry worker and dry cleaners 0.74 (0.41, 1.25) 14 10,600 Danish men and women, 20—64 yr old, employed in 1970
as laundry worker, dry cleaners and textile dye workers, follow-
Males | 0.62 (0.23, 1.35) 6 | up 1970-1980, external referents (SIR)
Females | 0.88 (0.38, 1.73) 8
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Pukkala et al. (2009)
Launderer and dry cleaner 1.08 (0.98, 1.23) 434 Men and women participating in national census on or before
1990, 5 Nordic countries (Denmark, Finland, Iceland, Norway,
Male|1.10 (0.95, 1.27) 186 Sweden), 30—64 yr, follow-up 2005, occupational title of
Female | 1.07 (0.95, 1.22) 248 launderer and dry cleaner in any census, external referents (SIR)
Calvert et al. (2011)
All subjects 1.81(0.87,3.33) 10 1,704 U.S. men and women dry-cleaning union member in CA,
E Juration/ti e 1 ) ¢ IL, MI, NY follow-up 1940—2004 (618 subjects worked for one
Xposure duration/iime since 1 employmen or more years prior to 1960 only at shops where PCE was the
<5 yr/<20 yr 0 primary cleaning solvent, identified as PCE-only exposure),
cancer mortality (SMR)
<5 yr/>20 yr|0.53 (0.03, 2.52) 1
>5 yr/<20 yr 0
>5 yr/>20 yr|4.08 (2.13, 7.12) 9
PCE-only subjects 0
Seldén and Ahlborg (2011)
Dry-cleaners and laundry workers (females) 0.92 (0.65, 1.26) 38 9,440 Swedish men (n =2,810) and women (n = 9,440) in 461
washing and dry-cleaning establishments, identified by employer
in mid-1980s, employed 1973—1983, follow-up 1985-2000
Travier et al. (2002)
All subjects, 1960 or 1970 Census in laundry and dry | 1.01 (0.86, 1.19) 145 Swedish men and women identified in 1960, 1970, or both
cleaner occupation and industry Censuses as laundry worker, dry cleaner, or presser
All subjects in 1960 and 1970 in laundry and dry | 1.00(0.61, 1.63) 16 | (occupational title) or in the laundry, ironing, or dyeing industry,

cleaner occupation and industry

follow-up 1971-1989, separates launders and dry cleaners form
pressers, external referents (SIR)
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% CI) events Reference
Wilson et al. (2008)
All subjects, laundry and dry cleaning occupation 1.14 (0.89, 1.45) 68 Swedish men and women identified in 1960 or 1970 as laundry
worker or dry cleaner (occupation) or in laundry, ironing and
Males | 123 (0.83, 1.74) 31 dyeing industry, follow-up 1971—-1989, external referents (SIR),
Females | 1.07 (0.75, 1.47) 37 transitional cell carcinoma
Case-Control Studies
Upper Cape Cod, MA (United States) Aschengrau et al. (1993), Vieira (2005)
Any PCE 1.39 (0.67,2.91) 13 63 bladder cancer cases, 1968—1980, Massachusetts Cancer
m . Registry, 852 population controls, residential history, ordinal
RDD >90" percentile 4.03 (0.65,25.10) 4 estimate of PCE-contaminated water (RDD) from exposure
“Hot spot” SW of MMR ~2.5(Clnot model (Aschengrau et al., 1993) or geographical information
reported) system and proximity to groundwater plume (Vieira et al., 2005),
OR adjusted for sex, age at diagnosis, vital status at interview,
education, cigarette smoking, and urinary tract infection (both
studies), and, past occupational exposure (Aschengrau et al.,
1993)
Metropolitan Detroit, MI (United States) Burns and Swanson (1991); Swanson and Burns (1995)
Usual occupation as dry-cleaning workers 1.9 (0.7,4.9) 8 2,160 histologically confirmed bladder cancer cases in men and
Males | Not rted ) women, 40—84 yr old, Metropolitan Detroit Cancer Surveillance
ales | Mot reporte System, 3.979 rectal or colon cancer controls, telephone
Females |2.0 (0.7, 6.2) 6 interview, longest period (usual) employed in occupation or
) ; industry, OR adjusted for cigarette smoking, race, sex, and age at
Usual industry in dry cleaner and laundry 1.2 (0.6,2.4) 15 dia :
£nosis
New Hampshire (United States) Colt et al. (2004)
Launderers and dry cleaners 459 bladder cancer cases, 1994—1998, New Hampshire State
Cancer Registry, 25—74 yr, 665 populations controls,
Males | Not reported > 1993-1997, occupation as exposure surrogate, OR adjusted for
Females 0 5-yr age group and smoking
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Maine, Vermont, and New Hampshire (United States) Coltetal. (2011)

Occupation: Laundering and dry-cleaning machine 1,158 patients, aged 30—79, newly diagnosed with histologically

operators and tenders confirmed bladder cancer, 2001—2004, ascertained from hospital
pathology departments, hospital cancer registries and state cancer

Males | Not reported > registries, 1,402 population controls frequency matched by age
Females | 0.45 (0.03, 7.46) 1 (within 5 yr), state and gender, occupational histories through
_ ) ) interview coded by occupation (SOC 7658) and industry (SIC
Industry: Laundry, cleaning and garment services 721), OR for occupation or industry category compared to other
Males | 0.91 (0.41, 2.03) 14 never employed in that category, adjusted for age, race, Hispanic
ethnicity, state, smoking status, and employment in a high risk
Females | 1.50 (0.50, 4.50) 10 occupation
New Zealand Dryson et al. (2008)

Textile bleaching, dyeing and cleaning machine 0.81(0.19, 3.54) 3 213 bladder cancer cases, 25—70 yr, 2003—2004, New Zealand

operators Cancer Registry, 471 population controls, occupational title, OR
adjusted for sex, smoking, SES

Canada, 7 Provinces Gaertner et al. (2004)

Drycleaner 1.24 (0.23, 6.64) 5 887 histologically confirmed bladder cancer, 20—74 yr, 2,847
population controls, Province Cancer Registry, mailed
questionnaire, occupational title as exposure surrogate, OR
adjusted for age, province, race, smoking status, consumption of
fruit, fried food, and coffee, and past occupational exposure.

European Pooled Study (Denmark, France, Germany, Greece, Italy, Spain) Kogevinas et al. (2003)'

Launderers, dry cleaners and pressers 1.24 (0.67,2.31) 19 Pooled study of 3,346 male bladder cancer cases, 30—79 yr,
study-specific groups of 6,840 controls, occupational title, OR
adjusted for age, smoking, and study center

Nordic Countries (Denmark, Finland, Norway, Sweden) Lynge et al. (2006)
Unexposed 1.00 188 Case-control study among 46,768 Danish, Finnish, Norwegian,
. and Swedish men and women employed in 1960 as laundry
Dry cleaner 1.44 (1.07, 1.93) 93
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Other in dry-cleaning 1.08 (0.55,2.11)° 12 worker or dry cleaner, follow-up 1970—1971 to 1997-2001, 351
Unclassifiable 1.24 (0.83, 1.83)° 57 bladder cancer cases, 3 controls per case randomly select;d from
cohort matched on country, sex, age, calendar period at diagnosis
Dry cleaner 1.69 (1.18, 2.43)%" 15 time, occupational task at 1970 Census proxy for exposure,
- - of bladder cancer incidence (excluding in-situ), RR adjusted for
Other in dry-cleaning 1.13 (0.51, 2.50) 6 matching criteria
Unclassifiable Not reported® 1
Dry cleaner, smoking adjusted 1.25(0.79, 1.98)*
Dry cleaner, employment duration, 1964—1979
<1 yr|1.50(0.57,3.96)° 6
2—4 yr|2.39 (1.09, 5.22)° 10
5-9yr|0.92 (0.52, 1.59)° 17
>10yr|1.57 (1.07 2.29)° 53
Unknown | 1.97 (0.64, 6.05)° 6
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Germany, 5 regions Pesch et al. (2000b)
PCE, JEM 1,035 histologically confirmed urothelial cancer in men and
. women, hospital record study, 1991-1995, 4,298 population
Medium exposure| 1.1 (0.9, 1.3) M 162 controls, in-person interview, JEM and JTEM for PCE, OR
1.8(1.0,3.0) F 21 . .
adjusted for age, study center, smoking
High exposure | 1.2 (1.0, 1.5) M 172
1.0 (0.6,1.9)F 16
Substantial exposure | 1.4 (1.0, 1.9) M 71
0.7 (0.2,2.5) 3
PCE, JTEM
Medium exposure | 0.8 (0.6, 1.2) 47
High exposure | 1.3 (0.9, 1.7) 74
Substantial exposure | 1.8 (1.2, 2.7) 36
Belgium, Limburg Region Reulen et al. (2007)

Domestic helpers, cleaners, and launderers 2.7(1.1, 6.6) 14 202 histologically confirmed transitional cell carcinoma cases,
40-96 yr, Limburg Cancer Registry, 390 population controls, in-
person interview, occupational title, OR adjusted for age, sex,
smoking status, number cigarettes, years smoked, education

New Jersey (United States) Schoenberg et al. (1984)
Dry-cleaning workers 1.33 (0.50, 3.58) 7 Histologically confirmed bladder cancer cases (658 Caucasian

men), 1978—1979, 21-84 yr, age-stratified population controls
(1,258 Caucasian men) identified through RDD or HCFA
register, in-person interview with questionnaire, industry and job
title surrogate exposure metric, OR adjusted for age and cigarette
smoking
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Montreal, Canada Siemiatycki (1991)
Launderers and dry cleaners Histologically confirmed bladder cancer, 1979—-1985, 35—70 yr,
population control group and cancer control group, in-person
Any exposure| 1.6 (0.9, 3.1) 10 interviews, occupational title and JEM for PCE, OR adjusted
Substantial exposure | 1.9 (0.9, 4.2) 7 age, family income, and cigarette index, 90% CI
National Bladder Cancer study Silverman et al. (1990; 1989a; 1989b); Smith et al. (1985)
Laundry and dry cleaners, males and females Histologically confirmed bladder cancer cases (2,226 men, 733
Nonsmoker| 1.31 (0.85, 2.03) Not reported women), 1977—1978, 21—.64 I, ’5,757 population controls, in-
person interview, occupational title as exposure surrogate, OR
Former smoker |2.99 (1.80, 4.97) Not reported | adjusted for smoking (Silverman et al., 1990) and employment in
other high-risk occupation (Silverman et al., 1989b) and age, sex,
Current smoker | 3.94 (2.39, 6.51) | Not reported |, 4 soking (<20/d, >20 to <40/d, >40/d (Smith et al., 1985)
Laundry and dry cleaners, non-Caucasian males 2.8(1.1,7.4) 11
<5 yr employment duration | 5.3 (CI not 7
reported)
>5 yr employment duration | 1.8 (CI not 4
reported)
p-value for linear trend | p = 0.016
Laundry and dry cleaners, females 1.4 (0.8, 2.6) 23
Stockholm, Sweden Steineck et al. (1990)

Dry cleaner 1.2(0.2,9.2) 2 Bladder cancer cases in males, birth years, 1911-1945 and living
in County of Stockholm 1985—1987, population controls, mailed
questionnaire, occupational title as surrogate, OR adjusted for
birth year and smoking

British Columbia, Canada Teschke et al. (1997)
Laundry and dry-cleaner workers 2.3(0.4,13.9) 5 Histologically confirmed bladder cancer cases (excluding in situ)
Exposure surrogate lagged 20 yr| 1.8 (0.3, 11.3) 4 from British Columbia Cancer Agency in men and women,
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

Relative risk No. obs.
Exposure group (95% ClI) events Reference
Dry cleaners Not reported 3 1990—-1991, >19 yr, population controls, in-person or telephone
interviews, occupation and industry as surrogates, OR adjusted
for sex, age, cigarette smoking
Iowa, United States Zheng et al. (2002)
Laundering and dry cleaning occupation Histologically confirmed in situ and invasive bladder cancer
Males | Not rted from Iowa state health registry records in men and women,
ales | Mot reporte 1986—1989, 40—85 yr, population controls, in-person interview,
Females|9.3 (0.9, 94.8) 3/1 |occupation and industry as surrogate, OR adjusted for age,
; lifetime pack-years of cigarette smoking, and first-degree relative
Duration of employment with bladder cancer
<10yr 2/0
>10yr|2.1 (0.1, 36.9) 1/1
Geographic Studies
[llinois, 8 NW counties Mallin (1990)
Winnebago County 712 bladder cancer cases in Caucasian men and women,
h 1978—-1985, residence as exposure surrogate, solvent-
Males 0.96 (0.8, 1.1) 250 contaminated municipal drinking water wells in Winnebego
1.39 (1.1, 1.7)* 76 County [multiple solvents including PCE, <1-5.1 ppb],
N incidence and mortality rates of U.S. population as referent (SIR,
Females | 1.03 (0.8, 1.3) 96 SMR)
1.40 (1.0, 1.9)* 35
Meta-analysis
Laundry and dry-cleaning workers 1.27 (0.95, 1.71) Reulen et al. (2008)
Cohort studies | 0.82 (0.54, 1.25)

Case-control studies

1.66 (1.23,2.24)
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Table 4-8. Summary of human studies on tetrachloroethylene exposure and bladder cancer (continued)

“Incidence.

°For Boice et al. (1999), Relative risks for employment duration from Poisson regression with internal referents of factory workers not exposed to any solvent
and with adjustment for date of birth, date first employed, date of finishing employment, race, and sex.

‘For Chang et al. (2005), SIR for urinary organ neoplasms given bladder cancer SIR is not identified separately.

4Smoking-corrected SIR obtained by dividing SIR by 35% of the excess of lung cancer risk (assumed proportion of risk between lung and bladder cancer
associated with smoking 20 cigarettes/d).

In Lynge et al. (2006), odds ratio from logistic regression adjusted for country, sex, age, and calendar period at time of diagnosis.

"In Lynge et al. (2006), odds ratio—Norway and Denmark, countries with better exposure information.

£In Lynge et al. (2006), smoking adjusted odds ratio for subjects from Norway and Sweden.

f‘MorTality.

'In Kogevinas et al. (2003) includes the following case-control studies—Claude et al. (1988), Cordier et al. (1993), Gonzalez et al. (1989), Hours et al. (1994),

~ Jensen et al. (1987), Pesch et al. (2000a), Pohlabeln et al. (1999), Porru et al. (1996), Rebelakos et al. (1985), Serra et al. (2000), and Vineis et al. (1985).

Includes Andersen et al. (1999), Burns et al. (1991), Bouchardy et al. (2002), Colt et al. (2004), Gaertner et al. (2004), Schoenberg et al. (1984), Siemiatycki

(1991), Silverman et al. (1989a), Silverman et al. (1990), Steineck et al. (1990), Swanson et al. (1995), Teschke et al. (1997) Travier et al. (2002), and Zheng et
al. (2002).

HCFA = Health Care Financing Administration, JEM = job-exposure matrix, MMR = Massachusetts Military Reservation, NCI = National Cancer Institute,
PCE = tetrachloroethylene, RDD = random digit dialing, SES = socioeconomic statuts.
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Five studies had been previously identified based on the relative strengths of their
exposure-assessment methodology. The results from four of these studies provide additional
evidence of an association, with relative risks of 1.44 (Lynge et al., 2006), 1.5 (Blair et al., 2003)

(medium-high exposure), 4.03 (Aschengrau et al., 1993) (>90th percentile exposure), and the
exposure-response gradient observed in Pesch et al. (2000b). Although a SMR of 2.59 (95%

CI: 1.24, 4.76) was reported among workers with exposure to tetrachloroethylene and possibly

other dry-cleaning solvents (10 exposed cases), no bladder cancer deaths were observed among a

subgroup with a higher certainty of exposure only to tetrachloroethylene (Calvert et al., 2011).

Statistical analyses in all case-control studies controlled for cigarette smoking, a known
risk factor for bladder cancer. The potential effect modification by smoking history is also an

important issue but has been examined in only one study (Smith et al., 1985). In the analysis

stratified by smoking status, adjusted ORs for the association between laundry or dry-cleaning
work (based on occupational title from interview data) and bladder cancer incidence of 1.31
(95% CI: 0.85, 2.03) among nonsmokers, 2.99 (95% CI: 1.80, 4.97) among former smokers, and
3.94 (95% CI: 2.39, 6.51) among current smokers were seen.

Three studies of weaker exposure-assessment approaches observed odds ratio or
standardized incidence ratio estimates of 0.34 (95% CI: 0.07, 1.00), 1.39 (95% CI: 1.1, 1.7;
males) and 1.40 (95% CI: 1.0, 1.9; females), and 2.5 (CI not reported) for the association

between bladder cancer and employment in a manufacturing plant (Sung et al., 2007) or

residential proximity to groundwater contamination (Aschengrau et al., 1993; Mallin, 1990).

These studies carry lower weight in the analyses because of their low level of detail on
tetrachloroethylene exposure.

The Reulen et al. (2008) meta-analysis of occupational titles and bladder cancer included
14 studies reporting relative risk estimates for dry-cleaners and laundry workers. The pooled
relative risk estimate for employment in these industries was 1.27 (95% CI: 0.95, 1.71). While
Reulen et al. (2008) included many of the studies identified above, they do not include the
cohorts of Calvert et al. (2011), Blair et al. (2003), Ji et al. (2005b), and Pukkala et al. (2009), or
the case-control studies of Kogevinas et al. (2003) and Lynge et al. (2006). Other differences
between Reulen et al. (2008) and this analysis are the inclusion of Bouchardy et al. (2002), who
reported a odds ratio estimate for the association between bladder cancer and cleaning, and
personal services—a broad category that included dry cleaners, laundry workers, chimney
sweeps, hairdressers, and other cleaning occupations not included in the EPA analysis due to the
lack of data specific for dry-cleaners and laundry workers. Despite the differences in the specific
studies included in this analysis, the results are similar to that of the EPA’s evaluation, indicating
a small (10—40%) increased risk.
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Establishment of an exposure or concentration-response relationship can add to the
weight of evidence for identifying a cancer hazard, but only limited data pertaining to exposure-
response relationships for bladder cancer and tetrachloroethylene exposure are available. As
described previously, effect estimates of 0.8 (95% CI: 0.6, 1.2), 1.3 (95% CI: 0.9, 1.7), and 1.8
(95% CI: 1.2, 2.7) for medium, high, and substantial exposure, respectively, based on JTEM
exposure data were reported in the large case-control study by Pesch et al. (2000b). Some
additional information on exposure-response relationships comes from lesser-weighted studies.
Two of the smaller studies with semiquantitative exposure surrogates observed larger effect
measures for the highest exposure category than for overall exposure. In Aschengrau et al.
(1993), the adjusted OR was 4.03 (95% CI: 0.65, 25.10) for the >90'™ percentile of the relative
delivered dose, compared with 1.39 (95% CI: 0.67, 2.91) for any tetrachloroethylene exposure.
Siemiatycki (1991) reported an adjusted OR of 1.9 (95% CI: 0.9, 4.2) for substantial exposure
and 1.6 (95% CI: 0.9, 3.1) for any exposure. In the third study with semiquantitative exposure
measurement, the SMR in Blair et al. (2003) was 1.5 (95% CI: 0.6, 3.1) for the medium-to-high
cumulative exposure, 1.4 (95% CI: 0.4, 3.2) for the little-to-no exposure category, and 1.3
(95% CI: 0.7, 2.4) among all cohort members (laundry and dry-cleaning union members). Other
studies examined duration of laundry or dry-cleaning work. Two studies did not observe
increasing patterns of risk with increasing employment durations as measured by census

occupation codes from two or more periods (Ji et al., 2005a; Travier et al., 2002), and one study

observed a lower risk with higher duration of laundry and dry-cleaning work based on
employment duration data collected in interviews with cases and controls [trend p-value = 0.016
for the adjusted OR estimate of 5.3 for <5 years and 1.8 for >5 years duration in laundry and

drying cleaning work, respectively (Silverman et al., 1989b)]. Another study using 1960 and

1970 Census data from Nordic countries reported a nonmonotonic pattern of increasing risk, with
adjusted relative risks of 1.50, 2.39, 0.92, and 1.57 for duration of dry-cleaning work from
1964—1979 of <1, 2—4, 4-9, and >10 years, respectively, compared to subjects never employed
as a dry cleaner or in a shop with <10 employees' (Lynge et al., 2006). For the job held in

1970, Lynge et al. (2006) relied upon a biography of dry-cleaning shop owners, the yellow pages
of local telephone books for self-employed persons, and national pension system records to
assess length of employment for Danish subjects; national pension records for Finnish subjects,”’
and self-reported information using questionnaires for subjects from Norway or Sweden.

Several potential sources of exposure misclassification for these data should be noted, however,

such as would be introduced by changing employers, starting dry-cleaning work at a later time

' Lynge et al. (2006), an analysis based only on the employment periods from 1965 through 1978, gave the
following RRs: 0—1 year = 1.43 (95% CI, 0.52-3.97); 2—4 years = 2.38 (95% CI, 1.08-5.24); 5-9 years = 1.21
(95% CI, 0.58-2.50); >10 years = 2.84 (95% ClI, 0.97-8.35); unknown = 2.12 (95% ClI, 0.65-6.85).

2 Finnish pension records started in 1962 for dry cleaning employees and in 1970 for self-employed persons.
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period, employment during a time period outside the examined range or before recordkeeping
began, or imperfect recall by proxy respondents on questionnaires. Moreover, exposure duration
examined in all of these studies is a poorer surrogate than a semiquantitative or quantitative
exposure metric because it does not account for potential temporal decreases in
tetrachloroethylene intensity resulting from improved tetrachloroethylene recovery and

technological changes (Gold et al., 2008) or for variation in tetrachloroethylene concentration

across shops (Lynge et al., 2006). A fourth study that examined exposure duration and, also,

time since first employment observed statistically significant associations with both increasing

time since first employment and with increasing duration of exposure (Calvert et al., 2011).

Known risk factors for bladder cancer include smoking, aromatic amine dyes, chronic
inflammation, infection with the parasite Schistosoma heamatobium, and pelvic irradiation

(Kaufman et al., 2009). Of these identified risk factors, potential confounding related to smoking

is most important to consider in the evaluation of bladder cancer and tetrachloroethylene in
studies of occupational and residential exposures, as exposure to other known risk factors is
much less common. Statistical control for smoking effects was used in all case-control studies,
including those informing the hazard identification analysis and those contributing lesser weight
(Colt et al., 2011; Dryson et al., 2008; Reulen et al., 2007; Vieira et al., 2005; Gaertner et al.,
2004; Kogevinas et al., 2003; Zheng et al., 2002; 2000a; Teschke et al., 1997; Aschengrau et al.,
1993; Burns and Swanson, 1991; Siemiatycki, 1991; Silverman et al.. 1990; Steineck et al..
1990; Silverman et al., 1989a; Silverman et al., 1989b; Smith et al., 1985; Schoenberg et al.,
1984). Lynge et al. (2000), a case-control study with subjects from four Nordic countries,

presented smoking-adjusted and unadjusted effect measures for subjects from two countries for
which smoking histories were obtained through interviews. Adjustment made little difference
(<10%) in the magnitude of the effect measure, indicating that smoking history is not a strong
confounder of the observed risk estimates [smoking unadjusted, 1.34, 95% CI: 0.86, 2.08;
smoking adjusted, 1.25, 95% CI: 0.79, 1.98 (Lynge et al., 20006)].

Direct examination of possible confounders is less common in cohort studies relying on

company-supplied or census work history data compared to case-control studies where
information is obtained from study subjects or their proxies. In cohort studies, however, use of
internal controls rather than an external referent group (e.g., national mortality rates) can
minimize effects of potential confounding due to smoking or socioeconomic status, because
exposed and referent subjects are drawn from the same target population. However, only one of
the available cohort studies included an analysis using internal controls, and that study is limited

by the observation of only two bladder cancer cases in the cohort (Boice et al., 1999). Effect of

smoking as a possible confounder may be assessed indirectly through examination of risk ratios

for other smoking-related sites such as lung cancer. Several studies observed roughly a 30%
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increase in lung cancer risk among dry cleaners (Calvert et al., 2011; Pukkala et al., 2009; Ji and
Hemminki, 2006a; Ji et al., 2005a; Blair et al., 2003) employed a method that assumed smoking

accounted for 35% of their lung cancer observations and adjusted the bladder cancer
standardized incidence ratio by this proportion. This method reduced slightly the effect measure
for dry-cleaner and laundry workers (smoking unadjusted, 1.27, 95% CI: 1.08, 1.48; smoking
adjusted, 1.13, 95% CI: 0.96, 1.31) (Jiet al., 2005a). Blair et al. (2003) addressed potential
confounding by smoking and noted that if the magnitude of the difference in smoking for dry

cleaners compared with the general population is in the range of 10% of less, confounding from
smoking in their study of dry-cleaners and laundry workers was unlikely to result in increased
excess of over >20%. In the case of bladder cancer in this study, smoking may explain the
excess risk reported for overall exposure (SMR: 1.3). In contrast, the meta-analysis of Reulen et
al. (2008) examined studies that did or did not adjust for smoking and found a stronger effect
estimate with the smoking adjustment: the bladder cancer metarelative risk estimates for
launderers and bladder cancer were 1.72 (95% CI: 1.25, 2.37) in studies that adjusted for
smoking and 0.86 (95% CI: 0.59, 1.26) in studies that did not adjust for smoking. In conclusion,
while smoking may potentially confound, to a small degree, observations in some cohort studies
controlling for its effect in statistical analyses (Reulen et al., 2007; Lynge et al., 2006; Gaertner
et al., 2004; Kogevinas et al., 2003; Zheng et al., 2002; Pesch et al., 2000b; Teschke et al., 1997;
Aschengrau et al., 1993; Siemiatycki, 1991; Silverman et al., 1989a; Silverman et al.. 1989b;

Smith et al., 1985), these studies do provide evidence of an association with tetrachloroethylene

or with holding a job as a dry cleaner or a laundry worker, a surrogate for tetrachloroethylene
exposure potential.

In conclusion, the pattern of results from this collection of studies is consistent with an
elevated risk for tetrachloroethylene of a relatively modest magnitude. The effect estimates from
four of the five studies with the relatively high quality exposure-assessment methodologies
provide evidence of an association, with relative risks of 1.44 to 4.03 (Calvert et al., 2011; Lynge
et al., 2006; Blair et al., 2003; Pesch et al., 2000b; Aschengrau et al., 1993). The Lynge et al.
(2006) results were slightly higher among the subgroup from Denmark and Norway, in which the
number of unclassifiable data was negligible (relative risk 1.69, 95% CI: 1.18, 2.43). An

exposure-response gradient was observed in a large case-control study by Pesch et al. (2000b)

using a semiquantitative cumulative exposure assessment. A similar exposure-response pattern
was not observed in the study by Lynge et al. (1995). This study examined exposure duration,
however, rather than a measure that incorporated information on exposure concentration. In
addition, relative risk estimates between bladder cancer risk and ever having a job title of dry-
cleaner or laundry worker in four large cohort studies ranged from 1.01 to 1.44 (Pukkala et al.,
2009; Wilson et al., 2008; Ji et al., 2005a; Travier et al., 2002). Confounding by smoking is an
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unlikely explanation for the findings, given the adjustment for smoking by Pesch et al. (2000a)

and other case-control studies.

4.2.2. Animal Studies

Kidney toxicity and cancer have been observed in laboratory animals exposed to
tetrachloroethylene in multiple studies. The sections below describe studies of kidney toxicity
(refer to Section 4.2.2.1) and cancer (refer to Section 4.2.2.2). These studies are summarized in

Tables 4-9 and 4-10, respectively.

4.2.2.1. Kidney Toxicity in Animals

Tetrachloroethylene causes renal toxicity across multiple species, including several
strains of rats and mice [for reviews, refer to Cal/EPA (2001), ATSDR (1997a), NYSDOH
(1997)]. Adverse effects on the kidney have been observed in studies of animals exposed to high
concentrations of tetrachloroethylene by inhalation, oral intake, and i.p. injection. These effects
increased kidney-to-body-weight ratios, hyaline droplet formation, cast formation, glomerular
“nephrosis,” karyomegaly (enlarged nuclei), and other lesions or indicators of renal toxicity.
These nephrotoxic effects mainly occurred following relatively high subchronic (400—800 ppm)

or chronic tetrachloroethylene exposures (100—200 ppm).

4.2.2.1.1. Inhalation

A long-term inhalation study examined the effects of tetrachloroethylene exposure in
male and female rats by observation throughout the lifetime of the animals (0, 300, 600 ppm,
6 hours/day, 5 days/week, for 12 months) (Rampy et al., 1978). No increase in tumors compared

to controls was observed in any animals in this study; however, an increase in mortality related
to renal failure was observed in male rats starting at 5 months exposure in the high-dose group.
No effects were observed in hematologic parameters measured (hemoglobin concentration, WBC
counts) or various urinalysis endpoints (specific gravity, pH, presence of ketones, bilirubin, or
blood, or sugar and albumin concentrations). The authors state that clinical chemistry
measurements are not useful because most animals were deceased or moribund at the end of the
study, and the study details show only measurements in a limited number of animals (1 male per
group, 5 females per group). Although the authors conclude limited tetrachloroethylene toxicity,
due to the large amount of morbidity in this study, it is difficult to make any conclusions as to the

toxicity and/or carcinogenicity of tetrachloroethylene from this study.
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Table 4-9. Summary of rodent kidney toxicity studies

Species/strain/

sex/number Exposure level/duration Effects Reference
Mouse, B6C3F, (both 0, 100, 200 ppm for Karyomegaly and cytomegaly of the NTP (1986)
sexes, 49 or 50 of each | 104 wk, inhalation proximal tubules in all exposed mice;
sex per dose group, total nephrosis was observed in exposed females,
of ~300 mice) casts increased in all exposed males and in
high-dose females
Rat, F344 (both sexes, |0, 200, 400 ppm for Karyomegaly and cytomegaly of the NTP (1986)
50 of each sex per dose | 104 wk, inhalation proximal tubules in all exposed rats
group, total of ~300
mice)
Mouse, Crj/BDF1 (both |0, 10, 50, 250 ppm for Increased relative kidney weights and JISA (1993)
sexes, 50 of each sex per | 110 wk, inhalation karyomegaly in the proximal tubules in 250
dose group, total of ppm exposed male and female mice; atypical
400 mice) tubular dilation in 250 ppm male and female
mice but was not statistically significant
Rat, F344/DuCrj (both [0, 50, 200, 600 ppm for Increased relative kidney weights and JISA (1993)
sexes, 50 of each sex per | 110 wk, inhalation karyomegaly in the proximal tubules in 200
dose group, total of and 600 ppm exposed male and female rats;
400 rats) atypical tubular dilation in 600 ppm male
and female rats; exacerbation of chronic
renal disease in male rats only at 600 ppm
Rat, Osborne-Mendel 0,475, 950 mg/kg-day Toxic nephropathy observed in all exposed |NCI (1977)
(both sexes, 50 of each | (rats); 0, 536, animal groups, with an increased incidence
sex per dose group); 1,072 mg/kg-day (male in rats as compared to mice
mice); 0, 386,
Mouse, B6C3F; (both 772 mg/kg-day (female
sexes, 50 of each sex per | mice) by oral gavage in
dose group) corn oil for 78 wk,
observed for 32 wk (rats) or
12 wk (mice) following
exposure
Rat, Sprague-Dawley 0, 300, 600 ppm for 6 h/d, |Increased mortality related to renal failure in | Rampy et al.
(both sexes, 96 per sex |5 d/wk for 12 mo; observed | male rats exposed to 600 ppm starting at (1978)
per exposure group; for the lifetime of the rat 5 mo of exposure
192 per sex per control | (up to 31 mo total)
group)
Rat, F344; and mouse, |0, 200 (28 d only), and Analysis in mice was limited to pooled Odum et al.
B6C3F, (both sexes, 400 ppm (14, 21, 28 d) for |tissue but showed slight increases in (1988)
5 of each sex per group) |6 h/d, inhalation B-oxidation in mouse kidney; modest
increases in PCO observed in male rat
kidneys at 200 ppm for 28 d only, but
elevated in female rat kidneys at all doses
and times
Mouse, Swiss-Webster |0, 150, 500, and No kidney injury or dysfunction was Philip et al.
(male, 4/group) 1,000 mg/kg-day, aqueous |observed in this study (2007)

gavage for 30 d
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Table 4-9. Summary of rodent kidney toxicity studies (continued)

Species/strain/
sex/number

Exposure level/duration

Effects

Reference

Rat, Wistar (female

0, 600, and 2,400

Relative kidney weight was increased on

Jonker et al.

only, 10 rats in each mg/kg-day for 32 d, corn exposure to PCE alone and in combination | (1996)
control group; 5 rats in | oil gavage; alone or in with other nephrotoxicants; nephrotoxic
each treatment group) combination with other effects noted at high dose (urea, total protein,

compounds albumin, NAG); karyomegaly was also

(trichloroethylene, observed in high dose animals

hexachloro-1,2-butadiene,

1,1,2-trichloro-

3,3,3-trifluoropropene)
Rat, F344 (male only, 0 or 1,000 mg/kg-day for |Increased kidney weight in exposed rats; Goldsworthy
5/group) and Mouse, 10 d, corn oil gavage increased PCO activity in all exposed mice |and Popp
B6C3F; (male only, (1987)
S/group)
Rat, F344 (both sexes) [0 or 1,000 mg/kg-day for |Increases in a2p-hyaline droplets in exposed | Goldsworthy

10 d, corn oil gavage

male, but not female, rats, correlated with
increased cell proliferation and protein

et al. (1988)

droplet nephropathy
Rat, F344 (both sexes, [0, 500 mg/kg-day daily for |Increases in a2p-hyaline accumulation in Bergamaschi
12 per group) 4 wk, corn oil gavage proximal tubule cells et al. (1992)
Mouse, Swiss (both 0 or 3,000 mg/kg-day for Significant increase in kidney weight; Ebrahim et al.

sexes, 6 groups of 6 each
(1996); male only; 8
groups of 6 each (2001))

15 d, sesame oil gavage

decreased blood glucose (glucose effects
mitigated by coexposures to 2-deoxy-
D-glucose and vitamin E [1996])

Decreased membrane-bound
Na'K'-ATPases and Mg, -ATPases activity
but increased Ca-ATPase activity; mitigated
by coexposure to 2-deoxy-D-glucose and
vitamin E, and taurine; hypercellular
glomeruli in PCE-exposed only

(2001; 1996)

Rat, F344 (both sexes) |0, 1,000, or 1,500 Accumulation of a2u-globulin in proximal | Green et al.
and Mouse, B6C3F, mg/kg-day daily by corn oil |tubules of male rats; nephrotoxicity also (1990)
(both sexes) (10 per gavage for 42 d; 0 or observed in male rats (formation of granular
group for oral studies, 5 | 1,000 ppm for 10 d tubular casts and evidence of tubular cell
per group for inhalation regeneration)
studies) Inhalation exposure demonstrated formation
of hyaline droplets in kidneys of male rats

Rat, Sprague-Dawley 0, 14, 400, or 1,400 Increased kidney weight observed in Hayes et al.
(both sexes, 20 per mg/kg-day for 90 d exposed animals; nephrotoxicity observed at | (1986)
group) 400 mg/kg-day
Rat, Sprague-Dawley 0, 115, 230 umol/kg of High-dose exposed animals showed visible | Elfarra et al.
(male only, 4 per group) | TCVC or TCVCS in saline |kidney necrosis; all other rats showed (2007)

by one i.p. injection, histological markers for mild acute tubular

sacrificed 24 h necrosis (TCVC) or severe acute tubular

postexposure necrosis (TCVCS); prior exposure to AOAA

increased toxicity
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Table 4-10. Kidney tumor incidence in laboratory animals exposed to
tetrachloroethylene

Doses/exposures Tumor incidence (%)
Bioassay Administered | Continuous equivalent | Sex | Kidney adenomas and carcinomas

NCI (1977)* Vehicle control 0 Male 0/20 (0)
B6C3F| mice 450 mg/kg-day 332 mg/kg-day 1/49 (2)
Gavage: 900 mg/kg-day 663 mg/kg-day 0/48 (0)
;Sd;\?{(k, Vehicle control 0 Female 0/20 (0)
300 mg/kg-day 239 mg/kg-day 0/48 (0)
600 mg/kg-day 478 mg/kg-day 0/45(0)
NCI (1977)* Vehicle control 0 Male 3/20 (5)
Osborn-Mendel rats | 500 mg/kg-day 471 mg/kg-day 1/49 (2)
Gavage: 1,000 mg/kg-day 941 mg/kg-day 0/50 (0)
ggd@{(k’ Vehicle control 0 Female 0/20 (0)
500 mg/kg-day 474 mg/kg-day 0/50 (0)
1,000 mg/kg-day 974 mg/kg-day 1/50 (2)
NTP (1986) 0 ppm 0 Male 0/49 (0)
B6C3F, mice 100 ppm 18 ppm 1/49 (2)
Inhalation: 200 ppm 36 ppm 0/50 (0)
6 h/d, 0 ppm 0 Female 0/48 (0)

5 d/wk,
104 wk 100 ppm 18 ppm 0/50 (0)
200 ppm 36 ppm 0/48 (0)
NTP (1986) 0 ppm 0 Male 1/49 (2)
F344/N rats 200 ppm 36 ppm 3/47 (6)
Inhalation: 400 ppm 72 ppm 4/50 (8)
g Zi}i\;k 0 ppm 0 Female 0/50 (0)
104 wk9 200 ppm 36 ppm 0/50 (0)
400 ppm 72 ppm 0/50 (0)
JISA (1993) 0 ppm 0 Male 0/50 (0)
Crj:BDF1 mice 10 ppm 1.8 ppm 1/50 (2)
Inhalation: 50 ppm 9.0 ppm 1/50 (2)
6 h/d, 250 ppm 45 ppm 0/50 (0)
f O‘Z‘ﬁ{’ 0 ppm 0 Female 0/50 (0)
10 ppm 1.8 ppm 0/47 (0)
50 ppm 9.0 ppm 0/49 (0)
250 ppm 45 ppm 0/50 (0)
JISA (1993) 0 ppm 0 Male 1/50 (2)
F344/DuCrj rats 50 ppm 9 ppm 2/50 (4)
Inhalation: 200 ppm 36 ppm 1/50 (2)
6 h/d, 600 ppm 108 ppm 2/50 (4)
?OCZ\ZVE 0 ppm 0 Female 1/50 (2)
50 ppm 9 ppm 0/50 (0)
200 ppm 36 ppm 0/50 (0)
600 ppm 108 ppm 1/50 (2)
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Acute, subchronic, and chronic exposures to tetrachloroethylene were examined in male
and female F344 rats and B6C3F; mice (NTP, 1986). Single exposure studies and 14-day

studies were performed, but no kidney effects were observed, with the first kidney effects

observed in the subchronic (13 week) study. Groups of 10 rats and mice of each sex were
exposed to air containing tetrachloroethylene for 6 hours/day, 5 days/week, for 13 weeks (0, 100,
200, 400, 800, or 1,600 ppm). Some rats in the high-dose group died before the end of the
studies (4/10 male, 7/10 female), but no kidney effects were observed. In mice, 2/10 males and
4/10 females in the high-dose group died before the end of the studies, and karyomegaly (nuclear
enlargement) of the renal tubule epithelial cells was observed in all but the lowest dose group.
Toxicity was observed in a 2-year cancer bioassay performed on groups of 50 F344 rats
of each sex (0, 200, or 400 ppm tetrachloroethylene), or groups of 49 or 50 mice (0, 100, or 200
ppm tetrachloroethylene) exposed for 6 hours/day, 5 days/week, for 103 weeks (NTP, 1986).

Karyomegaly and cytomegaly changes were observed in both sexes of rats at all doses but not in
unexposed controls. These lesions were present primarily in the proximal convoluted tubules of
the inner half of the cortex but not limited to this area. In mice, nephrosis (generally defined as
noninflammatory degenerative disease of the kidney) was observed in exposed females, casts
(cylindrical structures formed from cells and protein released from the kidney) were increased in
exposed male and high-dose females, and karyomegaly of the tubular cells was observed in all
dosed mice, with severity of lesions being dose related. Therefore, the LOAEL for renal toxicity
reported in both mice and rats in this study is 100 ppm (678 mg/m’) for inhalation exposure in
mice and 200 ppm (1,356 mg/m3) in rats (NTP, 1986).

Nephrotoxicity was observed in a second, 2-year inhalation cancer bioassay also
performed in 50 male and female Fischer rats (0, 50, 200, or 600 ppm) and Crj:BDF1 mice (0,
10, 50, or 250 ppm) in each treatment group (6 hours/day, 5 days/week, for 104 weeks) (JISA,

1993). Survival compared to controls was decreased in all high-dose exposure groups, which
was believed to be treatment related. Relative kidney weight was increased in male and female
rats exposed to tetrachloroethylene (200 or 600 ppm) and in male and female mice (250 ppm).
Karyomegaly in the proximal tubules of the kidneys was observed among males and females
(200 and 600 ppm in male rats [23/50 and 48/50]; 600 ppm in female rats [18/50]; 50 and 250
ppm in male mice [6/50 and 38/50]; 250 ppm in female mice [49/50]), and an increase in atypical
tubular dilation of the proximal tubules [male and female rats, 600 ppm (24/50 males, 6/50
females) and exacerbation of chronic renal disease in male rats only (600 ppm) was observed

with tetrachloroethylene exposure (JISA, 1993). Atypical tubular dilation was also observed in

mice but was not statistically significant (250 ppm in male mice [1/50] and female mice [6/50]).
The role of peroxisome proliferation in tetrachloroethylene-induced kidney toxicity and

cancer was examined in male and female F344 rats and B6C3F; mice exposed to
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tetrachloroethylene by inhalation (400 ppm, 6 hours/day, for 14, 21, or 28 days, or 200 ppm,

6 hours/day, for 28 days) in a study by Odum et al. (1988). Five animals per group were
exposed. Insufficient mouse kidney tissue limited the analysis to pooled samples. Slight
increases were observed in B-oxidation in mouse kidney (maximum 1.6-fold increase at 21 days,
400 ppm exposure). Modest palmitoyl-CoA oxidation (PCO) increases were observed in the
kidney of male rats at 200 ppm at 28 days (1.3-fold) but not 400 ppm at 14, 21, or 28 days. In
female rat kidney, PCO was elevated (approximately 1.6-fold) at all doses and times. However,
peroxisome proliferation was not observed in rat or mouse kidney upon microscopy, suggesting
that this does not play a role in kidney carcinogenesis. Short-term inhalation exposure to 1,000
ppm tetrachloroethylene for 10 days resulted in the formation of hyaline droplets in the kidneys
of male rats. Although granular casts and tubule cell regeneration were not observed, the time

period may have been too short to allow progression to this stage (Green et al., 1990).

4.2.2.1.2. Oral

Hayes et al. (1986) reported renal effects in rats exposed to 400 mg/kg-day
tetrachloroethylene in drinking water for 90 days. Tetrachloroethylene was administered in the
drinking water at 14, 400, and 1,400 mg/kg per day for 90 days, with no deaths reported before
the end of the study. Increased kidney weight was observed.

A lifetime animal carcinogenicity study in which tetrachloroethylene was administered to
50 of each sex of Osborne-Mendel rats and B6C3F; mice by oral gavage in corn oil for 78 weeks
resulted in clear evidence of kidney toxicity in both species (NCI, 1977). The TWA doses
(mg/kg-day) used in the bioassay were 471 and 941 for male rats, 474 and 949 for female rats,

536 and 1,072 for male mice, and 386 and 772 for female mice. Animals were observed for 32
weeks (rats) or 12 weeks (mice) following the last dose. Toxic nephropathy was observed in
almost all test animals, with a high incidence observed in treated rats, including those that died
early in the study (as early as Week 20 in male rats, Week 28 in female rats). Similar results
were observed in exposed mice, with no nephropathy observed in control mice. Therefore, the
LOAEL for renal toxicity following oral exposure is 471 mg/kg-day in male rats and

474 mg/kg-day in female rats based on toxic nephropathy. The LOAEL for mice is

536 mg/kg-day for males and 386 mg/kg-day in females based on toxic nephropathy.

In a study by Jonker et al. (1996), tetrachloroethylene nephrotoxicity was observed in
female Wistar rats administered tetrachloroethylene (600 or 2,400 mg/kg-day) in corn oil by
daily oral gavage for 32 days. Relative kidney weight was increased upon exposure to
tetrachloroethylene alone and in combination with other nephrotoxicants (trichloroethylene
[TCE], hexachloro-1,2-butadiene, and 1,1,2-trichloro-3,3,3-trifluoropropene [TCTFP]). One

high-dose animal died as a result of tetrachloroethylene treatment, and one animal exposed to the

4-106


http://hero.epa.gov/index.cfm?action=search.view&reference_id=58308�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58301�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630606�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58266�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630655�

high-dose combination of TCE, tetrachloroethylene, and TCTFP also died as a result of
treatment. Nephrotoxic effects were noted at 2,400 mg/kg. Significant changes were observed
following exposure to tetrachloroethylene at 2,400 mg/kg-day in all clinical chemistry markers
related to kidney function (urea, total protein, albumin, NAG) as measured in the urine at the end
of Week 1 or Week 4 except for urinary density, glucose, and creatinine. Karyomegaly was also
observed at the high dose (2,400 mg/kg-day) in four of five animals exposed (p < 0.01) (Jonker
et al., 1996).

Philip et al. (2007) exposed male 6—7-week-old Swiss Webster mice via aqueous gavage
to three dose levels (150, 500, and 1,000 mg/kg-day) for 30 days. At the highest exposure,
mortality was 10% due to apparent CNS toxicity (tremors and ataxia). Neither kidney injury nor
dysfunction was observed following tetrachloroethylene exposure during the course of this study.

Goldsworthy and Popp (1987) administered tetrachloroethylene (1,000 mg/kg-day) by
corn oil gavage to 5 male F344 rats and 5 male B6C3F; mice for 10 days. In
tetrachloroethylene-exposed rats, PCO was modestly although not significantly elevated in the
liver (1.4-fold increase) and kidney (1.7-fold increase). In mice, tetrachloroethylene exposure
increased PCO activity 4.3-fold in liver and by 2.3-fold in kidney. Relative liver weight was
increased in rats and mice with tetrachloroethylene exposure, but relative kidney weight was
unaffected. A comparison of corn oil with methyl cellulose revealed no effect of the gavage
vehicle on tetrachloroethylene-induced PCO. A less-than-additive effect of trichloroethylene
(1,000 mg/kg) administered together with tetrachloroethylene on PCO induction was seen.

Oral administration of tetrachloroethylene in sesame oil (3,000 mg/kg-day for 15 days) to
male and female albino Swiss mice caused a significant increase in kidney weight (p < 0.001)
and a decrease in blood glucose levels (p < 0.01) as compared to control animals exposed to

sesame oil alone as well as increases in glomerular nephrosis (Ebrahim et al., 1996). This study

was designed to give support to the beneficial effect of 2-deoxy-D-glucose (2DG) and vitamin E
on tetrachloroethylene-induced kidney damage. Based on previous experimental mouse tumor
studies, administration of 2DG or vitamin E is hypothesized to have a beneficial effect on
tetrachloroethylene-induced kidney damage, either by inhibition of tumor growth (2DG) or the
auto-catalytic process of lipid peroxidation (vitamin E). In this study, concurrent administration
of 2DG (500 mg/kg-day i.p.) or vitamin E (400 mg/kg-day oral gavage) prevented
tetrachloroethylene-induced biochemical and pathological alterations. Tetrachloroethylene
exposure alone led to a decrease in blood glucose levels, which was returned to near normal with
concomitant exposure to 2DG and vitamin E. Elevated levels of glycolytic and gluconeogenic
enzymes following exposure to tetrachloroethylene were also observed to return to near normal
with exposure to 2DG and vitamin E. Histopathology of the kidney showed hypercellular

glomeruli following exposure to tetrachloroethylene, but this was not observed in animals treated
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with tetrachloroethylene and 2DG, or tetrachloroethylene and vitamin E (Ebrahim et al., 1996).

A follow-up study by this group further examined the potential protective properties of 2DG and
vitamin E as well as taurine against tetrachloroethylene-induced membrane damage (Ebrahim et

al., 2001). This study exposed male albino Swiss mice to the same doses used in the previous

study with the addition of a taurine-exposed group (tetrachloroethylene in sesame oil

3,000 mg/kg-day for 15 days orally by intubation; tetrachloroethylene plus 2DG 500 mg/kg-day
by i.p. injection once a day for 15 days; tetrachloroethylene plus vitamin E 400 mg/kg-day by
oral intubation once a day for 15 days; and tetrachloroethylene plus taurine 100 mg/kg-day by
oral intubation once a day for 15 days). As compared to control cells in the kidney, membrane-
bound Na'K"-ATPases and Mg, -ATPases activity was significantly decreased (p < 0.001),
while Ca-ATPases activity was increased (p < 0.001), following exposure to tetrachloroethylene
alone. These levels remained near normal in the animals exposed to tetrachloroethylene along
with 2DG, vitamin E, or taurine. This return to normal levels following exposure to vitamin E
and taurine may be due to their antioxidant abilities, and reduced oxidative stress in exposed
cells.

Goldsworthy et al. (1988) observed increases in a2p-hyaline droplets in exposed male but
not female F344 rats following 10 days of gavage with 1,000 mg/kg tetrachloroethylene. This
finding was correlated with both protein droplet nephropathy (crystalloid accumulation) and
increases in cellular proliferation. Cell replication was enhanced in the male rats specifically in
damaged P, segments, suggesting a link between the a2u-globulin accumulation and kidney
tumors. These investigators reported similar findings for pentachloroethane in the same study,
but at a dose of 150 mg/kg for 10 days. Trichloroethylene has a similar structure but did not
cause any o2p-accumulation or increase in protein droplets, nor did it stimulate cellular
proliferation in either male or female rats in this study when a dose of 1,000 mg/kg was
administered for 10 days. Bergamaschi et al. (1992) also demonstrated a2p-accumulation in P,
segments of rat proximal tubule cells resulting from a daily exposure of rats to 500 mg/kg
tetrachloroethylene in corn oil for 4 weeks.

In short-term, high-dose studies, Green et al. (1990) found that the oral administration of
1,000 to 1,500 mg/kg of tetrachloroethylene daily for up to 42 days caused an accumulation of
a2u-globulin in the proximal tubules of male rats. The animals were sacrificed within 24 hours
of the last dose of tetrachloroethylene. The effect was accompanied by evidence of
nephrotoxicity, with the formation of granular tubular casts and evidence of tubular cell

regeneration. These effects were not observed in female rats or in mice.
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4.2.2.1.3. Intraperitoneal injection
The role of the glutathione metabolites, particularly TCVC and TCVCS, in kidney

toxicity was examined by Elfarra et al. (2007) in vivo. This study exposed two groups of four
male Sprague-Dawley rats to a single i.p. injection of TCVC or TCVCS (115 or 230 umol/kg in
saline). Animals were sacrificed 24 hours following exposure. Serum was analyzed for BUN,
and urine samples were analyzed for GGTP activity as markers of nephrotoxicity. Rats exposed
to the high-dose of TCVCS showed visible signs of kidney necrosis, while all other exposed
groups did not. Histologically, kidneys from rats exposed to low-dose TCVC or TCVCS showed
slight-to-mild acute tubular necrosis. Analysis of kidneys at 24 hours postexposure showed
mild-to-moderate acute tubular necrosis in animals exposed to high-dose (230 umol/kg) TCVC,
and severe tubular necrosis in animals exposed to high-dose (230 umol/kg) TCVCS. Similar to
the pattern of toxicity described above, significant increases in BUN (fourfold) were observed in
rats exposed to 230 pmol/kg TCVCS as compared to control, but no significant increases were
observed following exposure to TCVC. Variable increases were observed following exposure to
TCVC or TCVCS in urine glucose levels and GGTP activity. A second part of this experiment
involved a preexposure to a B-lyase inhibitor (AOAA) (500 umol/kg bw) by i.p. injection

30 minutes prior to administration of 230 umol/kg TCVC. Exposure to AOAA prior to exposure
to TCVCS resulted in increased toxicity. In a third study, three groups of four rats were exposed
to saline, TCVC, or TCVCS (230 umol/kg) and sacrificed 2 hours after administration. The
kidneys were removed at sacrifice and examined for NPT and NPT disulfide concentrations as a
measure of thiol status in the kidney. Although no changes were observed in NPT status,
histological examination of these kidneys showed scattered foci of mild acute tubular necrosis
(TCVC) or widespread acute tubular necrosis, intratubular casts, and interstitial congestion and
hemorrhage (TCVCS). These results suggest that while both TCVC and TCVCS are
nephrotoxicants, TCVCS is more potent than TCVC.

In summary, exposure to tetrachloroethylene from all routes studied (oral, inhalation, i.p.)
led to nephrotoxicity in multiple strains of rats and mice. These studies demonstrate
karyomegaly, increased kidney weights, and atypical tubular dilation following subchronic high-
dose exposures or lower dose chronic exposures. Limited studies have also examined the
potential role for peroxisome proliferation or a2u-globulin in nephrotoxicity. Exposure to
tetrachloroethylene glutathione conjugation metabolites led to similar effects in rats (mice not
tested). Further, studies examining the impact of concomitant antioxidant exposures with
tetrachloroethylene in mice suggest a role for oxidative stress in tetrachloroethylene-induced
nephrotoxicity.
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4.2.2.2. Kidney Cancer in Animals
4.2.2.2.1. Inhalation

In the studies conducted by NTP [(1986), described above], groups of 50 male and
50 female F344/N rats were exposed for 6 hours/day, 5 days/week, for 103 weeks by inhalation
to atmospheres containing 0, 200, or 400 ppm tetrachloroethylene. Tubule cell hyperplasia was
observed in male rats (control, 0/49; low dose, 3/49; high dose, 5/50) and in one high-dose
female rat. Renal tubule adenomas and adenocarcinomas were observed in male rats (control,
1/49; low dose, 3/49; high dose, 4/50). In the same study (doses described above), one renal
tubule adenocarcinoma was observed in a low-dose male mouse, but no other neoplastic lesions
were observed.

The spontaneous incidence rate for renal tubule tumors in F344/N rats, the strain used in
the NTP bioassay, as well as for other rat strains reported by NTP, was less than 1%. Thus, the
appearance of tubule neoplasms in 8% of the treated animals in the NTP study (low-dose and
high-dose groups combined) provided convincing evidence of a treatment-related effect
Solleveld et al., 1984; Goodman et al., 1979). Also notable is the fact that no malignant renal

tubule neoplasms had ever been observed in any control rats examined by NTP—including
chamber controls from the performing laboratory and the untreated controls and vehicle controls
from gavage studies—whereas two of the tumors observed in high-dose animals in the NTP
study were carcinomas. The probability of two rare carcinomas appearing by chance in a group
of 50 animals has been calculated to be less than 0.001.?' In addition, when compared with
historical control incidences of renal tubule tumors at the NTP, a statistically significant dose-
related positive trend exists, and tumor incidences in both low-dose and high-dose groups are
significantly elevated. Standard statistical analyses of tumor incidence data did not reveal a
significant increase in kidney tumors, and the tumor incidence is not statistically significant
when compared with concurrent controls; however, when the incidences of tubule cell
hyperplasia and neoplasms and tumor severity are all considered, a dose-response relationship is
apparent.

No increase in renal cell cancers was observed in a second 2-year inhalation cancer
bioassay that was also performed in 50 male and female Fischer rats (0, 50, 200, or 600 ppm)
and Crj:BDF1 mice (0, 10, 50, or 250 ppm) in each treatment group (6 hours/day, 5 day/week,
for 104 weeks) (JISA, 1993). Survival compared to controls was decreased in all high-dose

exposure groups, which is believed to be treatment related. Renal cell adenoma was observed in
male rats (1/50, control; 2/50, 50 ppm; 1/50, 200 ppm; 2/50, 600 ppm) and male mice (1/50, 50

ppm) but only in control female rats (1/50, control) and not in exposed female mice. Renal cell

2! Assuming a binomial probability distribution, a background rate of 0.2%, and a sample size of 50 animals.
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carcinoma was not observed in male rats or female mice, but was observed in the high-dose
female rats (1/50, 600 ppm) and male mice (1/50, 50 ppm). As described above for the NTP
study (1986), these tumors are rare in Fischer rats, but the reported results are similar to those

historical control rates for this study group (JISA, 1993).

The study authors reported a slight increase in renal tumors with tetrachloroethylene
exposure in a study reporting increased mortality related to renal failure in male rats starting at

5 months exposure in the high-dose group (Rampy et al., 1978). This lifetime observation study

exposed male and female rats to 0, 300, 600 ppm, 6 hours/day, 5 days/week, for 12 months
(Rampy et al., 1978). The authors stated that most animals were deceased or moribund at the

end of study, rendering difficult clear conclusions regarding the renal carcinogenicity of
tetrachloroethylene.
4.2.2.2.2. Oral

No significant increased incidence of neoplastic lesions was observed in treated rats

following oral exposure to tetrachloroethylene in a lifetime carcinogenicity bioassay (NCI, 1977

doses described above). However, a high rate of death occurred in the high-dose groups of both

sexes, so the authors of the study determined carcinogenicity could not be evaluated. Only one
kidney tumor was observed in mice in this study (high dose; doses described above), but this was
a tumor that had metastasized from the liver.

In summary, an increase in rare kidney tumors was reported in one inhalation cancer
bioassay of tetrachloroethylene (0, 200, or 400 ppm) in F344/N rats (NTP, 1986). The JISA
(1993) rat inhalation bioassay of tetrachloroethylene (50, 200, and 600 ppm) reported no

treatment-related increase in the incidence of kidney tubular cell adenoma or carcinoma in
excess of that in the concurrent or historical control animals at administered concentrations.
Another inhalation study, the interpretation of which is limited by high morbidity and mortality,
reported a slight increase in renal tumors in male S-D rats (Rampy et al., 1978). Although the

renal tumors were not significantly increased compared with controls, morbidity related to renal
failure was increased in male rats beginning at 5 months of exposure. The NCI (1977) oral
gavage bioassay of tetrachloroethylene (0, 475, 950 mg/kg-day) reported a high rate of death in
the high-dose groups of both sexes, and, thus, carcinogenicity could not be evaluated in this
study.

Other evidence supporting the conclusion of renal carcinogenicity of tetrachloroethylene
includes low incidences of tubule neoplasms in male rats in NTP bioassays of other chlorinated
ethanes and ethylenes (NTP, 1990a, 1989, 1988, 1987). In particular, the closely related
compound trichloroethylene also induces low increases in the incidence of rare renal tumors in
rats and in humans (U.S. EPA, 2011b).
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4.2.2.2.3. Invitro

Lash et al. (1998) examined the role of glutathione conjugation of tetrachloroethylene in
rats and mice in isolated renal cortical cells and hepatocytes from male and female F344 rats.
All cells were exposed to tetrachloroethylene (0.5, 1, or 2 mM) and assayed for TCVG formation
at 0, 15, 30, and 60 minutes. This study demonstrated that GSH metabolites from
tetrachloroethylene are formed in kidney cells as well as hepatocytes in both species; however,
the amount of TCVG produced varied depending on sex, species, and tissue assayed. TCVG
formation was higher in male rats and mice as compared to their female counterparts and was
also higher in hepatocytes as compared to kidney cells. Although rats are more susceptible to
nephrocarcinogenicity as compared to mice (refer to Section 4.5.2.2), isolated mouse kidney and
liver cells had a greater amount of TCVG formation (7- to 10-fold and 2- to 5-fold, respectively)

as compared to rat cells (Lash et al., 1998). To further examine the species- and sex-dependent-

differences in tetrachloroethylene cytotoxicity, Lash et al. (2002) measured acute cytotoxicity
following exposure to tetrachloroethylene or TCVG (0.1 to 10 mM) in isolated rat kidney cells
and renal mitochondria from rats and mice. Exposure to tetrachloroethylene or TCVG led to a
marked increase in LDH release in isolated kidney cells from male but not female rats, but no

significant effects were observed in rat hepatocytes from either gender (Lash et al., 1998).

Isolated mitochondria from rats and mice showed a pattern of sensitivity similar to the kidney
cell effects, with increased inhibition of respiration in isolated mitochondria from male rats as
compared to their female counterparts. Inhibition of respiration was observed equally in male
and female mice exposed to tetrachloroethylene or TCVG. The results of this in vitro study
support those of the in vivo studies, which demonstrate increased nephrotoxicity in male rats
following exposure to tetrachloroethylene or TCVG.

Lash et al. (2007) examined the effect of modulation of renal metabolism on toxicity of
tetrachloroethylene in isolated cells and microsomes from male F344 rat kidney and liver.
Oxidative-dependent metabolism of tetrachloroethylene was more than 30-fold increased in liver
microsomes than in kidney. Pretreatment of rats with a P450-inhibitor had little to no effect on
the tetrachloroethylene metabolism in either kidney or liver. Pretreatment of rats with a P450
inducer increased tetrachloroethylene metabolism by over twofold in the kidney microsomes,
with no effect observed in liver. Following exposure to modulating chemicals, lactate
dehydrogenase (LDH) was measured as a marker of cytotoxicity, and the presence of specific
metabolites was documented (TCVG, TCOH, and CH). Tetrachloroethylene metabolism in
kidney cells was slightly (but significantly) increased by the nonspecific inhibitors of P450s but
not affected by the pretreatment with the CYP2E1-specific inhibitor. Increased cytotoxicity in
kidney cells was observed following exposure to tetrachloroethylene (2 or 10 mM, 3 hours), and

this was not affected by pretreatment with CYP inhibitors or inducers. However, increases in
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GSH concentrations in the kidney cells led to increased cytotoxicity following exposure to
tetrachloroethylene, but no effect was observed following pretreatment with GSH inhibitors.
The results of this study highlight the role of different bioactivation pathways needed in both the
kidney and the liver, with the kidney effects being more affected by the GSH conjugation
pathways metabolic products.

Tetrachloroethylene effects in kidney cells have also been demonstrated in a variety of
genotoxicity assays. Exposing kidney cells and/or microsomal fractions from kidneys to
tetrachloroethylene or its some of its metabolites led to low levels of DNA binding (Mazzullo et
al., 1987), micronuclei induction (Wang et al., 2001), single-stranded DNA breaks (Walles
1986), unscheduled DNA synthesis (Vamvakas et al., 1989c¢), and gene mutations (Vamvakas et
al., 1989d; Vamvakas et al., 1987; Dekant et al., 1986a). Negative studies were observed in
kidney cells from exposed animals for DNA damage (Cederberg et al., 2010a; Potter et al.,
1996), and DNA adduct formation (Toraason et al., 1999).

Limited DNA binding to calf thymus DNA was observed in the presence of microsomal

fractions from mice and rats (Mazzullo et al., 1987). Binding to DNA in the in vitro study

increased in the presence of microsomal fractions from both mouse and rat liver, but not kidney,
lung, or stomach. Cytosolic fractions from rat and mouse liver, kidney, lung, and stomach, all
induced binding of tetrachloroethylene to calf thymus DNA, with enzymes from both mouse and
rat livers and mouse lung being the most efficient.

Wang et al. (2001) examined micronuclei induction following exposure to
tetrachloroethylene (~63 ppm in culture medium at peak) in vitro in a closed system. Chinese
hamster ovary (CHO-K1) cells were plated in a petri dish surrounding a glass dish of
tetrachloroethylene and incubated for 24 hours. Tetrachloroethylene exposure led to a dose-

dependent significant increase in micronuclei induction (p < 0.001) (Wang et al., 2001).

Vamvakas et al. (1989a) reported concentration-related increases in unscheduled DNA
synthesis (UDS) in LLC-PK1 (a porcine kidney cell line) exposed to TCVC, with the effect
abolished by a B-lyase inhibitor. This effect was observed at exposure to 5 x 10 °~10~° M
TCVC for 24 hours.

TCVG produced from tetrachloroethylene in isolated perfused rat liver and excreted into
bile, in the presence of a rat kidney fraction, was mutagenic in Salmonella, as was purified
TCVG (Vamvakas et al., 1989d). This study performed the Ames assay in Salmonella
typhimurium TA100, TA98, and TA2638 with tetrachloroethylene, TCVG, and bile from liver

perfusate following tetrachloroethylene exposure in rats and demonstrated that the

GST-metabolites or tetrachloroethylene in the presence of bile containing GST led to gene
mutations in S. typhimurium TA100. Dreessen (2003) also demonstrated for TCVG an
unequivocal dose-dependent mutagenic response in the TA100 strain in the presence of the rat
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kidney S9-protein fraction; TCVC was mutagenic without metabolic activation in this strain. In
a separate study, the tetrachloroethylene metabolite TCVC (1—10 nmol/plate) was also positive
in Salmonella strains TA98 and TA100 but not strain TA2638, and inhibition of B-lyase activity
was blocked by addition of amionoxyacetic acid (AOAA) (Dekant et al., 1986a). A subsequent
study from this same group indicated that Sa/monella also was capable of deacetylating the
urinary metabolite NACTCVC (50—100 nmol/plate) when TA100 showed a clear positive

response in the Ames assay without exogenous activation (Vamvakas et al., 1987).

In summary, the limited in vitro studies performed in kidney cells exposed to
tetrachloroethylene or its GSH conjugation metabolites demonstrate an increase in cytotoxicity.
This cytotoxic effect was sex- and species-dependent, with increases observed in male rats and
mice compared to their female counterparts, with rats showing the most cytotoxicity. Limited
genotoxicity studies demonstrated the potential for tetrachloroethylene mutagenicity in
Salmonella strains in the presence of the kidney S9 fraction, or in Salmonella exposed to
GSH-conjugation metabolites (TCVC, TCVG, or NacTCVC) without activation.

4.2.3. Summary of Kidney Effects in Humans and Animals

Taken together, the epidemiologic studies support an association between inhalation
tetrachloroethylene exposure and chronic kidney disease, as measured by urinary excretion of
renal proteins and ESRD. The elevated urinary RBP levels observed in two studies (Verplanke
et al., 1999; Mutti et al., 1992) and lysozyme or B-glucuronidase in Franchini et al. (1983)

provide some evidence for effects to the proximal tubules from tetrachloroethylene exposure.
Exposures in the studies that observed renal toxicity were 1.2 ppm, 10 ppm, and 15 ppm

(means), representing an observational LOAEL for human kidney effects. An exposure-response

relationship was reported in one study (Trevisan et al., 2000) but not in the other human studies
that examined renal function, an important limitation of the available data. However, as pointed
out by Mutti et al. (1992), this is a common finding among solvent-exposed populations, and
inadequate definition of the dose metric most likely contributes to the absence of exposure-
response relationships. Calvert et al. (2011) supports an association between inhalation
tetrachloroethylene exposure and ESRD, particularly hypertensive ESRD. They observed a
twofold elevated incidence (SIR: 2.66, 95% CI: 1.15, 5.23) among subjects who worked only in
a shop where tetrachloroethylene was the primary cleaning solvent compared to that expected
based on U.S. population rates. An exposure-response pattern was further suggested because
hypertensive ESRD risk was highest among those employed for >5 years (SIR: 3.39,

95% CI: 1.10, 7.92). No human studies investigating drinking water or other oral exposures on

kidney toxicity have been published.
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Positive associations between kidney cancer (renal cell carcinoma) and exposure to dry-
cleaning and laundry workers or to tetrachloroethylene specifically were observed in several

well-conducted studies (Mandel et al., 1995). The results from the other studies using a relatively

specific exposure-assessment approach to refine classification of potential tetrachloroethylene
exposure in dry-cleaning settings are mixed, with some studies reporting little or no evidence of
an association (Lynge et al., 2006; Pesch et al., 2000a; Boice et al., 1999; Dosemeci et al., 1999;

Aschengrau et al., 1993), and other studies reporting elevated risks (Calvert et al., 2011; Blair et
al., 2003; Anttila et al., 1995; Schlehofer et al., 1995). An increasing trend in relative risk with

increasing exposure surrogate was not observed in any of the larger occupational exposure

studies with three or more exposure categories (Lynge et al., 2006; Mandel et al., 1995), but

some indication of higher risk with higher exposure (or duration) was observed in other studies

(Blair et al., 2003). As expected, the results from studies using a relatively nonspecific exposure

measure (broad occupational title of launderers and dry cleaners, all workers at a factory, density
of dry-cleaning establishments by zip code) are more variable and less precise, reflecting a
greater potential for misclassification bias.

Adverse effects on the kidney have been observed in studies of animals exposed to high
concentrations of tetrachloroethylene by inhalation (JISA, 1993; NTP, 1986), and oral gavage
(Ebrahim et al., 2001; Ebrahim et al., 1996; Jonker et al., 1996; Green et al., 1990; Goldsworthy
et al., 1988; NCI, 1977), as well as i.p. injection of tetrachloroethylene metabolites (Elfarra and

Krause, 2007). The nephrotoxic effects include increased kidney-to-body weight ratios, hyaline

droplet formation, glomerular “nephrosis,” karyomegaly (enlarged nuclei), cast formation, and
other lesions or indicators of renal toxicity. Increased incidences of relatively rare renal tumors
have been observed in one bioassay of male rats exposed to tetrachloroethylene by inhalation
(NTP, 1986). The renal effects occurred following very high (or chronic, relatively high) doses

of tetrachloroethylene exposures. Overall, multiple lines of evidence support the conclusion that
tetrachloroethylene causes nephrotoxicity in the form of tubular toxicity, mediated potentially
through the tetrachloroethylene GSH conjugation products: TCVC and TCVCS.

4.2.4. Hypothesized Mode(s) of Action for Kidney Carcinogenicity

There are multiple hypothesized MOAs for kidney carcinogenicity induced with
tetrachloroethylene exposure, including a2u-globulin accumulation, peroxisome proliferation,
genotoxicity, and cytotoxicity unrelated to a2u-globulin. These MOAs are addressed in the

sections that follow.
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4.2.4.1. Role of Metabolism in Kidney Carcinogenicity

Except for a2u-globulin accumulation, which is more likely due to tetrachloroethylene

itself (Lash and Parker, 2001), other mechanisms hypothesized to contributed to

tetrachloroethylene-induced renal carcinogenicity are thought to be mediated by
tetrachloroethylene metabolites rather than by the parent compound. Metabolites from the GSH
conjugation pathway are posited to induce renal tumorigenicity, as opposed to (or to a greater
extent than) the metabolites resulting from oxidative CYP processing. The glutathione
conjugation of tetrachloroethylene in the kidney, discussed in Section 3, leads sequentially to
TCVG and TCVC. TCVC can be further processed by B-lyase to yield an unstable thiol,
1,2,2-trichlorovinylthiol, which may give rise to a highly reactive thioketene, a chemical species
that can form covalent adducts with cellular nucleophiles including DNA. TCVC can also
undergo FMO3- or P450-oxidation to reactive intermediates; additionally, sulfoxidation of both
TCVC and its N-acetylated product occurs, resulting in reactive metabolites (Ripp et al., 1999;
1997; Werner et al., 1996).

4.2.4.2. a2u-Globulin Accumulation

Generally, kidney tumors observed in cancer bioassays are assumed to be relevant for
assessment of human carcinogenic potential. However, male rat-specific kidney tumors that are
caused by the accumulation of a2u-globulin are not generally considered relevant to humans.
Accumulation of a2u-globulin in hyaline droplets initiates a sequence of events that leads to
renal nephropathy and, eventually, renal tubular tumor formation. The phenomenon is unique to
the male rat because female rats and other laboratory mammals administered the same chemicals
do not accumulate a2u-globulin in the kidney and do not subsequently develop renal tubule
tumors (Doi et al., 2007; Swenberg and Lehman-McKeeman, 1999; U.S. EPA. 1991a).

4.2.4.2.1. ldentification of key events

The histopathological sequence of events in mature male rats is hypothesized to consist
of the following:

e [Excessive accumulation of hyaline droplets containing a2u-globulin in renal proximal
tubules

e Subsequent cytotoxicity and single-cell necrosis of the tubule epithelium
e Sustained regenerative tubule cell proliferation

e Development of intralumenal granular casts from sloughed cellular debris associated with
tubule dilatation and papillary mineralization
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e Foci of tubule hyperplasia in the convoluted proximal tubules
e Renal tubule tumors

4.2.4.2.2. Data requirements for establishing the MOA
The EPA (1991a) Risk Assessment Forum Technical Panel report provides specific

guidance for evaluating chemical exposure-related male rat renal tubule tumors for the purpose
of risk assessment, based on an examination of the potential involvement of a2u-globulin
accumulation. In particular, the following information from adequately conducted studies of
male rats is used for demonstrating that the a2u-globulin process may be a factor in any observed
renal effects. An affirmative response in each of the three categories is required. If data are
lacking for any of the criteria in any one category, the available renal toxicity data should be
analyzed in accordance with standard risk assessment principles. The three categories of
information and criteria are as follows:

o Increased number and size of hyaline droplets in the renal proximal tubule cells of
treated male rats. The abnormal accumulation of hyaline droplets in the P, segment
helps differentiate a2u-globulin inducers from chemicals that produce renal tubule
tumors by other modes of action.

o Accumulating protein in the hyaline droplets is a2u-globulin. Hyaline droplet
accumulation is a nonspecific response to protein overload, and, thus, it is necessary to
demonstrate that the protein in the droplet is, in fact, a2u-globulin.

e Additional aspects of the pathological sequence of lesions associated with a2u-globulin
nephropathy are present. Typical lesions include single-cell necrosis, exfoliation of
epithelial cells into the proximal tubular lumen, formation of granular casts, linear
mineralization of papillary tubules, and tubule hyperplasia. If the response is mild, not
all of these lesions may be observed. However, some elements consistent with the
pathological sequence must be demonstrated to be present.

4.2.4.2.3. Induction of hypothesized key events by tetrachloroethylene

Three studies show that doses of tetrachloroethylene in excess of those observed to
induce tumorigenesis are capable of precipitating hyaline droplet nephropathy in male rats
(Bergamaschi et al., 1992; Green et al., 1990; Goldsworthy et al., 1988); refer to Table 4-11.

Goldsworthy et al. (1988) observed increases in a2u-hyaline droplets in exposed male—but not

female—F344 rats following 10 days of gavage with 1,000 mg/kg tetrachloroethylene. This
finding was correlated with both protein droplet nephropathy (crystalloid accumulation) and
increases in cellular proliferation. The cell replication was enhanced in the male rats specifically
in damaged P, segments, suggesting a link between the a2u-globulin accumulation and kidney
tumors. Bergamaschi et al. (1992) also demonstrated a2u-accumulation in P, segments of rat

proximal tubule cells resulting from a daily exposure of rats to 500 mg/kg tetrachloroethylene in
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corn oil for 4 weeks. In short-term, high-dose studies, Green et al. (1990) found that the oral

administration of 1,000 to 1,500 mg/kg of tetrachloroethylene daily for up to 42 days caused an

accumulation of a2u-globulin in the proximal tubules of male rats. These effects were not

observed in female rats or in mice.

Table 4-11. Renal a2u-globulin formation in tetrachloroethylene-exposed

rodents

Species/strain/

Exposure

sex/number level/duration Effects Reference
Mouse, B6C3F, both 0, 100, 200 ppm for Karyomegaly and cytomegaly of the NTP (1986)
sexes (groups of 49 or 104 wk, inhalation proximal tubules in all exposed mice;
50 mice of each sex per nephrosis was observed in exposed
dose group, total of females, casts increased in all exposed
~300 mice) males and in high-dose females
Rat, F344, both sexes 0, 200, 400 ppm for Karyomegaly and cytomegaly of the NTP (1986)
(groups of 50 mice of 104 wk, inhalation proximal tubules in all exposed rats
each sex per dose group,
total of ~300 mice)
Rat, F344 (both sexes, 0 or 1,000 mg/kg-day for | Increases in a2u-hyaline droplets in Goldsworthy

5 per group)

10 d, corn oil gavage

exposed male but not female rats.
Correlated to increased cell proliferation
and protein droplet nephropathy

etal. (1988)

Rat, F344 (both sexes,
12 per group)

0, 500 mg/kg-day daily
for 4 wk, corn oil gavage

Increases in 02u-hyaline accumulation in
proximal tubule cells

Bergamaschi
et al. (1992)

Rat, F344 (both sexes)
and mouse, B6C3F; (both
sexes) (10 per group for
oral studies, 5 per group
for inhalation studies)

0, 1,000 or 1,500
mg/kg-day daily by corn
oil gavage for 42 d; 0 or
1,000 ppm for 10 d

Accumulation of a2u-globulin in
proximal tubules of male rats;
nephrotoxicity also observed in male rats
(formation of granular tubular casts and
evidence of tubular cell regeneration)
Inhalation exposure demonstrated
formation of hyaline droplets in kidneys
of male rats

Green et al.
(1990)

Green et al. (1990) tested lower inhaled tetrachloroethylene doses in rats—up to 400 ppm

for 6 hours/day, for 28 days, with the animals being sacrificed within 18 hours of termination of

the final exposure—but found no evidence of hyaline droplet formation; however, there may

have been time for recovery prior to sacrifice. Green et al. (1990) proposed the possibility that

longer-term exposure to the 400 ppm concentration of tetrachloroethylene is required for the

hyaline droplet accumulation in the kidney of rats. a2u-Globulin accumulation can be

demonstrated, however, after only short-term exposures (even a single administration) to several

agents, such as d-limonene, decalin, unleaded gasoline, and trimethylpentane (NTP, 1990b;
Charbonneau et al., 1987).
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Lack of hyaline droplet formation, increase in a2u-globulin, or signs of the characteristic
renal nephropathy at the high dose level of the NTP inhalation study (NTP, 1986) may, thus,

diminish the likelihood that the renal tumors associated with exposure to tetrachloroethylene are

induced through this mechanism (Green et al., 1990). NTP did not report the presence of hyaline

droplets in rats that had been exposed to either 200 or 400 ppm tetrachloroethylene for up to

2 years. These doses were associated with the production of renal tubule neoplasms in male rats.
However, the fact that NTP did not report the presence of hyaline droplets in the 14-day, 90-day,
or 2-year studies is not definitive, because the NTP protocol at that time was not designed

specifically to detect hyaline droplets or a2u-globulin accumulation in the kidney (NTP, 1990b).

Thus, the procedures followed at the time of the study were not necessarily conducive to
detecting hyaline droplets. For example, in the chronic study of tetrachloroethylene, at least 1
week elapsed between the final tetrachloroethylene exposure and the scheduled sacrifice of the
surviving animals. It is possible that had hyaline droplets been present, they could have
regressed. Also, the nephropathy observed at the end of a 2-year bioassay could be difficult to
distinguish from the old-age nephropathy that occurs in these rats.

In contrast, the renal pathology reported in the NTP bioassay is not entirely consistent
with the results generally found for chemicals where there is a2u-globulin accumulation (NTP,
1986) (letter from Scot Eustis, National Toxicology Program, to William Farland, Director,
Office of Health and Environmental Assessment, U.S. EPA, 1988). For example, there was no
mineralization in the inner medulla and papilla of the kidney, a frequent finding in bioassays of
chemicals that induce a2u-globulin accumulation (e.g., for pentachloroethane, the incidence of
renal papillar mineralization was 8% in controls, 59% in the low-dose group, and 58% in the
high-dose group). In addition, it is important to note that some aspects of toxic tubular
nephropathy were also observed in female rats and male mice exposed to tetrachloroethylene,
clearly contrary to sex and species specificity.

In the NCI gavage study of tetrachloroethylene (NCI, 1977), toxic nephropathy, which

was not detected in the control animals, occurred in both male and female Osborne-Mendel rats
administered tetrachloroethylene. Tetrachloroethylene also clearly caused nephropathy in both
sexes of mice in the study. Unfortunately, animal survival in the rat study was not adequate to
support any conclusions about tetrachloroethylene carcinogenicity.

In summary, although a few studies show an increase in hyaline droplets in the proximal
tubule cells of treated male rats, other studies demonstrate nephrotoxicity in both male and
female rats and mice without hyaline droplet formation. Further, the studies that demonstrate
hyaline droplet formation do not also have additional aspects of nephrotoxicity associated with
a2u-globulin formation. The a2u-globulin response reported following exposure to

tetrachloroethylene is relatively modest, and the fact that renal tumors have been observed at
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doses lower than those shown to cause the o2u-globulin response is inconsistent with this
phenomenon being responsible for tumorigenesis. Chronically induced tetrachloroethylene
nonneoplastic kidney lesions exhibit neither species nor sex specificity. Unlike with other
chemicals that induce a2u-globulin accumulation and have been tested by NTP in chronic
carcinogenicity bioassays, renal lesions occurring in animals exposed to tetrachloroethylene were
not limited to the male rat. Although the female rat did not develop any renal tubule tumors, the
incidence of karyomegaly was significantly elevated in the female rat as well as in the male rat;

1 of 50 female rats exposed at the high dose developed tubule cell hyperplasia. Therefore, based
on the criteria described above, there are insufficient data to demonstrate renal toxicity or

cancers are caused by a2u-globulin formation.

4.2.4.3. Genotoxicity
A hypothesized mutagenic MOA entails the following key events leading to

tetrachloroethylene-induced kidney tumor formation: following metabolism of
tetrachloroethylene to one or more mutagenic intermediates, the genetic material is altered in a
manner that permits changes to be transmitted during cell division through one or more
mechanisms (gene mutations, deletions, translocations, or amplification); the resulting mutations
advance acquisition of the multiple critical traits contributing to carcinogenesis. This MOA may
apply to multiple cancer types.

The genotoxic potential of tetrachloroethylene is addressed in Section 4.8. To
summarize, the results of a large number of in vitro genotoxicity tests in which
tetrachloroethylene was the test agent support the conclusion that tetrachloroethylene does not
exhibit direct mutagenic activity in the absence or presence of the standard S9 fraction
(Watanabe et al., 1998; DeMarini et al., 1994; Roldan-Arjona et al., 1991; Milman et al., 1988;
Warner et al., 1988; NTP, 1986; Connor et al., 1985; Shimada et al., 1985; Haworth et al., 1983;
Hardin et al., 1981; Kringstad et al., 1981; Bartsch et al., 1979; Greim et al., 1975). However,

the few in vitro mutagenicity studies of tetrachloroethylene under conditions that would generate

the GSH conjugate were positive (Vamvakas et al., 1989¢; Vamvakas et al., 1989d). While most

of these intermediates have not been characterized for mutagenic potential, TCVG (Dreessen et
al., 2003; Vamvakas et al., 1989d) and N-acetyl-S-(1,2,2-trichlorovinyl)-L-cysteine (NAcTCVC)

(Vamvakas et al., 1987) are mutagenic in the presence of activation while TCVC was mutagenic

even in the absence of activation (Dreessen et al., 2003; Dekant et al., 1986a). The metabolite

DCA is the most potent mutagen of the P450-derived metabolites, exhibiting mutagenic activity
in a number of assays. A putative P450-derived metabolite, 1,1,2,2-tetrachloroethylene oxide, is
also mutagenic; the mutagenicity of this epoxide would be predicted from structure-activity

relationships. Studies of chromosomal aberrations following exposure to tetrachloroethylene are
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mostly negative, but positive results have been reported from in vitro studies with enhanced

metabolic activation (Doherty et al., 1996).

The limited in vivo studies of tetrachloroethylene are inconsistent, with only negative
(NTP, 1986; Bronzetti et al., 1983) or equivocal (Cederberg et al., 2010a; Beliles et al., 1980)
genotoxicity assay results demonstrated following inhalation or oral exposure. These include the

finding that tetrachloroethylene at higher concentrations induces at most modest increases in
DNA damage in liver tissue (Cederberg et al., 2010a). Following in vivo exposures,
tetrachloroethylene induces SSB and DNA binding in kidney (Potter et al., 1996; Mazzullo et al.,

1987; Walles, 1986). Intraperitoneal injection assays have demonstrated both negative (NTP,

1986) as well as positive results for different genotoxicity endpoints in other tissues (Murakami

and Horikawa, 1995). Assays of clastogenic effects following inhalation exposure in humans

have shown inconsistent results and are suggested to be related to coexposures (Seiji et al., 1990;
Ikeda et al., 1980).
Thus, although tetrachloroethylene has largely yielded negative results in standard

genotoxicity assays, uncertainties remain with respect to the possibility that genotoxicity
contributes to renal carcinogenesis. Not all metabolites have been identified or characterized,
but several known metabolites including those derived from P450 as well as GSH pathways are
mutagenic in the standard battery of tests. Tetrachloroethylene is mutagenic in bacterial assays
in the presence of GST and GSH, whereas the standard S9 fraction has typically yielded negative
results. Tetrachloroethylene at higher concentrations also induces modest increases in DNA

damage and DNA binding in liver tissue (Cederberg et al., 2010a; Murakami and Horikawa,

1995). Given the demonstrated mutagenicity of several tetrachloroethylene metabolites, the
hypothesis that mutagenicity contributes to the MOA for tetrachloroethylene carcinogenesis
cannot be ruled out, although the specific metabolic species or mechanistic effects are not

known.

4.2.4.4. Peroxisome Proliferation

The PPARa-agonism MOA is also hypothesized to induce rat kidney tumorigenesis.
According to this hypothesis, the key events leading to tetrachloroethylene-induced kidney tumor
formation constitute the following, after activation of tetrachloroethylene to one or more reactive
metabolites: the PPARa receptor is activated, which then causes alterations in cell proliferation
and apoptosis, followed by clonal expansion of initiated cells.

Limited data exist to support increased peroxisome proliferation in rodent kidney

following exposure to tetrachloroethylene and are summarized in Table 4-12 (Odum et al., 1988;

Goldsworthy and Popp, 1987). The role of peroxisome proliferation in tetrachloroethylene-

induced kidney toxicity and cancer was examined in male and female F344 rats and B6C3F;
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mice exposed to tetrachloroethylene by inhalation (400 ppm, 6 hours/day, 14, 21, or 28 days or
200 ppm, 6 hours/day, 28 days) in Odum et al. (1988). Five animals per group were exposed.
Insufficient mouse kidney tissue limited the analysis to pooled samples. Slight increases were
observed in B-oxidation in mouse kidney (maximum 1.6-fold increase at 21 days, 400 ppm
exposure). Modest palmitoyl-CoA oxidation (PCO) increases were observed in the kidney of
male rats at 200 ppm at 28 days (1.3-fold) but not 400 ppm at 14, 21, or 28 days. In female rat
kidney, PCO was elevated (approximately 1.6-fold) at all doses and times. However,
peroxisome proliferation was not observed in rat or mouse kidney upon microscopy, suggesting

that this does not play a role in kidney carcinogenesis.

Table 4-12. Renal peroxisome proliferation in tetrachloroethylene-exposed

rodents
Species/strain/sex/number Effect Dose Time
Rat, F344; and mouse, Mice of both sexes: Analysis in mice was limited |200, and 14,21,28 d
B6C3F, (both sexes, to pooled tissue, but showed slight increases in 400 ppm,
S/group) B-oxidation in mouse kidney inhalation
Odum et al. (1988) Rats of both sexes: Modest increases in PCO 200, and 14,21,28d
R observed in male rat kidneys at 200 ppm for 28 d |400 ppm,
only, but elevated in female rat kidneys at all inhalation
doses and times
F344 rats (male only, Mice: Increased PCO activity in all exposed mice | 1,000 mg/kg-day |10d
5/group) and B6C3F; mice for 10 d, corn oil
(male only, 5/group) gavage
Goldsworthy and Popp Rats: Increased kidney weight in exposed rats 1,000 mg/kg—day 10d
for 10 d, corn oil
(1987)
gavage

Goldsworthy and Popp (1987) administered tetrachloroethylene (1,000 mg/kg-day) by
corn oil gavage to 5 male F344 rats and 5 male B6C3F; mice for 10 days. In
tetrachloroethylene-exposed rats, PCO was modestly—although not significantly—elevated in
the liver (1.4-fold increase) and kidney (1.7-fold increase). In mice, tetrachloroethylene
exposure increased PCO activity 4.3-fold in liver and by 2.3-fold in kidney. Relative liver
weight was increased in rats and mice with tetrachloroethylene exposure, but relative kidney
weight was unaffected. A comparison of corn oil with methyl cellulose revealed no effect of the
gavage vehicle on tetrachloroethylene-induced PCO. A less-than-additive effect of
trichloroethylene (1,000 mg/kg) administered together with tetrachloroethylene on PCO

induction was seen.
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4.2.4.5. Cytotoxicity/Sustained Chronic Nephrotoxicity Not Associated with a2u-Globulin
Nephropathy

The hypothesis is that renal neoplasms induced by tetrachloroethylene arise secondary to
renal cytotoxicity and subsequent cellular proliferation without regard to a2p-accumulation.
This MOA entails the following key events leading to tetrachloroethylene-induced kidney tumor
formation: following metabolism of tetrachloroethylene to one or more reactive intermediates,
toxicity to the kidney ensues and is sustained; via a variety of potential mechanisms (damage to
and alteration of macromolecules, cell signaling alterations, etc.), the acquisition of the multiple
critical traits contributing to carcinogenesis is advanced.

The kidney is a major target organ for tetrachloroethylene-induced toxicity through the
reactive metabolites produced subsequent to GSH conjugation. Renal tubule neoplasia is
observed to occur only in male rats. This species- and sex-specific response would not be
expected based on the hypothesized MOA because tetrachloroethylene has been reported to
produce nephrotoxicity across species, and in both sexes. Signs of tetrachloroethylene-induced
kidney damage appeared in both rats and mice during the early phases of the NTP inhalation
study, for example, indicating that animals of both species surviving to the scheduled termination
of the study had long-standing nephrotoxicity. Although the female rats did not develop any
renal tubule tumors, the incidence of karyomegaly was significantly elevated in females as well
as in males, and 1/50 female rats exposed at the high dose developed tubule cell hyperplasia
(NTP, 1986).

In the NTP study of the mouse, “nephrosis” was observed at increased incidences in

dosed females, casts were observed at increased incidences in dosed males and high-dose
females, and karyomegaly of the tubule cells was observed at increased incidences in both sexes

of treated mice (NTP, 1986). The severity of the renal lesions was dose related, and one low-

dose male had a renal tubule cell adenocarcinoma. In the NCI gavage study of B6C3F; mice and
Osborne-Mendel rats exposed to tetrachloroethylene, toxic nephropathy was not detected in

control animals but did occur in both male and female rats as well as in mice (NCI, 1977).

Mechanistic studies of tetrachloroethylene nephrotoxicity are relatively sparse. Most
studies performed to elucidate information related to understanding tetrachloroethylene renal
toxicity have concentrated on the GSH pathway metabolites rather than on the parent chemical,
this is because much of the available data for both tetrachloroethylene and trichloroethylene
suggest that it is flux through this pathway that generates reactive chemical species responsible
for nephrotoxicity. Vamvakas et al. (1989a; 1989b) have shown the tetrachloroethylene
conjugate metabolites TCVG and TCVC to cause dose-related cytotoxicity in renal cell
preparations and prevention of this toxicity by B-lyase enzyme inhibitor. Renal -lyases are

known to cleave TCVC to yield an unstable thiol, 1,2,2-trichlorovinylthiol, that may give rise to
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a highly reactive thioketene, a chemical species that can form covalent adducts with cellular
nucleophiles. Additionally, sulfoxidation of both TCVC and its N-acetylated product occurs,
resulting in toxic metabolites (Ripp et al., 1999; 1997; Werner et al., 1996). Findings using in

vitro models studied by Lash et al. (2002) suggest a marked sex difference between male and
female rats in the severity of acute renal toxicity caused by both tetrachloroethylene and its
TCVG metabolite. Tetrachloroethylene and TCVG also produced signs of toxicity in
mitochondria (i.e., mitochondrial dysfunction, such as inhibition of State 3 respiration by specific
inhibition of several sulfhydryl-containing enzymes in both sexes of mice; (Lash et al., 2002;
Lash and Parker, 2001; 2000).

4.2.4.6. Summary

The kidney is a target organ in mammalian species for tetrachloroethylene and other
related chlorinated ethanes and ethylenes, and tetrachloroethylene causes kidney cancer in male
rats. It is likely that several mechanisms contribute to tetrachloroethylene-induced kidney
cancer. Mutagenicity, peroxisome proliferation, a2u-globulin nephropathy, and cytotoxicity not
associated with a2u-globulin accumulation are MOAs that have been investigated. Except for
a2u-globulin accumulation, which is more likely due to tetrachloroethylene itself (Lash and
Parker, 2001), other mechanisms hypothesized to contributed to tetrachloroethylene-induced
renal carcinogenicity are thought to be mediated by tetrachloroethylene metabolites rather than
with the parent compound.

Metabolites from the GSH conjugation pathway are posited to induce renal
tumorigenicity, as opposed to or to a greater extent than the metabolites resulting from oxidative
CYP processing. The glutathione conjugation of tetrachloroethylene in the kidney, discussed in
Section 3, leads sequentially to TCVG and TCVC. TCVC can be further processed by B-lyase to
yield an unstable thiol, 1,2,2-trichlorovinylthiol, that may give rise to a highly reactive
thioketene, a chemical species that can form covalent adducts with cellular nucleophiles
including DNA. TCVC can also undergo FMO3 or P450 oxidation to reactive intermediates;
additionally, sulfoxidation of both TCVC and its N-acetylated product occurs, resulting in
reactive metabolites (Ripp et al., 1999; Ripp et al., 1997; Werner et al., 1996). While most of

these intermediates have not been characterized for mutagenic potential, TCVG, TCVC, and

NACTCVC are clearly mutagenic in Sa/monella tests. In addition, tetrachloroethylene exhibited
mutagenicity in Sa/monella in the few studies of conditions that could generate GSH-derived
metabolites. Tetrachloroethylene, following in vivo exposures, also binds to kidney DNA and
induces SSB in kidney. Given the known mutagenicity of the GSH-derived tetrachloroethylene

metabolites that are formed in the kidney, and the observed in vitro mutagenicity of
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tetrachloroethylene under conditions that would generate these metabolites, a mutagenic MOA
contributing to the development of the kidney tumors cannot be ruled out.

Due to tetrachloroethylene’s nephrotoxic effects, it has been suggested that the low-level
renal tumor production observed in exposed rats is secondary to sustained cytotoxicity and
necrosis leading to activation of repair processes and cellular regeneration. However,
“nephrotoxicity” occurs in both sexes of rats and mice, whereas cell replication and
tumorigenesis occurs in male—but not in female—rats. In addition, tetrachloroethylene induces
kidney tumors at lower doses than those required to cause a2u-globulin accumulation, raising
serious doubt that a2u-globulin plays a key role—especially any major role—in the rat kidney
tumor formation.

Because tetrachloroethylene has been shown to induce peroxisome proliferation, an
indicator of PPAR-activation, the possibility exists that certain responses resulting from
activation of PPAR receptors might be involved in cancer-causing activity leading to
tetrachloroethylene-induced renal tumors. However, the chemical-specific data are limited and
show only modest effects at exposures exceeding those required for renal carcinogenesis. There
is no evidence causally linking PPARa-activation to kidney tumorigenesis for
tetrachloroethylene or other compounds.

In summary, the complete mechanisms of tetrachloroethylene-induced renal
carcinogenesis are not yet understood. Given the known mutagenicity of the GSH-derived
tetrachloroethylene metabolites that are formed in the kidney, and the observed in vitro
mutagenicity of tetrachloroethylene under conditions that would generate these metabolites, a

mutagenic MOA contributing to the development of the kidney tumors cannot be ruled out.

4.3. LIVER TOXICITY AND CANCER

4.3.1. Human Studies

A number of hepatotoxic effects, including hepatomegaly, hepatocellular damage, and
elevations of several hepatic enzymes and bilirubin degradation byproducts, have been observed
after acute high-level exposure to tetrachloroethylene [levels not identified; Meckler and Phelps
(1966); Coler and Rossmiller (1953); Hake and Stewart (1977); Saland (1967); Stewart et al.
(1961), as reported in ATSDR (1997b)]. One case report noted obstructive jaundice and
hepatomegaly in an infant exposed orally to tetrachloroethylene [1 mg/dL; Bagnell and
Ellenberger (1977), as reported in ATSDR (1997b)].
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4.3.1.1. Liver Damage

Four cross-sectional studies were available that evaluated the prevalence of liver damage

among dry-cleaner populations (Brodkin et al., 1995; Gennari et al., 1992; Cai et al., 1991;

Lauwerys et al., 1983). These studies assessed serum concentration of a number of hepatic

enzymes in dry-cleaner and control populations. Additionally, sonographic changes to hepatic

parenchymal tissue were examined in one study (Brodkin et al., 1995). An elevated
concentration of the serum enzyme GGT and mild hepatic changes were notable observations in
two studies (Brodkin et al., 1995; Gennari et al., 1992).

Gennari et al. (1992) measured the electrophoretic fractionation patterns of serum GGT

isozymes among 141 tetrachloroethylene-exposed dry cleaners and 130 nonexposed controls
selected from staff and students from the academic institution of the principal investigators.
Both the exposed subjects and the controls had similar lifestyles (smoking, alcohol consumption)
and clinical medical histories. The TWA tetrachloroethylene concentration in the dry-cleaning
facilities was 11.3 ppm. Total GGT was higher in exposed workers (exposed: mean of 12.4
international units per liter [U/L; standard deviation, 6.9 U/L]; controls: 8.8 U/L [4.9 U/L],

p <0.01). The GGT-2 isoenzyme component was higher in exposed workers (6.8 U/L [5.7 U/L]
in exposed vs. 3.5 U/L [3.3 U/L] in controls, p <0.01), and the GGT-4 component was
detectable in exposed workers but not measurable in controls. The authors regarded a
GGT-2/GGT-3 ratio of greater than 1 as a sensitive index of the reciprocal behavior of the two
isoenzymes. GGT-2 is generally associated with activation of liver microsomal enzymes.
GGT-4 is common in liver diseases and indicates hepato-biliary impairment.

This study excluded individuals who presented values for GGT, or other liver enzymes
above a normal range, and individuals who had past or current liver disease. None of the
workers showed any clinical symptoms of liver disease, and their enzymatic profiles, including
GGT, aspartase amino transaminase (AST), alanine amino transaminase, 5'-nucleotidase, and
alkaline phosphatase, were within the clinically normal reference limits. Given the study’s
exclusion criteria, it is not surprising that liver enzyme concentrations were within a normal
range. The authors stated that more research is required to develop this GGT fractionation assay
into a clinically useful method of measuring liver function. Nevertheless, the study showed that
these dry cleaners had markers of tetrachloroethylene oxidative metabolism (GGT-2) and liver
impairment (GGT-4).

The study by Brodkin et al. (1995) examined liver function and carried out sonography
measurements in a population of 27 dry cleaners and 26 nonexposed laundry workers. Dry
cleaners were older and had a longer duration of employment than did laundry workers. The
mean TWA exposure (8 hours) among all dry cleaners was 15.8 ppm (range: 0.4—83 ppm). The

investigators found a higher prevalence of abnormal hepatic sonograms among the dry cleaners
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(67%) than among laundry workers (38%:; p < 0.05), the control group. The noninvasive imaged
penetration of ultrasound into liver tissue can reveal the presence of fat accumulation and fibrous
structures. Hepatic parenchymal changes were graded as mild, moderate, or severe. The
prevalence of hepatic parenchymal changes increased both with increasing current concentration
and with cumulative exposure (p < 0.05). Subjects with serological evidence of active hepatitis
infection were excluded from these analyses.

Brodkin et al. (1995) fit logistic regression models to examine possible associations
between mild or greater parenchymal changes and tetrachloroethylene exposure. These analyses
included adjustment for the effects of ethanol consumption within the past 6 months, sex, body
mass index, age, and serological evidence of active and past hepatitis infection. Subjects with
serological evidence of active hepatitis infection were included in the logistic regression analysis
due to the ability of the statistical method to account for the effects associated with this factor.
These analyses showed subjects exposed during older wet or dry-to-dry transfer processes
(average concentration: 19.8 ppm; range: 1.8—83 ppm) was strongly—but imprecisely—
associated with mild or greater sonographic changes (OR: 4.2, 95% CI: 0.9—-20.4) as compared
with controls. No association was shown with subacute exposure in new dry-to-dry operations
(OR: 0.7, 95% CI: 0.1-5.9). An inverse dose-response association was found with cumulative
exposure after adjustment for age due to a strong but imprecise association between
tetrachloroethylene exposure and hepatic sonographic changes in younger workers (workers less
than 35 years of age, OR: 15; 95% CI: 1.33—170).

Only 21% of the exposed study subjects who had changes graded as mild or greater had

increases in any hepatic enzyme (Brodkin et al., 1995). Mean concentrations of GGT, AST, and

alanine transferase (ALT) tended to be higher among the dry cleaners as compared with laundry
workers; but, the differences were not statistically significant, and all mean values were within
the normal range of reference values. However, all of the subjects who had elevated ALT
concentrations had moderate or severe sonographic changes. Hence, sonographic imaging of the
liver appears to be a more sensitive indicator of toxicity than measurement of serum hepatic
enzymes.

Lauwerys et al. (1983) performed behavioral, renal, hepatic, and pulmonary tests on 22
subjects exposed to tetrachloroethylene in six dry-cleaning shops and compared the results with
those obtained for 33 subjects nonoccupationally exposed to organic solvents. The mean TWA
concentration was 21 ppm. The investigators found no statistically significant differences in
mean serum hepatic enzyme concentration between exposed subjects and controls, but this study
is poorly reported, and the authors did not describe the statistical methods used to test for

differences between the exposed and control groups.
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Cai et al. (1991) investigated subjective symptoms, hematology, serum biochemistry, and
other clinical signs in 56 dry cleaners exposed to tetrachloroethylene at 20 ppm (as a geometric
mean of 8-hour TWA) and compared the results with findings for 69 nonexposed controls from
the same factories. Exposure-related increases were observed in the prevalence of subjective
symptoms during the workday as well as in the past 3-month period, whereas no significant
changes in hematology were seen. There was no effect on liver and kidney function, as
measured by enzyme activities, blood urea nitrogen (BUN), and creatinine in the serum.

Table 4-13 presents a summary of the human liver toxicity studies in dry cleaners. Two

of the four studies (Brodkin et al., 1995; Gennari et al., 1992) showed clinical signs of liver

toxicity, namely, sonographic changes in the liver and higher serum concentrations of liver
enzymes indicative of liver injury in the absence of frank toxicity. Subjects in these two studies
were exposed to tetrachloroethylene for a longer duration than were subjects in Cai et al. (1991)
or Lauwerys et al. (1983), and for this reason, these two studies carry greater weight in this
analysis. Moreover, the studies by Brodkin et al. (1995) and Gennari et al. (1992) assessed
potential liver damage using a different set of markers than those of Cai et al. (1991) or
Lauwerys et al. (1983).

Table 4-13. Summary of studies of human liver toxicity

Subjects Effects Exposure Author
27 PCE-exposed dry cleaners | Sonographic scattering of fat in | Group mean TWA = Brodkin et
liver 15.8 ppm al. (1995)

26 nonexposed laundry
workers Severity greater with higher Mean duration of exposure = 12 yr
cumulative exposure

No liver toxicity

141 PCE-exposed dry cleaners | Elevation of total GGT dueto |Mean TWA = 11.3 ppm Gennari et
GGT-2 al. (1992)
130 controls Mean duration of exposure = 20 yr
GGT-4 detected in exposed but
not in control workers

24 PCE-exposed dry cleaners | No effect on serum hepatic Mean TWA =21 ppm Lauwerys et
enzymes al. (1983)

33 controls nonoccupationally Mean duration of exposure = 6 yr
exposed to organic solvents

56 PCE-exposed dry cleaners | Increased subjective symptoms | Geometric mean TWA =20 ppm | Cai et al.
(1991)

69 nonexposed factory controls | No effects on serum indicators | Mean duration of exposure = 3 yr
of liver and kidney toxicity
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Biological markers of liver effects permit the early identification of adverse effects of
xenobiotic exposure. They are an important link between biological markers of exposure and
frank liver toxicity, and they offer the most potential for clinical intervention before irreversible
effects have occurred (NRC, 1995). The observations of Brodkin et al. (1995) and Gennari et al.

(1992) support the indication that tetrachloroethylene exposure affects liver function; hence, the

lowest-observed-adverse-effect level (LOAEL) for liver effects in humans can be established as
a range from 12 to 16 ppm (TWA).

4.3.1.2. Liver Cancer

Eighteen epidemiologic studies reporting data on liver cancer and tetrachloroethylene
exposure were identified. This set of studies includes 14 cohort or nested case-control studies on
liver cancer (Calvert et al., 2011; Seldén and Ahlborg, 2011; Lindbohm et al.. 2009; Pukkala et
al., 2009; Sung et al.. 2007; Lynge et al., 2006; Ji and Hemminki, 2005c¢; Blair et al., 2003;
Travier et al., 2002; Andersen et al., 1999; Boice et al., 1999; Lynge et al., 1995; Bond et al.,

1990; Lynge and Thygesen, 1990), two liver cancer case-control studies of occupational

exposures ( Suarez et al., 1989; Stemhagen et al., 1983), and two liver cancer case-control

studies of residential exposure (Lee et al., 2003; Vartiainen et al., 1993). Two other cohort

studies included information on tetrachloroethylene but did not report risk estimates for liver
cancer (Radican et al., 2008; Anttila et al., 1995), as well as an earlier report of mortality by
Chang et al. (2003) for subjects in Sung et al. (2007), did not provide an estimate of the

association for liver cancer. Additionally, three liver cancer case-control studies that examined
occupational exposure did not report an odds ratio for holding an occupation or for work in a dry

cleaner and laundry (Ferrand et al., 2008; Austin et al., 1987; Houten and Sonnesso, 1980) and

so were not evaluated further. The 18 studies represent the core studies evaluated by EPA, as
described in more detail below. Appendix B reviews the design, exposure-assessment approach,
and statistical methodology for each study. Most studies were of the inhalation route of
exposure, of occupational exposure, and lacked quantitative exposure information.

Thirteen studies reporting risk estimates for liver cancer examine occupational title as dry
cleaner, launderer, and presser as surrogate for tetrachloroethylene, given its widespread use
from 1960 onward in the United States and Europe (Calvert et al., 2011; Seldén and Ahlborg,
2011; Lindbohm et al.. 2009; Pukkala et al.. 2009; Lynge et al., 2006; Ji and Hemminki, 2005¢;
Blair et al., 2003; Travier et al., 2002; Andersen et al., 1999; Lynge et al., 1995; Lynge and
Thygesen, 1990; Suarez et al., 1989; Stemhagen et al., 1983). Seven studies conducted in Nordic

countries are either based on the entire Swedish population or on combined populations of

several Nordic countries; strengths of these studies are their use of job title as recorded in census

databases and ascertainment of cancer incidence using national cancer registries (Seldén and
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Ahlborg, 2011; Lindbohm et al., 2009; Pukkala et al., 2009; Lynge et al., 2006; Andersen et al.,
1999; Lynge et al., 1995; Lynge and Thygesen, 1990). Lynge et al. (1995) is a nested case-
control study of subjects in Lynge and Thygsen (1990). Subjects in the multi-Nordic country of
Pukkala et al. (2009) overlapped those of Lynge and Thygesen (1990), Lynge et al. (1995),
Andersen et al. (1999), Lynge et al. (2006), and Seldén and Ahlborg (2011). Studies examining
mortality among U.S. dry-cleaner and laundry workers (Blair et al., 2003; Ruder et al., 2001) are

of smaller cohorts than the Nordic studies, with fewer observed liver cancer events.

The exposure surrogate in studies of dry-cleaners and laundry workers is a broad
category containing jobs of differing potential for tetrachloroethylene exposure. Thus, these
studies have a greater potential for exposure misclassification bias compared to studies with
exposure potential to tetrachloroethylene assigned by exposure matrix approaches applied to
individual subjects. One dry-cleaning study included an analysis of subjects who worked for one

or more years before 1960 in one or more shops known to use tetrachloroethylene as the primary

solvent (Calvert et al., 2011). The cohort was stratified into two groups based on the level of
certainty that the worker was employed only in facilities using tetrachloroethylene as the primary
solvent exposure; tetrachloroethylene-only and tetrachloroethylene-plus. Lynge et al. (1995)
separately classifies subjects in Lynge and Thygsen (1990) as either dry cleaners or laundry
workers using occupation and workplace description from 1970 Census records. Lynge et al.
(2006), using job title reported in the 1970 Census, identified subjects as dry cleaner (defined as
dry cleaners and supporting staff if employed in business of <10 workers), other job titles in dry
cleaning (launderers and pressers), unexposed (job title reported on 1970 Census was other than
in dry cleaning), or unclassifiable (information was lacking to identify job title of subject).
Selden and Alhborg (2011) identified subjects as either dry cleaners, assigned with potential for
tetrachloroethylene exposure, or laundry workers, assigned as unexposed, and presented risk
estimates separately by job title. Lindbohm et al. (2009), using a JEM approach based on job
title and exposures, assigned a cumulative exposure index to chlorinated hydrocarbons to
individual subjects. Tetrachloroethylene is one of several chlorinated solvents included in the
broad category, but Lindbohm et al. (2009) do not present risk estimates for tetrachloroethylene-
only subjects.

Three other cohorts with potential tetrachloroethylene exposure in industrial settings have
been examined. These studies include aerospace or aircraft maintenance workers in the United

States (Boice et al., 1999), workers, electronic factory workers in Taiwan (Sung et al., 2007), and

workers at a Dow plant in Michigan (Bond et al., 1990). Boice et al. (1999) used an exposure

assessment based on a JEM, and Bond et al. (1990), a nested case-control study, used company
work history records to assign potential tetrachloroethylene exposure to individual subjects. In

contrast and less sensitive, the exposures in the Taiwan studies included multiple solvents and

4-130


http://hero.epa.gov/index.cfm?action=search.view&reference_id=713656�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699237�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632522�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628971�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628971�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630735�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630736�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630735�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630736�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699237�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630736�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630735�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628971�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632522�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699243�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630365�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630934�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=670877�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630735�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630736�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632522�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699243�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=713656�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=713656�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699225�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=698886�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=698886�

tetrachlorethylene exposure was not linked to individual workers, and cohorts included white-

collar workers, who had an expected lower potential for exposure (Sung et al., 2007).

Two geographical studies focused on residential proximity to drinking water sources
contaminated with tetrachloroethylene and other solvents. Vartiainen et al. (1993) examines
liver cancer incidence in two southern Finnish municipalities, with the exposure surrogate
assigned uniformly to all subjects. Lee et al. (2003), using a mortality odds ratio approach,
examined residence in two communities surrounding the factory whose workers were studied by
Chang et al. (2005; 2003) and Sung et al. (2007). One village upstream from the factory was
considered as unexposed, and another village downstream from the factory was identified as
exposed based on groundwater monitoring of drinking water wells during the period 1999—-2000.

In summary, with respect to exposure-assessment methodologies, five studies with liver
cancer data assigned tetrachloroethylene exposure to individuals within the study using a JEM

(Boice et al., 1999; Bond et al., 1990), identified a subcohort whose subjects were employed only

in facilities using tetrachloroethylene as the primary solvent exposure (Calvert et al., 2011), or

restricting analyses to subjects identified as dry cleaners (Seldén and Ahlborg, 2011; Lynge et

al., 1995). One other study sought additional data using a questionnaire for use in refining

potential exposure within dry-cleaning settings (Lynge et al., 2006). The relative specificity of

these exposure-assessment approaches strengthens their ability to identify cancer hazards
compared to studies with broader and less sensitive exposure-assessment approaches. The least
sensitive exposure assessments are those using very broad definitions such as working in a plant
or factory (Sung et al., 2007; Chang et al., 2003).

Four? of the 16 liver cancer studies evaluated by EPA with exposure assessment to

tetrachloroethylene or employment as dry-cleaner or laundry worker reported estimated relative
risks based on 50 or more observed events (Pukkala et al., 2009; Lynge et al., 2006; Ji and

Hemminki, 2005c¢; Travier et al., 2002). The observed number of liver cancer cases in these
studies ranged from 58 (Lynge et al., 2006) to 113 (Pukkala et al., 2009). The four large studies
observed a standardized incidence ratio of 0.76 (95% CI: 0.38, 1.52), 1.02 (95% CI: 0.84, 1.24),
1.22 (95% CI: 1.03, 1.45), and 1.23 (95% CI: 1.02, 1.49) in Lynge et al. (2006), Travier et al.
(2002), Ji and Hemminki (2005¢), and Pukkala et al. (2009), respectively, for the association
between liver cancer risk and ever having a job title of dry-cleaner or laundry worker (refer to
Table 4-14).

In addition to the evidence from the large cohort and case-control studies, 11 other

studies reported effect estimates for liver cancer based on fewer observed events and carry lesser

2 Lynge and Thygsen (1990) and Andersen et al. (1999) are not included in this summary of the data from the
individual studies because they were updated and expanded in the analysis by Lynge et al. (1995) and Pukkala et al.
(2009), respectively.
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weight in the analysis. As expected, the magnitude of the point estimate of the association®
reported in these studies is more variable than in the larger studies: 0.13 to 0.98 (Calvert et al.
2011; Sung et al., 2007; Blair et al., 2001; Vartiainen et al., 1993; Suarez et al., 1989), 1.2 to 1.8
(Seldén and Ahlborg, 2011; Lindbohm et al., 2009; Bond et al., 1990) and 2.05 to 2.57 (Lee et
al., 2003; Boice et al., 1999; Stemhagen et al., 1983). Only the 95% CIs of the risk estimate of
Lee et al. (2003) excluded 1.0.

Establishment of an exposure or concentration-response relationship can add to the

weight of evidence for identifying a cancer hazard, but only limited data pertaining to exposure-
response relationships for liver cancer and tetrachloroethylene exposure are available. Four
studies of liver cancer presented risk estimates for increasing exposure categories using exposure
duration, a proxy inferior to cumulative exposure due to inability to account for temporal
changes in exposure intensity (Seldén and Ahlborg, 2011; Lynge et al., 2006; Travier et al.,
2002; Boice et al., 1999). Boice et al. (1999) presents a statistical test for linear trend for

subjects with intermittent-routine tetrachloroethylene exposure, a broader category than that used
to examine overall tetrachloroethylene exposure (comprised of routine-exposed subjects only),
and reported a p-value of >0.20. In Travier et al. (2002), the standardized incidence ratio
estimate is 1.20 (95% CI: 073, 2.18) for dry-cleaners and laundry workers in both 1960 and 1970
Censuses, compared to 1.02 (95% CI: 0.84, 1.24) for only subjects in one of these census.
Standardized incidence ratio estimates for both males and females with tetrachloroethylene
exposure in Seldén and Ahlborg (2011) appeared to decrease monotonically with increasing

employment duration.

ZIn Lynge et al. (1995), all 17 primary liver cancer deaths occurred among laundry workers, and a risk estimate and
associated 95% Cls were not presented for dry cleaners.
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Cohort Studies
Biologically monitored workers Anttila et al. (1995)
All subjects Not reported 849 Finnish men and women, blood PCE [0.4 umol/L in females and 0.7
pmol/L in males (median)], follow-up 1974—1992, external referents (SIR)
Aerospace workers (Lockheed) Boice et al. (1999)
Routine exposure to PCE 2.05(0.83, 4.23) 7 177,965 (n = 2,631 with routine PCE exposure and #n = 3,199 with
Routine-Intermittent duration to PCE | Not rted intermittent-routine PCE exposure), began work during or after 1960,
outine-Tnfermittent exposure duration to ot reporte worked at least 1 yr, follow-up 1960—1996, job exposure matrix without
0/1.0° 22 | quantitative estimate of PCE intensity, 1987—1988 8-h TWA PCE
concentration (atmospheric monitoring) 3 ppm [mean] and 9.5 ppm
<1yr|1.38(0.40, 4.69) 3 [median], external reference for routine exposure (SMR) and internal
1-4 yr|1.17 (0.39, 3.47) 4 |references (workers with no chemical exposures) for routine-intermittent
PCE exposure (RR), liver and biliary tract (ICD-9, 155, 156)
>5yr|1.29 (0.46, 3.65) 5
p-value for trend | p > 0.20
Chemical workers Bond et al. (1990)

PCE 1.8 (0.8, 4.3) 6 | Nested case-control study with cohort (n = 21,437 males), follow-up
1940—1982, 44 liver and biliary tract deaths, unmatched controls randomly
selected from cohort, PCE and 10 other potential exposures assigned to
individual subjects based on company records, Mantel-Haenxzel x> (OR)

Electronic factory workers (Taiwan) Chang et al. (2003); Sung et al. (2007)
All Subjects 86,868 (n = 170,735 female), follow-up 1979—1997, multiple solvents
Males | Not rted o | Exposure, does not identify PCE exposure to individual subjects, cancer
ales | Not reporte mortality, external referents (SMR) (Chang et al., 2003), primary liver
0.69 exp
cancer (A095)
Females | Not reported 0 | 63,982 females, follow-up 1979—2001, factory employment proxy for
0.57 exp | exposure, multiple solvents exposures and PCE not identified to individual
subjects, cancer incidence, external referents, analyses lagged 10 yr (SIR),
Females | 0.79 (0.55, 1.10) 36

liver and interhepatic bile ducts (Sung et al., 2007)
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer (continued)

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Aircraft maintenance workers from Hill Air Force Base Radican et al. (2008)
Any PCE exposure Not reported 10,461 men and 3,605 women (total n = 14,066, n = 10,256 ever exposed to
mixed solvents, 851 ever-exposed to PCE), employed at least 1 yr from
1952 to 1956, follow-up 19732000, job exposure matrix (intensity),
internal referent (workers with no chemical exposures (RR)
Dry-cleaner and laundry workers Andersen et al. (1999)
All laundry worker and dry cleaners 1.30(0.93, 1.78) 39 129,333 men and women identified in 1960 Census (Sweden) or 1970
Census (Denmark, Finland, Norway), follow-up 1971-1987 or 1991, PCE
Males | 1.26 (0.69, 2.21) 1 not identified to individual subjects, external referents (SIR), Primary liver
Females | 1.32 (0.88, 1.91) 28 | cancer (ICD-7, 155.0)
Blair et al. (2003)
All subjects 0.8 (0.4, 1.5) 10 {5,369 U.S. men and women laundry and dry-cleaning union members
Semi itati Not rted (1945—-1978), follow-up 1979—1993, semiquantitative cumulative exposure
cmiquantitative exposure score otreporte surrogate to dry clean solvents, cancer mortality, external referents (SMR),
liver and gallbladder (ICDA-8, 155)
Ji and Hemminki. (2005c)
Laundry workers and dry cleaners in 1960 1.22 (1.03, 1.45)° 138 9,255 Swedish men and 14,974 Swedish women employed in 1960 (men) or
Census 1970 (women) as laundry worker or dry cleaner, follow-up
b 1961/1970—-2000, PCE not identified to individual subjects, external
Males | 1.30 (0.97, 1.67) >2 referent (SIR) and adjusted for age, period and socioeconomic status
1.09 (0.70, 1.56)° 25
1.52 (0.83, 2.43)* 14
1.61 (0.88, 2.57)° 14
Females | 1.18 (0.94, 1.44)° 86
1.26 (0.82, 1.81)° 25
1.05 (0.75, 1.40)* 39
1.39(0.87, 2.04)° 22
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer (continued)

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Lindbohm et al. (2009)
Launderers and dry cleaners 1.22 (0.56, 2.33) 9 | Finnish population born 1906—1945 and participated in 1970 Census,
follow-up 1971-1995, Finnish cancer registry, 1,691 males and 783 female
Males | 2.91 (0.35, 4.26) 2 primary liver cancers, longest held occupation reported on 1970 Census,
Females | 1.05 (0.42, 2.16) 7 | laundry and dry-cleaner exposure surrogate, external referent for analyses
; ; examining job title (SIR) and all-other job titles for analyses for chlorinated
Cumulative exposure chlorinated HCs hydrocarbon (RR) adjusted for age, period, social class, smoking and
None | 1.0 1,618 |alcohol consumption
<5 ppm-yr|1.25 (0.80, 1.95)° 20
1.23 (0.68, 2.24)° 11
5—49 ppm-yr|1.13 (0.84, 1.53)° 44
1.22 (0.83, 1.80)° 27
>50 ppm-yr|2.65 (1.38, 5.11)° 9
3.59(1.71,7.57)¢ 7
Lynge and Thygsen (1990); Lynge et al. (1995)
All laundry worker and dry cleaners 2.19 (0.88, 4.51) 7 | 10,600 Danish men and women, 20—64 yr old, employed in 1970 as laundry
Mal 0 worker, dry cleaners and textile dye workers, follow-up 1970—1980,
ales external referents (SIR), Primary liver cancer (ICD-7, 155) (Lynge and
1.1 exp
Thygesen, 1990)
Females | 3.33 (1.34, 6.87) 7 | Nested case-control study within Lynge and Thygsen (1990), 17 primary
liver cancer cases in men and women, follow-up 1970—1987, 85 controls
Dry cleaner Not reported 0 cases randomly selected from within cohort, matched on sex, age, and occupation,
Laundry worker Not reported 17 cases | dry cleaner assigned using occupation and workplace on 1970 Census form,
logistic regression (OR) (Lynge et al., 1995)
Pukkala et al. (2009)
Launderer and dry cleaner 1.23 (1.02, 1.49) 113 | Men and women participating in national census on or before 1990, 5
Nordic countries (Denmark, Finland, Iceland, Norway, Sweden), 30—64 yr,
Male| 1.13 (0.76, 1.63) 29 follow-up 2005, occupational title of launderer and dry cleaner in any
Female | 1.27 (1.01, 1.57) 84 | census, external referents (SIR), Primary liver cancer (ICD-7, 155)
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer (continued)

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Calvert et al. (2011)
All subjects 0.13 (0.00, 0.73) 1 {1,708 U.S. men and women dry-cleaning union member in CA, IL, ML, NY
Expoute dtiontine s 1 employment_[020(000, 100 | 1| o0 1403008 il sont xpomrs (62 s eered,
PCE-only subjects Not reported 0 | (SMR), liver and biliary tract (ICD-9, 155, 156)
Seldén and Ahlborg (2011)
Dry-cleaners and laundry workers 1.12 (0.73, 1.64) 26 | 9,440 Swedish men (n = 2,810) and women (n = 9,440) in 461 washing and
Vil 193 07,340 | 11| Sl s ened by ool it it
Females | 0.86 (0.48, 1.41) 15 |company self-reported information on PCE usage—PCE (dry cleaners and
laundries with a proportion of PCE dry cleaning), laundry (no PCE use),
PCE 1.21(0.72, 1.92) 18 | and other (mixed exposures to PCE, CFCs, TCE, etc.), external referents
Males |2.14 (0.92, 4.21) 8 | (SIR), liver and gallbladder (ICD-7, 155)
Duration of employment
<1 yr|[(0.00,9.71) 0
1-4 yr|3.19 (0.66, 9.31) 3
5—11 yr|2.06 (0.67, 4.80) 5
Females | 0.90 (0.43, 1.65) 10
Duration of employment
<1 yr|1.66 (0.20, 6.01) 2
1-4 yr|1.50 (0.49, 3.50) 5
5—-11yr|0.46 (0.09, 1.33) 3
Laundry
Males | 1.74 (0.36, 5.09) 3
Females | 0.67 (0.18, 1.70) 4
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer (continued)

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Travier et al. (2002)

All subjects, 1960 or 1970 Census in laundry and | 1.02 (0.84, 1.24) 105 | Swedish men and women identified as laundry worker, dry cleaner, or

dry cleaner or related occupation and industry presser (occupational title), in the laundry, ironing, or dyeing industry or

All subjects in 1960 and 1970 in laundry and dry |1.26 (0.73, 2.18) |3 | retated industry in 1960 or 1970 (543,036 person-years); or, as laundry

: i d indust worker, dry cleaner, or presser (occupational and job title) (46,933 person-
cleaner occupation and industry years) in both censuses, follow-up 1971-1989, external referents (SIR),
liver and biliary passages
Case-Control Studies
5 University Hospitals, United States (AL, FL, MA, NC, PA) Austin et al. (1987)

Laundry and dry cleaning occupation Not reported 0 | 80 histologically confirmed hepatocellular carcinoma cases, 18—84 yr, years
not identified, 161 hospital controls matched on sex, age, race, and study
center, unknown interview methods, exposure surrogate jobs held >6 mo,
OR from logistic regression

France Ferrand et al. (2008)

Laundry and dry cleaning occupation Not reported 125 hepatocellular carcinoma in men, lacking HBV and HCV infection,
identified from four hospitals, <75 yr, 2000—2003, 142 hospital controls in
other departments, face-to-face interview, job title >6 mo as exposure
surrogate, OR from logistic regression model and adjust for hospital, age,
and alcohol consumption
Houten and Sonnesso (1980)

Laundry and dry-cleaning operatives Not reported 2 | 102 primary liver cancer cases in men and women, identified from hospital

records, 1956—1965, controls were all other hospitalized cancer cases, self-
reported occupation at time of hospitalization, x* comparing distribution of
job titles
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer (continued)

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Nordic Countries (Denmark, Finland, Norway, Sweden) Lynge et al. (2006)
Unexposed 1.0a 58 | Case-control study among 46,768 Danish, Finnish, Norwegian, and
Swedish men and women employed in 1960 as laundry worker or dry
Dry cleaner 0.76 (0.38, 1.52) % cleaner, follow-up 1970—1971 to 1997-2001, 72 incident esophageal cancer
Other in dry cleaning 0.42 (0.09, 1.89) 22 | cases, 6 controls per case randomly selected from cohort matched on
; country, sex, age, calendar period at diagnosis time, occupational task at
Unclassifiable 1.11(0.59,2.09) 12111970 Census proxy for exposure, RR adjusted for matching criteria
Duration of employment in dry cleaning
<1 yr | Not reported
2—4 yr| Not reported
3-9yr|1.21(0.43, 3.44) 5
>10yr|0.70 (0.26, 1.92) 5
Unknown | 2.88 (0.21, 38.81) 1
New Jersey (United States) Stemhagen et al. (1983)
Laundering, cleaning, and other garment services | 2.50 (1.02, 6.14)" 10 | 265 histologically confirmed primary liver cancer cases and deaths,
Laundering, cleaning, and other garment services | 2.29 (0.85, 6.13)® 8 19751980, New Jersey State Cancer R§g1stry, 5.30 hosp 1ta1. controls
matched on age, race, sex, county of residence, vital status, in-person
interview, job title and industry coded to SIC/SOC, OR estimating using
Mantel-Haenszel with matched case-control set and not adjusted for
personal or lifestyle factors
Suarez et al. (1989)
Dry-cleaning services 0.98 (0.44, 2.20) 11 | 1,742 primary liver cancer deaths, 1969—1980, 1,742 dead controls,
Dry-cleaning operators 0.55 (0.17, 1.75) 4 frequency matched on age, sex, race, and year death, Texas vital records,

job tile on death certificate, OR from Mantel-Haenszel analyses for race and
sex separately and adjusted for age
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Table 4-14. Summary of human studies on tetrachloroethylene exposure and liver cancer (continued)

Relative risk | No. obs.
Exposure group (95% CI) events Reference
Geographic-Based Studies
Taoyuan, Taiwan Lee et al. (2003)
Residence in upstream village 1.0°* Population of two villages surrounding electronic factory

Residence in downstream village

2.57 (1.21, 5.46)

30

(Sung et al., 2007; Chang et al., 2005; Chang et al., 2003), 50
liver cancer deaths, primary, underlying, or underlying
condition as cause of death, 1966—1997, residence as
recorded on death certificate, MOR from logistic regression
adjusted for age and period

Hausjarvi and Hattula, Finland

Vartiainen et al. (1993)

Hausjarvi 0.7 (0.3, 1.4) 7 | Lymphopoietic cancers, liver cancer and all cancers among
residents with PCE and other solvents in drinking water,
Hattula 0.6 (02, 1.3) 6 1953—-1991, no subject-level exposure information, cancer
rates of Finnish population referent (SIR)
*Referent.

"SIR or RR for liver, biliary tract, and gallbladder cancers.

“SIR or RR for hepatocellular carcinoma.
4SIR for gallbladder cancer.
¢SIR for all other liver cancers.

"In Stemhagen et al. (1983), odds ratio for primary liver cancer and work in laundering, cleaning, and other garment services industry.
£In Stemhagen et al. (1983), odds ratio for hepatocellular carcinoma and work in laundering, cleaning, and other garment services industry.

HBYV = hepatitis B virus, HCV = hepatitis C virus, ICD = International Classification of Disease, ICDA = International Classification of Disease, Amended,
ISCO = International Standard Classification of Occupation, ISIC = International Standard Industry Classification, JEM = job-exposure-matrix, MOR = mortality
odds ratio, PCE = tetrachloroethylene, TWA = time-weighted-average.
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Risk factors for liver cancer include alcohol and hepatitis B and C viruses, with diabetes
mellitus suggested based on recent epidemiologic studies (El-Serag, 2007). None of the cohort

or case-control studies on liver cancer and tetrachloroethylene controlled for these potential risk
factors.

In conclusion, studies carrying greater weight in the analysis based on a large number of
observed events or exposed cases or a strong exposure-assessment approach, show a mixed
pattern of results. The one case-control study with a large number of exposed liver cancer cases
and a relatively high quality exposure-assessment methodology reported an odds ratio estimate
0f 0.76 (95% CI: 0.38, 1.72) for liver cancer and dry cleaning (Lynge et al., 2006). A recent
multiple Nordic country cohort study and two cohort studies of Swedish subjects with broad

exposure-assessment approaches, and whose subjects overlapped with Lynge et al. (2006),
reported SIRs of 1.02 (95% CI: 0.84, 1.24), 1.22 (95% CI: 1.03, 1.45), and 1.23 (95% CI: 1.02,
1.49) for liver and biliary tract cancer and work as a dry-cleaner or laundry worker (Pukkala et
al., 2009; Ji and Hemminki, 2005c; Travier et al., 2002). The study of Lindbohm et al. (2009) of

Finnish dry-cleaner and laundry workers whose subjects overlap the larger multiple-country

study of Pukkala et al. (2009) and that carries less weight in the analysis due to fewer observed
liver and biliary cancer cases supports observations in Swedish or the five Nordic country dry-
cleaner and laundry worker studies (Pukkala et al., 2009; Ji and Hemminki, 2005¢). Three other

studies with strong exposure-assessment approaches specific to tetrachloroethylene but whose
risk estimates are based on fewer observed liver cancer cases or deaths provide support for an
association between liver cancer and tetrachloroethylene, risk estimates were 1.21 to 2.05
(Seldén and Ahlborg, 2011; Boice et al., 1999; Bond et al., 1990). However, dry cleaning

workers did not have a higher liver cancer risk estimate than laundry workers or other categories

of dry cleaning workers (Seldén and Ahlborg, 2011; Lynge et al., 2006). . An exposure-

response relationship was not observed, and the SIR for tetrachloroethylene-exposed subjects
with the longest employment duration in Seldén and Ahlborg (2011) was lower than that for
shorter employment duration. Potential confounding may be an alternative explanation as no
study adjusted for known and suspected risk factors for liver cancer (Seldén and Ahlborg, 2011;
Pukkala et al., 2009; Lynge et al., 2006; Ji and Hemminki, 2005c¢; Travier et al., 2002; Boice et
al., 1999:; Bond et al., 1990). Nine other cohort and case-control studies with fewer observed

events and/or a broad exposure-assessment methodology carried less weight in the analysis;
these studies also reported a mixed pattern of results (Calvert et al., 2011; Lindbohm et al., 2009;
Sung et al., 2007; Blair et al., 2003; Lee et al., 2003; Lynge et al., 1995; Vartiainen et al., 1993;
Suarez et al., 1989; Stemhagen et al., 1983). Lee et al. (2003) reported a risk estimate of 2.57

(95% CI: 1.21, 5.46) for the association between liver cancer and residence in a village with

groundwater contamination, was in region with a high prevalence of HCV and did not control for
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HCV status in the statistical analysis; potential confounding from HCV may be an alternative

explanation for the observed association.

4.3.2. Animal Studies

Liver toxicity and cancer have been observed in laboratory animal studies following
exposure to tetrachloroethylene through multiple routes of exposure. The sections below
describe studies of liver toxicity (refer to Section 4.3.2.1) and cancer (refer to Section 4.3.2.2).

These studies are summarized in Tables 4-15 and 4-16, respectively.

4.3.2.1. Liver Toxicity

Tetrachloroethylene causes hepatic toxicity in multiple species, including several strains
of rats and mice. Adverse effects on the liver have been observed in studies of animals exposed
to tetrachloroethylene by multiple routes of exposure, including inhalation and oral gavage.
Hepatic effects observed after subchronic or chronic inhalation exposure to tetrachloroethylene
include increased liver weight (Kyrklund et al., 1990; Kjellstrand et al., 1984); hypertrophy
(Odum et al., 1988); fatty degeneration (Odum et al., 1988; Kylin et al., 1963); peroxisome
proliferation (Odum et al., 1988); other histological changes (Odum et al., 1988; NTP, 1986;
Kjellstrand et al., 1984); and degeneration and necrosis (JISA, 1993; NTP, 1986). When

administered by oral gavage, tetrachloroethylene also causes hepatic toxicity, including increased

liver enzymes, increased liver weights, histological changes, degeneration and necrosis,
regenerative repair, and polyploidy (Philip et al., 2007; Ebrahim et al., 1996; Jonker et al., 1996;
Berman et al., 1995; Goldsworthy and Popp, 1987; Buben and O'Flaherty, 1985; NCI, 1977).

Table 4-15 presents a summary of inhalation and oral rodent liver toxicity studies, which are

briefly described below. This review focuses on studies that identify critical effects commonly
observed in tetrachloroethylene toxicity studies and could, accordingly, support oral and
inhalation reference values. The database of liver toxicity studies is more extensively reviewed
in prior assessments by ATSDR (1997a), NYSDOH (1997), and CalEPA (2001).
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Table 4-15. Summary of inhalation and oral rodent liver toxicity studies

Species/strain/sex/number | Exposure level/duration Effects Reference
Mouse, B6C3F, (both 0, 100, 200 ppm for Liver degeneration and necrosis at >100 ppm | NTP
sexes, 49 or 50 per sex per | 104 wk, inhalation in males and at 200 ppm in females (1986)
dose group, total of ~300
mice)
Mouse, Crj/BDF1 (both 0, 10, 50, 250 ppm for Focal necrosis in males at >50 ppm; JISA
sexes, 50 per sex per dose | 110 wk, inhalation liver degeneration in males and females at (1993)
group, total of 400 mice) 250 ppm
Rat, F344/DuCrj (both 0, 50, 200, 600 ppm for Spongiosis hepatitis in males at 200 ppm and |JISA
sexes, 50 per sex per dose | 110 wk, inhalation higher; hyperplasia in males at 600 ppm (1993)
group, total of 400 rats)
Mouse, NMRI (both sexes, |0, 9, 37,75, 150 ppm, 30 |Increase in liver weight (>9 ppm); Kjellstrand
10 per dose group) d, inhalation, continuous | morphological changes (>9 ppm); increased |et al.
(24 h); and 225 (16 h/d), |plasma butylcholinesterase (>37 ppm) (1984)
450 (8 h/d), 900 (4 h/d),
1,800 (2 h/d), or 3,600
(1 h/d), inhalation
Mouse, B6C3F,, and rat, Radiolabeled PCE by Irreversible binding to hepatic Schumann
Sprague-Dawley (males inhalation (10 or 600 ppm |macromolecules at all exposures in male et al.
only, 3 per dose group) for 6 h), or as a single oral | mice and rats (1980)
gavage dose (500 mg/kg)
Rat, F344; and mouse, 0, 200 ppm (28 d only) Increased palmitoyl CoA in mice (3.7-fold) |Odum et
B6C3F, (both sexes, 5 per |and 400 ppm (14, 21, 28 d) | and rats (1.3-fold); increased peroxisome al. (1988)
dose group) for 6 h/d, inhalation proliferation in mouse liver in all sex, dose
and time groups; mitochondrial proliferation
in male mice at 400 ppm for 28 d;
increased relative liver weight, centrilobular
lipid accumulation in exposed mice of both
sexes
Rat, Sprague-Dawley 0 or 320 ppm continuous | Significantly increased relative liver weight | Kyrklund
(males only, 8 per group) | for 90 d; 0 or 320 ppm after exposure; this was decreased following |et al.
continuous for 90 d recovery; decreased cholesterol following the | (1990)
followed by a 30 d recovery period
recovery period, inhalation
Mice, albino (strain not 0 or 200 ppm Fatty degeneration after 1 wk; incidence Kylin et al.
specified) (females only, 20 |4 h/d, 6 d/w for 1, 2, 4 or 8 | severity increased with longer exposure (1965)
per dose group, 240 total) [ wk, inhalation
Mouse, Swiss-Cox, male 0, 20, 100, 200, 500, Increased liver/body weight ratio at Buben and
(males, 4—6 per 1,500 and | 1,000, 1,500, 2,000 mg/kg- | 100 mg/kg-day; increased triglycerides at O’Flaherty
2,000 mg/kg-day doses; day for 6 wk, gavage 100 mg/kg-day; no change at 20 mg/kg-day |(1985)

other doses, 12—15
mice/group)
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Table 4-15. Summary of inhalation and oral rodent liver toxicity studies

(continued)

Species/strain/sex/number | Exposure level/duration Effects Reference
Mouse, Swiss-Webster, 0, 150, 500, and Increased plasma ALT 24 hours to 14 d Philip et al.
male (4 per dose group) 1,000 mg/kg-day, aqueous | after initial exposure; mild to moderate fatty | (2007)

gavage for 30 d

degeneration and necrosis, with focal
inflammatory cell infiltration; increased
mitotic figures and DNA synthesis (peaked
on 7 d, sustained at 14—30 d at all doses);
inhibition of PCE metabolism and TCA
production; no change in CYP2E1; CYP4A
increased at 7 but not 14 d, only at

1,000 mg/kg-day

Rat, Wistar, female only

0, 600, and 2,400

Relative liver weight increases in animals

Jonker et al.

(10 rats per each control mg/kg-day for 32 d, corn |exposed to PCE alone or in combination; (1996)
group; 5 rats per dose oil gavage; alone or in hepatotoxicity at 600 mg/kg
group) combination with other
compounds
(trichloroethylene,
hexachloro-1,2-butadiene,
1,1,2-trichloro-
3,3,3-trifluoropropene)
Rat, F344 (males only, 5 0 or 1,000 mg/kg-day for |Increased relative liver weight in rats and Goldsworthy
per dose group) and mouse, | 10 d, corn oil gavage mice; 4.3-fold PCO increase in mice; and Popp
B6C3F; (males only, 5 per modest but not significant (1.4-fold) PCO | (1987)
dose group) increase in rats
Mouse, Swiss, both sexes; [0 or 3,000 mg/kg-day for | Significant increase in liver weight; Ebrahim e