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4. HAZARD CHARACTERIZATION

This section presents the hazard characterization of TCE health effects. Because of the
number of studies and their relevance to multiple endpoints, the evaluation of epidemiologic
studies of cancer and TCE is summarized in Section 4.1 (endpoint-specific results are presented
in subsequent sections). Genotoxicity data are discussed in Section 4.2. Due to the large number
of endpoints and studies in the toxicity database, subsequent sections (see Sections 4.3-4.10) are
organized by tissue/organ system. Each section is further organized by noncancer and cancer
endpoints, discussing data from human epidemiologic and laboratory experimental studies. In
cases where there is adequate information, the role of metabolism in toxicity, comparisons of
toxicity between TCE and its metabolites, and carcinogenic mode of action are also discussed.
Finally, Section 4.11 summarizes the overall hazard characterization and the weight of evidence
for noncancer and carcinogenic effects.

4.1. EPIDEMIOLOGIC STUDIES ON CANCER AND TCE—METHODOLOGICAL
OVERVIEW

This brief overview of the epidemiologic studies on cancer and TCE below provides
background to the discussion contained in Sections 4.4-4.10. Over 50 epidemiologic studies on
cancer and TCE exposure (see Tables 4-1 through 4-3) were examined to assess their ability to
inform weight-of-evidence evaluation (i.e., to inform the cancer hazard from TCE exposure)
according to 15 standards of study design (see Table 4-4), conduct, and analysis. The analysis of
epidemiologic studies on cancer and TCE serves to document essential design features, exposure
assessment approaches, statistical analyses, and potential sources of confounding and bias. This
analysis, furthermore, supports the discussion of site-specific cancer observations in
Sections 4.4-4.9. In those sections, study findings are presented with an assessment and
discussion of their observations according to a study’s weight of evidence and the potential for
alternative explanations, including bias and confounding. Tables containing observed findings
for site-specific cancers are also found in Sections 4.4-4.9. Full details of the weight-of
evidence-review to identify a cancer hazard and study selections for meta-analysis may be found
in Appendix B.
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Table 4-1. Description of epidemiologic cohort and proportionate mortality ratio (PMR) studies assessing
cancer and TCE exposure

Reference

Description

Study group (N)
comparison group (N)

Exposure assessment and other information

Aircraft and aerospace workers

Radican et al.
(2008); Blair
et al. (1998)

Civilian aircraft-maintenance
workers with at least 1 yr in 1952—
1956 at Hill Air Force Base, Utah.
VS to 1990 (Blair et al., 1998) or
2000 (Radican et al., 2008); cancer
incidence 1973-1990 (Blair et al.,
1998)

14,457 (7,204 ever exposed to
TCE).

Incidence (Blair et al., 1998) and
mortality rates (Radican et al., 2008;
Blair et al., 1998) of nonchemical
exposed subjects.

Most subjects (n = 10,718) with potential exposure to 1-25 solvents.
Cumulative TCE assigned to individual subjects using JEM.
Exposure-response patterns assessed using cumulative exposure,
continuous or intermittent exposures, and peak exposure. TCE
replaced in 1968 with 1,1,1-trichloroethane and was discontinued in
1978 in vapor degreasing activities. Median TCE exposures were
about 10 ppm for rag and bucket; 100-200 ppm for vapor
degreasing. Poisson regression analyses controlled for age, calendar
time, sex (Blair et al., 1998), or Cox proportional hazard model for
age and race.

Krishnadasan
et al. (2007)

Nested case-control study within a
cohort of 7,618 workers employed
between 1950 and 1992, or who had
started employment before 1980 at
Boeing/Rockwell/

Rocketdyne [SSFL, the UCLA
cohort of Morgenstern (1997)].
Cancer incidence 1988-1999.

326 prostate cancer cases,
1,805 controls.

Response rate:

cases, 69%; controls, 60%.

JEM for TCE, hydrazine, PAHSs, benzene, and mineral oil constructed
from company records, walk-through, or interviews. Lifestyle factors
obtained from living subjects through mail and telephone surveys.
Conditional logistic regression controlled for cohort, age at diagnosis,
physical activity, SES, and other occupational exposure (benzene,
PAHSs, mineral oil, hydrazine).
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Table 4-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure (continued)

Study group (N)
Reference Description comparison group (N) Exposure assessment and other information
Ritz et al. Aerospace workers with >2 yrs of {6,044 (2,689 with high cumulative  |JEM for TCE, hydrazine, PAHs, mineral oil, and benzene. IH
(1999); Zhao [employment at Rockwell/ exposure to TCE). Mortality rates of |ranked each job title ranked for presumptive TCE exposure as high
etal. (2005) [Rocketdyne (now Boeing) and who |subjects in lowest TCE exposure (3), medium (2), low (1), or no (0) exposure for three time periods
worked at SSFL, Ventura, category. (1951-1969, 1970-1979, 1980-1989). Cumulative TCE score: low
California, from 1950 to 1993 [the {5,049 (2,227 with high cumulative  |(<3), medium (>3-12), high (>12) assigned to individual subjects
UCLA cohort of (Morgenstern et al., [exposure to TCE). Incidence rates of |using JEM. Cox proportional hazard, controlled for time, since
1997)]. Cancer mortality as of subjects in lowest TCE exposure 1% employment, SES, age at diagnosis, and hydrazine exposure.
December 31, 2001. Cancer category.
incidence 1988-2000 for subjects
alive as of 1988.
Boiceetal. |Aerospace workers with >6 mo 41,351, 1,642 male hourly test stand |Potential TCE exposure assigned to test stands workers only whose
(2006b) employment at Rockwell/ mechanics (1,111 with potential TCE |tasks included the cleaning or flushing of rocket engines (engine
Rocketdyne (SSFL and nearby exposure). flush) (n = 639) or for general utility cleaning (n = 472); potential
facilities) from 1948 to 1999 [IEI Mortality rates of U.S. population and|for exposure to large quantities of TCE was much greater during
cohort (1EI, 2005)]. VS to 1999. California population. Internal engine flush than when TCE used as a utility solvent. JEM for TCE
referent groups including male hourly |and hydrazine without semiquantitative intensity estimates.
nonadministrative Rocketdyne Exposure to other solvents not evaluated due to low potential for
workers; male hourly, confounding (few exposed, low exposure intensity, or not
nonadministrative SSFL workers; and|carcinogenic). Exposure metrics included employment duration,
test stand mechanics with no potential[employment decade, year worked with potential TCE exposure, and
exposure to TCE. year worked with potential TCE exposure via engine cleaning,
weighted by number of tests. Lifetable (SMR); Cox proportional
hazard controlling for birth year, hire year, and hydrazine exposure.
Boice etal.  |Aircraft-manufacturing workers 77,965 (2,267 with potential routine |12% with potential routine mixed solvent exposure and 30% with
(1999) with at least 1 yr >1960 at Lockheed |TCE exposures and 3,016 with route or intermittent solvent exposure. JEM for potential TCE

Martin (Burbank, California). VS to
1996.

routine or intermittent TCE
exposure).

Mortality rates of U.S. population
(routine TCE exposed subjects) and
nonexposed internal referents (routine
and intermittent TCE exposed
subjects).

exposure on (1) routine basis or (2) intermittent or routine basis
without semiquantitative intensity estimate. Exposure-response
patterns assessed by any exposure or duration of exposure and
internal control group. Vapor degreasing with TCE before 1966 and
perchloroethylene, afterwards. Lifetable analyses; Poisson
regression analysis adjusting for birth date, starting employment
date, finishing employment date, sex, and race.
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Table 4-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure (continued)

Study group (N)
Reference Description comparison group (N) Exposure assessment and other information
Morgan et al. |Aerospace workers with >6 mo 20,508 (4,733 with TCE exposures). |TCE exposure intensity assigned using JEM. Exposure-response
(1998) 1950-1985 at Hughes (Tucson, Mortality rates of U.S. population for |patterns assessed using cumulative exposure (low vs. high) and job
Arizona). VS to 1993. overall TCE exposure; mortality rates |with highest TCE exposure rating (peak, medium/high exposure vs.
of all-other cohort subjects (internal  |no/low exposure). “High exposure” job classification defined as
referents). >50 ppm. Vapor degreasing with TCE 1952-1977, but limited IH
data <1975. Limited IH data before 1975 and medium/low rankings
likely misclassified given temporal changes in exposure intensity not
fully considered (NRC, 2006).
Costa et al. Aircraft manufacturing workers 8,626 subjects No exposure assessment to TCE and job titles grouped into one of
(1989) employed 1954-1981 at plant in Mortality rates of the Italian four categories: blue- and white-collar workers, technical staff, and
Italy. VS to 1981. population. administrative clerks. Lifetable (SMR).
Garabrant Aircraft manufacturing workers 14,067 TCE exposure assessment for 70 of 14,067 subjects; 14 cases of
etal. >4 yrs employment and who had Mortality rates of U.S. population. esophageal cancer and 56 matched controls. For these 70 subjects,
(1988) worked at least 1 d at San Diego, company work records identified 37% with job title with potential

California, plant 1958-1982. VS to
1982.

TCE exposure without quantitative estimates. Lifetable (SMR).

Cohorts identi

fied from biological monitoring (U-TCA)

Hansen et al.
(2001)

Workers biological monitored using
U-TCA and air-TCE, 1947-1989.
Cancer incidence from 1964 to
1996.

803 total.
Cancer incidence rates of the Danish
population.

712 with U-TCA, 89 with air-TCE measurement records, two with
records of both types. U-TCA from 1947 to 1989; air TCE
measurements from 1974. Historic median exposures estimated
from the U-TCA concentrations were: 9 ppm for 1947-1964, 5 ppm
for 1965-1973, 4 ppm for 1974-1979, and 0.7 ppm for 1980-1989.
Air TCE measurements from 1974 onward were 19 ppm (mean) and
5 ppm (median). Overall, median TCE exposure to cohort as
extrapolated from air TCE and U-TCA measurements was

4 ppm (arithmetic mean, 12 ppm). Exposure metrics: year 1%
employed, employment duration, mean exposure, cumulative
exposure. Exposure metrics: employment duration, average TCE
intensity, cumulative TCE, period 1% employment. Lifetable
analysis (SIR).

Anttila et al.
(1995)

Workers biological monitored using
U-TCA, 1965-1982. VS 1965—
1991 and cancer incidence 1967—
1992.

3,974 total (3,089 with U-TCA
measurements).

Mortality and cancer incidence rates
of the Finnish population.

Median U-TCA, 63 pmol/L for females and 48 pumol/L for males;
mean U-TCA was 100 pmol/L. Average 2.5 U-TCA measurements
per individual. Using the Ikeda et al. (1972) relationship for TCE
exposure to U-TCA, TCE exposures were roughly 4 ppm
(median) and 6 ppm (mean). Exposure metrics: year since

1% measurement. Lifetable analysis (SMR, SIR).
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Table 4-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure (continued)

Study group (N)

Reference Description comparison group (N) Exposure assessment and other information
Axelson et al. Workers biological monitored using |1,421 males. Biological monitoring for U-TCA from 1955 and 1975. Roughly
(1994) U-TCA, 1955-1975. VSt01986 |Mortality and cancer incidence rates |% of cohort had U-TCA concentrations equivalent to <20 ppm

and cancer incidence 1958-1987.  |of Swedish male population. TCE. Exposure metrics: duration exposure, mean U-TCA.
Lifetable analysis (SMR, SIR).
Other cohorts
Clapp and Deaths between 1969 and 2001 360 deaths. No exposure assessment to TCE. PMR analysis.
Hoffman among employees >5 yrs Proportion of deaths among New
(2008) employment duration at an IBM York residents during 1979-1998.
facility (Endicott, New York).
Sung et al. Female workers 1% employed 1973— 63,982 females and 40,647 females  |No exposure assessment. Chlorinated solvents including TCE and

(2008; 2007)

1997 at an electronics (RCA)
manufacturing factory (Taoyuan,
Taiwan). Cancer incidence 1979-
2001 (Sung et al., 2007). Childhood
leukemia 1979-2001 among first
born of female subjects in Sung

et al. (2008).

with 1% live born offspring.

Cancer incidence rates of Taiwan
population (Sung et al., 2007).
Childhood leukemia incidence rates
of first born live births of Taiwan

population (Sung et al., 2008).

Chang et al.
(2003; 2005)

Male and female workers employed
1978-1997 at electronics factory as
studied by Sung et al. (2007). VS
from 1985 to 1997 and cancer
incidence 1979 to 1997.

86,868 total.

Incidence (Chang et al., 2005)
mortality (Chang et al., 2003) rates
Taiwan population.

perchloroethylene found in soil and groundwater at factory site.
Company records indicated TCE not used 1975-1991 and
perchloroethylene 1975-1991 and perchloroethylene after 1981. No
information for other time periods. Exposure-response using
employment duration. Lifetable analysis (SMR, SIR) (Sung et al.,
2007; Chang et al., 2005; Chang et al., 2003) or Poisson regression
adjusting for maternal age, education, sex, and birth year (Sung et
al., 2008).

ATSDR Workers 1952-1980 at the View-  |616 deaths 1989-2001. No exposure information on individual subjects. TCE and other
(2004a) Master factory (Beaverton, Oregon). |Proportion of deaths between 1989  |VOCs detected in well water at the time of the plant closure in 1998
and 2001 in Oregon population. were TCE, 1,220-1,670 pg/L; 1,1-DCE, up to 33 pg/L; and,
perchloroethylene up to 56 pg/L. PMR analysis.
Raaschou- Blue-collar workers employed 40,049 total (14,360 with presumably |Employers had documented TCE usage. Blue-collar vs. white-collar
Nielsen et al. [>1968 at 347 Danish TCE-using higher level exposure to TCE). workers and companies with <200 workers were variables identified
(2003) companies. Cancer incidence Cancer incidence rates of the Danish |as increasing the likelihood for TCE exposure. Subjects from iron

through 1997.

population.

and metal, electronics, painting, printing, chemical, and dry cleaning
industries. Median exposures to TCE were 40-60 ppm for the
year before 1970, 10-20 ppm for 1970-1979, and approximately
4 ppm for 1980-1989. Exposure metrics: employment duration,
year 1% employed, and # employees in company. Lifetable (SIR).
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Table 4-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure (continued)

Reference

Description

Study group (N)

comparison group (N)

Exposure assessment and other information

Ritz (1999a)

Male uranium-processing plant
workers >3 mo employment 1951—
1972 at DOE facility (Fernald,
Ohio). VS 1951-1989, cancer.

3,814 white males monitored for
radiation (2,971with potential TCE
exposure).

Mortality rates of the U.S.
population; non-TCE exposed
internal controls for TCE exposure-
response analyses.

JEM for TCE, cutting fluids, kerosene, and radiation generated by
employees and industrial hygienists. Subjects assigned potential
TCE according to intensity: light (2,792 subjects), moderate

(179 subjects), heavy (no subjects). Lifetable (SMR) and conditional
logistic regression adjusted for pay status, date first hire, radiation.

Henschler Male workers >1 yr 1956-1975 at  |169 exposed; 190 unexposed. Walk-through surveys and employee interviews used to identify
etal. (1995) |cardboard factory (Arnsberg region, |Mortality rates from German work areas with TCE exposure. TCE exposure assigned to renal
Germany). VSto 1992, Democratic Republic (broad cancer cases using workman’s compensation files. Lifetable (SMR,
categories) or RCC incidence rates  |SIR) or Mantel-Haenszel.
from Danish population, German
Democratic, or non-TCE exposed
subjects.
Greenland Cancer deaths, 1969-1984, among (512 cases, 1,202 controls. IH assessment from interviews and position descriptions. TCE
etal. (1994) |pensioned workers employed <1984 |Response rate: (no/any exposure) assigned to individual subjects using JEM.
at GE transformer manufacturing  |cases, 69%; controls, 60%. Logistic regression.
plant (Pittsfield, Massachusetts),
and who had job history record;
controls were noncancer deaths
among pensioned workers.
Sinks et al. Workers employed 1957-1980 at a |2,050 total. No exposure assessment to TCE; analyses of all plant employees
(1992) paperboard container manufacturing |Mortality rates of the U.S. population, |including white- and blue-collar employees. Assignment of work
and printing plant (Newnan, bladder and kidney cancer incidence |department in case-control study based upon work history; Material
Georgia). VS to 1988. Kidney and |rates from the Atlanta-SEER registry [Safety Data Sheets identified chemical usage by department.
bladder cancer incidence through  |for the years 1973-1977. Lifetable (SMR, SIR) or conditional logistic regression adjusted for
1990. hire date and age at hire, and using 5- and 10-yr lagged employment
duration.
Blair et al. Workers employed 1942-1970 in (3,781 males of whom 1,767 were No exposure assessment to TCE. Marine inspectors worked in
(1989) U.S. Coast. VS to 1980. marine inspectors (48%). confined spaces and had exposure potential to multiple chemicals.

Mortality rates of the U.S. population.
Mortality rates of marine inspectors
also compared to that of
noninspectors.

TCE was identified as one of 10 potential chemical exposures.
Lifetable (SMR) and directly adjusted RRs.
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Table 4-1. Description of epidemiologic cohort and PMR studies assessing cancer and TCE exposure (continued)

Reference

Description

Study group (N)
comparison group (N)

Exposure assessment and other information

Shannon et al.
(1988)

Workers employed >6 mo at GE
lamp manufacturing plant, 1960—
1975. Cancer incidence from 1964
to 1982.

1,870 males and females, 249 (13%)
in coiling and wire-drawing area.
Cancer incidence rates from Ontario
Cancer Registry.

No exposure assessment to TCE. Workers in CWD had potential
exposure to many chemicals including metals and solvents. A
1955-dated engineering instruction sheet identified TCE used as
degreasing solvent in CWD. Lifetable (SMR).

Shindell and
Ulrich (1985)

Workers employed >3 mo at a TCE
manufacturing plant 1957-1983.
VS to 1983.

2,646 males and females.
Mortality rates of the U.S. population.

No exposure assessment to TCE; job titles categorized as either
white- or blue-collar. Lifetable analysis (SMR).

Wilcosky
etal. (1984)

Respiratory, stomach, prostate,
lymphosarcoma, and lymphatic
leukemia cancer deaths 1964-1972
among 6,678 active and retired
production workers at a rubber plant
(Akron, Ohio); controls were a

20% age-stratified random sample
of the cohort.

183 cases (101 respiratory,

33 prostate, 30 stomach,

9 lymphosarcoma, and 10 lymphatic
leukemia cancer deaths).

JEM without quantitative intensity estimates for 20 exposures
including TCE. Exposure metric: ever held job with potential TCE

exposure.

CWD = coiling and wire drawing; DOE = U.S. Department of Energy; GE = General Electric; IBM = International Business Machines Corporation;
IEI = International Epidemiology Institute; IH = industrial hygienist; JEM = job-exposure matrix; PAH = polycyclic aromatic hydrocarbon; RCC = renal cell
carcinoma; RR = relative risk; SES = socioeconomic status; SIR = standardized incidence ratio; SMR = standardized mortality ratio; SSFL = Santa Susanna Field

Laboratory; U-TCA = urinary TCA; UCLA = University of California, Los Angeles; VS = vital status
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure

Study group (N)
comparison group (N)

Reference Population response rates Exposure assessment and other information
Bladder
Pesch et al. Histologically confirmed urothelial {1,035 cases. Occupational history using job title or self-reported exposure. JEM and
(2000a) cancer (bladder, ureter, renal 4,298 controls. JTEM to assign exposure potential to metals and solvents (chlorinated
pelvis) cases from German Cases, 84%); controls, 71%. |[solvents, TCE, perchloroethylene). Lifetime exposure to TCE exposure
hospitals (five regions) in 1991— examined as 30", 60", and 90" percentiles (medium, high, and substantial) of
1995; controls randomly selected exposed control exposure index. Duration used to examine occupational title
from residency registries matched and job task duties and defined as 30", 60", and 90" percentiles (medium,
on region, sex, and age. long, and very long) of exposed control durations.
Logistic regression with covariates for age, study center, and smoking.
Siemiatycki Male bladder cancer cases, age 35—[484 cases. JEM to assign 294 exposures including TCE on semiquantitative scales
etal. (1994); |75 yrs, diagnosed in 16 large 533 population controls; categorized as any or substantial exposure. Other exposure metrics included
(1991) Montreal-area hospitals in 1979— 740 other cancer controls.  |exposure duration in occupation or job title.
1985 and histologically confirmed; |Cases, 78%; controls, 72%. |Logistic regression adjusted for age, ethnic origin, SES status, smoking,
controls identified concurrently at coffee consumption, and respondent status (occupation or job title) or
18 other cancer sites; age-matched, Mantel-Haenszel stratified on age, income, index for cigarette smoking,
population-based controls coffee consumption, and respondent status (TCE).
identified from electoral lists and
random digit dialing.
Brain
DeRoos et al.  |Neuroblastoma cases in children of [504 cases. Telephone interview with parent using questionnaire to assess parental
(2001); Olshan |<19 yrs selected from Children’s  |504 controls. occupation and self-reported exposure history and judgment-based attribution
etal. (1999) Cancer Group and Pediatric Cases, 73%; controls, 74%. |of exposure to chemical classes (halogenated solvents) and specific solvents

Oncology Group with diagnosis in
1992-1994; population controls
(random digit dialing) matched to
control on birth date.

(TCE). Exposure metric was any potential exposure.
Logistic regression with covariate for child’s age and material race, age, and
education.
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
comparison group (N)
response rates

Exposure assessment and other information

Heineman et al.
(1994)

White, male cases, age >30 yrs,
identified from death certificates in
1978-1981; controls identified
from death certificates and
matched for age, year of death and
study area.

300 cases.
386 controls.
Cases, 74%; controls, 63%.

In-person interview with next-of-kin; questionnaire assessing lifetime
occupational history using job title and JEM of Gomez et al. (1994).
Cumulative exposure metric (low, medium, or high) based on weighted
probability and duration.

Logistic regression with covariates for age and study area.

Colon and rectum

Goldberg et al.

Male colon cancer cases, 35—

497 cases.

In-person interviews (direct or proxy) with segments on work histories (job

(2001); 75 yrs, from 16 large Montreal-  |533 population controls and |titles and self-reported exposures); analyzed and coded by a team of chemists
Siemiatycki area hospitals in 1979-1985 and  |740 cancer controls. and industrial hygienists (294 exposures on semiquantitative scales); potential
(1991) histologically confirmed; controls |Cases, 82%; controls, 72%. |TCE exposure defined as any or substantial exposure.
identified concurrently at 18 other Logistic regression adjusted for age, ethnic origin, birthplace, education,
cancer sites; age-matched, income, parent’s occupation, smoking, alcohol consumption, tea consumption,
population-based controls respondent status, heating source SES status, smoking, coffee consumption,
identified from electoral lists and and respondent status (occupation, some chemical agents) or Mantel-Haenszel
random digit dialing. stratified on age, income, index for cigarette smoking, coffee consumption,
and respondent status (TCE).
Dumas et al. Male rectal cancer cases, age 35— |292 cases. In-person interviews (direct or proxy) with segments on work histories (job
(2000); 75 yrs, diagnosed in 16 large 533 population controls and |titles and self-reported exposures); analyzed and coded by a team of chemists
Simeiatycki Montreal-area hospitals in 1979— |740 other cancer controls.  |and industrial hygienists (294 exposures on semiquantitative scales); potential
(1991) 1985 and histologically confirmed; |Cases, 78%; controls, 72%. |TCE exposure defined as any or substantial exposure.

controls identified concurrently at
18 other cancer sites; age-matched,
population-based controls
identified from electoral lists and
random digit dialing.

Logistic regression adjusted for age, education, respondent status, cigarette
smoking, beer consumption and BMI (TCE) or Mantel-Haenszel stratified on
age, income, index for cigarette smoking, coffee consumption, ethnic origin,
and beer consumption (TCE).

Fredriksson
et al. (1989)

Colon cancer cases aged 3075 yrs
identified through the Swedish
Cancer Registry among patients
diagnosed in 1980-1983;
population-based controls were
frequency-matched on age and sex
and were randomly selected from a
population register.

329 cases.
658 controls.
Not available.

Mailed questionnaire assessing occupational history with telephone interview
follow-up. Self-reported exposure to TCE defined as any exposure.
Mantel-Haenszel stratified on age, sex, and physical activity.
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
comparison group (N)

Reference Population response rates Exposure assessment and other information

Esophagus

Parent et al. Male esophageal cancer cases, 35— [292 cases. In-person interviews (direct or proxy) with segments on work histories (job

(2000by); 75 yrs, diagnosed in 19 large 533 population controls; titles and self-reported exposures); analyzed and coded by a team of chemists

Siemiatycki Montreal-area hospitals in 1979— |740 subjects with other and industrial hygienists (294 exposures on semiquantitative scales); potential

(1991) 1985 and histologically confirmed; |cancers. TCE exposure defined as any or substantial exposure.
controls identified concurrently at |Cases, 78%; controls, 72%. |Logistic regression adjusted for age, education, respondent status, cigarette
18 other cancer sites; age-matched, smoking, beer consumption and BMI (solvents) or Mantel-Haenszel stratified
population-based controls on age, income, index for cigarette smoking, coffee consumption, ethnic
identified from electoral lists and origin, and beer consumption (TCE).
random digit dialing.

Lymphoma

Purdue etal.  |Cases aged 20-74 with 1,321 cases. In-person interview using questionnaire or computer-assisted personal

(2011) histologically-confirmed NHL 1,057 controls. interview questionnaire specific for jobs held for >1 yr since the age of 16 yrs,

(B-cell diffuse and follicular,
T-cell, lymphoreticular) without
HIV in 1998-2000 and identified
from four SEER areas (Los
Angeles County and Detroit
metropolitan area, random sample;
Seattle_Puget Sound and lowa, all
consecutive cases); population
controls aged 20-74 with no
previous diagnosis of HIV
infection or NHL, identified
through (1) if >65 yrs of age,
random digit dialing, or (2) if

>65 yrs, identified from Medicare
eligibility files and stratified on
geographic area, age, and race.

Cases, 76%; controls, 78%.

hobbies, and medical and family history. For occupational history, 32 job- or
industry-specific interview modules asked for detailed information on
individual jobs and focused on solvents exposure, including TCE, assessment
by expert industrial hygienist blinded to case and control status by levels of
probability, frequency, and intensity. Exposure metric of overall exposure,
average weekly exposure, year exposed, average exposure intensity, and
cumulative exposure.

Logistic regression adjusted for sex, age, race, education and SEER site.
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
comparison group (N)

Reference Population response rates Exposure assessment and other information
Gold et al. Cases aged 35-74 with 181 cases. In-person interview using computer-assisted personal interview questionnaire
(2011) histologically-confirmed multiple |481 controls. for jobs held >1 yr since 1941 (cases) or 1946 (controls) and since age 18 yrs.
myeloma in 2000-2002 and Cases, 71%; controls, 52%. |For occupational history, 20 occupations, job- or industry-specific interview
identified from Seer areas (Detroit, modules asked for detailed information on individual jobs held at least 2 yrs
Seattle-Puget Sound); population and focused on solvents exposure, including TCE, assessment by expert
controls. industrial hygienist blinded to case and control status by levels of probability,
duration, and cumulative exposure.
Logistic regression adjusted for sex, age, race, education, and SEER site.
Cocco et al. Histologically or cytologically 2,348 cases. In-person interviews using same structured questionnaire translated to the
(2010) confirmed cases aged >17 yrs with |2,462 controls. local language for information on sociodemographic factors, lifestyle, health

lymphoma (B-cell, T-cell, CLL,
multiple myeloma, Hodgkin) in
1998-2004 and residents of
referral areas from seven European
countries (Czech Republic,
Finland, France, Germany, Ireland,
Italy, and Spain); hospital

(four participating countries) or
population controls (all others);
controls from: (1) Germany and
Italy selected by random digit
dialing from general population
and matched (individually in
German and group-based in Italy)
to cases by sex, age, and residence
area and (2) for all other
countries, matched hospital
controls with diagnoses other than
cancer, infectious diseases, and
immundeficient diseases
(individually in Czech Republic

group-based in all other countries).

Cases, 88%); controls,
81% hospital and
52% population.

history, and all full-time job held >1 yr. Assessment by industrial hygienists
in each participating center to 43 agents, including TCE, by confidence,
exposure intensity, and exposure frequency. Exposure metric of overall TCE
exposure and cumulative TCE exposure for subjects assessed with high
degree of confidence.

Logistic regression adjusted for age, gender, education, and study center.
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
comparison group (N)

Reference Population response rates Exposure assessment and other information
German NHL and Hodgkin lymphoma 710 cases. In-person interview using questionnaire assessing personal characteristics,
centers: cases aged 18-80 yrs identified 710 controls. lifestyle, medical history, UV light exposure, and occupational history of all
Seidler etal.  [through all hospitals and Cases, 87%; controls, 44%. |jobs held for >1 yr. Exposure of a prior interest were assessed using job task-
(2007); Mester |ambulatory physicians in six specific supplementary questionnaires. JEM used to assign cumulative
etal. (2006); |regions of Germany between 1998 guantitative TCE exposure metric, cate%orized according to the distribution
Becker etal. |and 2003; population controls among the control persons (50" and 90™ percentile of the exposed controls).
(2004) were identified from population Conditional logistic regression adjusted for age, sex, region, smoking, and
registers and matched on age, sex, alcohol consumption.
and region.
Wang et al. Cases among females aged 21 and |601 cases. In-person interview using questionnaire assessment specific for jobs held for
(2009) 84 yrs with NHL in 1996-2000 717 controls. >1 yr. Intensity and probability of exposure to broad category of organic

and identified from Connecticut
Cancer Registry; population-based
female controls: (1) if <65 yrs of
age, having Connecticut address
stratified by 5-yr age groups
identified from random digit
dialing or (2) >65 yrs of age, by
random selection from Centers for
Medicare and Medicaid Service
files.

Cases, 72%; controls, 69%
(<65 yrs), 47% (=65 yrs)

solvents and to individual solvents, including TCE, estimated using JEM
(Dosemeci et al., 1994; Gomez et al., 1994) and assigned blinded. Exposure
metric of any exposure, exposure intensity (low, medium/high), and exposure
probability (low, medium/high). Logistic regression adjusted for age, family
history of hematopoietic cancer, alcohol consumption, and race.

Costantini et al.
(2008); Miligi
et al. (2006)

Cases aged 20-74 with NHL,
including CLL, all forms of
leukemia, or MM in 1991-1993
and identified through surveys of
hospital and pathology
departments in study areas and in
specialized hematology centers in
eight areas in Italy; population-
based controls stratified by 5-yr
age groups and by sex selected
through random sampling of
demographic or of National Health
Service files.

1,428 NHL + CLL, 586
Leukemia, 263, MM.
1,278 controls (leukemia
analysis).

1,100 controls (MM
analysis).

Cases, 83%; controls, 73%.

In-person interview primarily at interviewee’s home (not blinded) using
questionnaire assessing specific jobs, extra occupational exposure to solvents
and pesticides, residential history, and medical history. Occupational
exposure assessed by job-specific or industry-specific questionnaires. JEM
used to assign TCE exposure and assessed using intensity (two categories)
and exposure duration (two categories). All NHL diagnoses and 20% sample
of all cases confirmed by panel of three pathologists.

Logistic regression with covariates for sex, age, region, and education.
Logistic regression for specific NHL included an additional covariate for
smoking.
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
comparison group (N)
response rates

Exposure assessment and other information

Persson and
Fredriksson
(1999);
combined
analysis of
NHL cases in
Persson et al.
(1993; 1989)

Histologically confirmed cases of
B-cell NHL, age 20-79 yrs,
identified in two hospitals in
Sweden: Oreboro in 1964-1986
(Persson et al., 1989) and in
Linkoping between 1975 and 1984
(Persson et al., 1993); controls
were identified from previous
studies and were randomly
selected from population registers.

NHL cases, 199.

479 controls.

Cases, 96% (Oreboro),
90% (Linkoping);
controls, not reported.

Mailed questionnaire to assess self reported occupational exposures to TCE
and other solvents.
Unadjusted Mantel-Haenszel

Nordstrom Histologically-confirmed cases in  |111 cases. Mailed questionnaire to assess self reported working history, specific
et al. (1998) males of hairy-cell leukemia 400 controls. exposure, and leisure time activities.

reported to Swedish Cancer Cases, 91%; controls, 83%. |Univariate analysis for chemical-specific exposures (any TCE exposure).

Registry in 1987-1992 (includes

one case latter identified with an

incorrect diagnosis date);

population-based controls

identified from the National

Population Registry and matched

(1:4 ratio) to cases for age and

county.
Fritschi and Male NHL cases, age 35-75 yrs, [215 cases. In-person interviews (direct or proxy) with segments on work histories (job
Siemiatycki diagnosed in 16 large 533 population controls titles and self-reported exposures); analyzed and coded by a team of chemists
(1996b); Montreal-area hospitals in 1979— |(Group 1) and and industrial hygienists (294 exposures on semiquantitative scales).
Siemiatycki 1985 and histologically confirmed; |1,900 subjects with other Exposure metric defined as any or substantial exposure.
(1991) controls identified concurrently at |cancers (Group 2). Logistic regression adjusted for age, proxy status, income, and ethnicity

18 other cancer sites; age-matched,
population-based controls
identified from electoral lists and
random digit dialing.

Cases, 83%; controls, 71%.

(solvents) or Mantel-Haenszel stratified by age, BMI, and cigarette smoking
(TCE).
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
comparison group (N)
response rates

Exposure assessment and other information

Hardell et al.
(1994; 1981)

Histologically-confirmed cases of
NHL in males, age 25-85 yrs,
admitted to Swedish (Umea)
hospital between 1974 and 1978;
living controls (1:2 ratio) from the
National Population Register,
matched to living cases on sex,
age, and place of residence;
deceased controls from the
National Registry for Causes of
Death, matched (1:2 ratio) to dead
cases on sex, age, place of
residence, and year of death.

105 cases.
335 controls.

Response rate not available.

Self-administered questionnaire assessing self-reported solvent exposure;
phone follow-up with subject, if necessary.
Unadjusted Mantel-Haenszel

Persson et al.
(1993; 1989)

Histologically confirmed cases of
Hodgkin lymphoma, age 20—

80 yrs, identified in two hospitals
in Sweden: Oreboro in 1964-1986
(Persson et al., 1989) and in
Linkoping between 1975 and 1984
(Persson et al., 1993); controls
randomly selected from population
registers.

54 cases (1989 study);
31 cases (1993 study).
275 controls (1989 study);
204 controls (1993 study).

Response rate not available.

Mailed questionnaire to assess self reported occupational exposures to TCE
and other solvents.

Logistic regression with adjustment for age and other exposure; unadjusted
Mantel-Haenszel 2.

Childhood leukemia

Shu et al.
(2004; 1999)

Childhood leukemia cases,

<15 yrs, diagnosed between 1989
and 1993 by a Children’s Cancer
Group member or affiliated
institute; population controls
(random digit dialing), matched for
age, race, and telephone area code
and exchange.

1,842 cases.
1,986 controls.
Cases, 92%; controls, 77%.

Telephone interview with mothers, and whenever available, fathers, using
questionnaire to assess occupation using job-industry title and self-reported
exposure history. Questionnaire included questions specific for solvent,
degreaser, or cleaning agent exposures.

Logistic regression with adjustment for maternal or paternal education, race,
and family income. Analyses of paternal exposure also included age and sex
of the index child.

4-14



http://hero.epa.gov/index.cfm?action=search.view&reference_id=702305
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75289
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729579
http://hero.epa.gov/index.cfm?action=search.view&reference_id=728757
http://hero.epa.gov/index.cfm?action=search.view&reference_id=728757
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729579
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730127
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630976

Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
comparison group (N)

Reference Population response rates Exposure assessment and other information
Costas et al. Childhood leukemia (<19 yrs age) |19 cases. Questionnaire administered to parents separately assessing demographic and
(2002); MDPH |diagnosed in 1969-1989 and who |37 controls. lifestyle characteristics, medical history information, environmental and
(1997¢, b) were resident of Woburn, Cases, 91%; controls, not  |occupational exposure, and use of public drinking water in the home.
Massachusetts; controls randomly |available. Hydraulic mixing model used to infer delivery of TCE and other solvents
selected from Woburn public water to residence.
school records, matched for age. Logistic regression with composite covariate, a weighted variable of
individual covariates.
McKinney Incident childhood leukemia and 109 cases. In-person interview with questionnaire with mother to assess maternal
etal. (1991) NHL cases, 1974-1988, ages not {206 controls. occupational exposure history, and with father and mother, as surrogate, to
identified, from three geographical |Cases, 72%; controls, 77%. |assess paternal occupational exposure history. No information provided in
areas in England; controls paper whether interviewer was blinded as to case and control status.
randomly selected from children of Matched pair design using logistic regression for univariate and multivariate
residents in the three areas and analysis.
matched for sex and birth health
district.
Lowengart Childhood leukemia cases aged 123 cases. Telephone interview with questionnaire to assess parental occupational and
etal. (1987) <10 yrs and identified from the 123 controls. self-reported exposure history.
Los Angeles (California) Cancer |Cases, 79%; controls, Matched (discordant) pair analysis.
Surveillance Program in 1980— not available.
1984; controls selected from
random digit dialing or from
friends of cases and matched on
age, sex, and race.
Melanoma
Fritschi and Male melanoma cases, age 35— 103 cases. In-person interviews (direct or proxy) with segments on work histories (job
Siemiatycki 75 yrs, diagnosed in 16 large 533 population controls and |titles and self-reported exposures); analyzed and coded by a team of chemists
(1996b); Montreal-area hospitals in 1979— 533 other cancer controls.  |and industrial hygienists (294 exposures on semiquantitative scales); potential
Siemiatycki 1985 and histologically confirmed; |Cases, 78%; controls, 72%. |TCE exposure defined as any or substantial exposure.
(1991) controls identified concurrently at Logistic regression adjusted for age, education, and ethnic origin (TCE) or

18 other cancer sites; age-matched,
population-based controls
identified from electoral lists and
random digit dialing.

Mantel-Haenszel stratified on age, income, index for cigarette smoking, and
ethnic origin (TCE).
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Study group (N)
comparison group (N)

Reference Population response rates Exposure assessment and other information

Pancreas

Kernanetal. |Pancreatic cancer deaths from 63,097 cases. Exposure surrogate assigned for 111 chlorinated hydrocarbons, including

(1999) 1984 to 1993 in 24 U.S. states; 252,386 population controls. | TCE, and two broad chemical categories using usual occupation on death
age-, sex-, race-, and state-matched|Response rates not certificate and job-exposure-matrix of Gomez et al. (1994).
noncancer deaths, excluding other |identified. Race and sex-specific mortality ORs from logistic regression analysis
pancreatic diseases and adjusted for age, marital status, metropolitan area, and residential status.
pancreatitis, controls.

Prostate

Aronson et al. |Male prostate cancer cases, age 449 cases. In-person interviews (direct or proxy) with segments on work histories (job

(1996); 35-75 yrs, diagnosed in 16 large  |533 population controls titles and self-reported exposures); analyzed and coded by a team of chemists
Siemiatycki Montreal-area hospitals in 1979— |(Group 1) and and industrial hygienists (294 exposures on semiquantitative scales).
(1991) 1985 and histologically confirmed; |other cancer cases from Logistic regression adjusted for age, ethnic origin, SES status, Quetlet, and
controls identified concurrently at |same study (Group 2). respondent status (occupation) or Mantel-Haenszel stratified on age, income,
18 other cancer sites; age-matched, |Cases, 81%; controls, 72%. |index for cigarette smoking, ethnic origin, and respondent status (TCE).
population-based controls
identified from electoral lists and
random digit dialing.
Renal cell
Moore et al. Cases aged 20-74 yrs from 1,097 cases (825 RCCs). In-person interview using questionnaire for information on lifestyle habits,
(2010) four European countries (Russia, |1,184 controls. smoking, anthropometric measures, personal and family medical history, and

Romania, Poland, Czech Republic)
with histologically confirmed
kidney cancer in 1999-2003;
hospital controls with diagnoses
unrelated to smoking or
genitourinary disorders in 1998—
2003 and frequency matched by
seXx, age, and study center.

Cases, 90-99%:; controls,
90.3-96%.

occupational history. Specialized job-specific questionnaire for specific jobs
or industries of interest focused on solvents exposure, including TCE, with
exposure assignment by expert blinded to case and control status by
frequency, intensity, and confidence of TCE exposure. Exposure metric of
overall exposure, duration (total hr, yr), and cumulative exposure.

Logistic regression adjusted for sex, age, and study center. BMI,
hypertension, smoking, residence location also included in initial models but
did not alter ORs by >10%.
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
comparison group (N)
response rates

Exposure assessment and other information

Charbotel et al.
(2009; 2006)

Cases from Arve Valley region in
France identified from local
urologists files and from area
teaching hospitals; age- and sex-
matched controls chosen from file
of same urologist as who treated
case or recruited among the
patients of the case’s general
practitioner.

87 cases.
316 controls.
Cases, 74%; controls, 78%.

Telephone interview with case or control, or, if deceased, with next-of-kin
(22% cases, 2% controls). Questionnaire assessing occupational history,
particularly, employment in the screw cutting jobs, and medical history.
Semiquantitative TCE exposure assigned to subjects using a task/TCE-
Exposure Matrix designed using information obtained from questionnaires
and routine atmospheric monitoring of workshops or biological monitoring
(U-TCA) of workers carried out since the 1960s. Cumulative exposure,
cumulative exposure with peaks, and TWA.

Conditional logistic regression with covariates for tobacco smoking and BMI.

Briining et al.  |Histologically-confirmed cases 134 cases. In-person interviews with case or next-of-kin; questionnaire assessing
(2003) 1992-2000 from German hospitals {401 controls. occupational history using job title. Exposure metrics included longest job
(Arnsberg); hospital controls Cases, 83%; controls, not  |held, JEM of Pannett et al. (1985) to assign cumulative exposure to TCE and
(urology department) serving area, |available. perchloroethylene, and exposure duration.
and local geriatric department, for Logistic regression with covariates for age, sex, and smoking.
older controls, matched by sex and
age.
Pesch et al. Histologically-confirmed cases 935 cases. In-person interview with case or next-of-kin; questionnaire assessing
(2000b) from German hospitals 4,298 controls. occupational history using job title (JEM approach), self-reported exposure, or
(five regions) in 1991-1995; Cases, 88%); controls, 71%. |job task (JTEM approach) to assign TCE and other exposures.
controls randomly selected from Logistic regression with covariates for age, study center, and smoking.
residency registries matched on
region, sex, and age.
Parent et al. Male RCC cases, age 35-75yrs, [142 cases. In-person interviews (direct or proxy) with segments on work histories (job
(2000a); diagnosed in 16 large Montreal-  |533 population controls titles and self-reported exposures); analyzed and coded by a team of chemists
Siemiatycki area hospitals in 1979-1985 and  |(Group 1) and and industrial hygienists (about 300 exposures on semiquantitative scales);
(1991) histologically confirmed; controls |other cancer controls TCE defined as any or substantial exposure.

identified concurrently at 18 other
cancer sites; age-matched,
population-based controls
identified from electoral lists and
random digit dialing.

(excluding lung and bladder
cancers) (Group 2).
Cases, 82%; controls, 71%.

Mantel-Haenszel stratified by age, BMI, and cigarette smoking (TCE) or
logistic regression adjusted for respondent status, age, smoking, and BMI
(occupation, job title).
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Table 4-2. Case-control epidemiologic studies examining cancer and TCE exposure (continued)

Reference

Population

Study group (N)
comparison group (N)
response rates

Exposure assessment and other information

Dosemeci et al.
(1999)

Histologically-confirmed cases,
1988-1990, white males and
females, 20-85 yrs, from
Minnesota Cancer Registry;
controls stratified for age and sex
using random digit dialing, 21—

64 yrs, or from HCFA records, 64—
85 yrs.

438 cases.
687 controls.
Cases, 87%; controls, 86%.

In-person interviews with case or next-of-kin; questionnaire assessing
occupational history of TCE using job title and JEM of Gomez et al. (1994).
Exposure metric was any TCE exposure.

Logistic regression with covariates for age, smoking, hypertension, and BMI.

Vamvakas et al.
(1998)

Cases who underwent
nephrectomy in 1987-1992 in a
hospital in Arnsberg region of
Germany; controls selected
accident wards from nearby
hospital in 1992.

58 cases.
84 controls.
Cases, 83%; controls, 75%.

In-person interview with case or next-of-kin; questionnaire assessing
occupational history using job title or self-reported exposure to assign TCE
and perchloroethylene exposure.

Logistic regression with covariates for age, smoking, BMI, hypertension, and
diuretic intake.

Multiple or other sites

Lee et al. Liver, lung, stomach, colorectal |53 liver, Residence as recorded on death certificate.
(2003) cancer deaths in males and females |39 stomach, Mantel-Haenszel stratified by age, sex, and time period.
between 1966 and 1997 from 26 colorectal,
two villages in Taiwan; controls |41 lung cancer cases.
were cardiovascular and cerebral- |286 controls.
vascular disease deaths from same [Response rate not reported.
underlying area as cases.
Siemiatycki Male cancer cases, 1979-1985, 857 lung and 117 pancreatic |In-person interviews (direct or proxy) with segments on work histories (job
(1991) 35-75 yrs, diagnosed in cancer cases. titles and self-reported exposures); analyzed and coded by a team of chemists

16 Montreal-area hospitals,
histologically confirmed; cancer
controls identified concurrently;
age-matched, population-based
controls identified from electoral
lists and random digit dialing.

533 population controls
(Group 1) and other cancer
cases from same study
(Group 2).

Cases, 79% (lung), 71%
(pancreas); controls, 72%.

and industrial hygienists (294 exposures on semiquantitative scales); TCE
defined as any or substantial exposure.

Mantel-Haenszel stratified on age, income, index for cigarette smoking, ethnic
origin, and respondent status (lung cancer) and age, income, index for
cigarette smoking, and respondent status (pancreatic cancer).

Bolded study(ies) carried forward for consideration in dose-response assessment (see Chapter 5).

BMI = body mass index; CLL = chronic lymphocytic leukemia; HCFA = Health Care Financing Administration; JTEM = job-task exposure matrix; MM =
multiple myeloma; NCI = National Cancer Institute; NHL = non-Hodgkin lymphoma; OR = odds ratio; UV = ultra-violet
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Table 4-3. Geographic-based studies assessing cancer and TCE exposure

Reference ‘ Description

Analysis approach

Exposure assessment

Broome County, New York studies

ATSDR Total, 22 site-specific, and
(20064a), childhood cancer incidence from
(2008b) 1980 to 2001 among residents in

two areas in Endicott, New York.

SIR among all subjects (ATSDR, 2006a) or
among white subjects only (ATSDR, 2008b) with
expected numbers of cancers derived using age-
specific cancer incidence rates for New York
State, excluding New York City. Limited
assessment of smoking and occupation using
medical and other records in lung and kidney
cancer subjects (ATSDR, 2008b).

Two study areas, Eastern and Western study areas,
identified based on potential for soil vapor intrusion
exposures as defined by the extent of likely soil vapor
contamination. Contour lines of modeled VOC soil
vapor contamination levels based on exposure model
using GIS mapping and soil vapor sampling results
taken in 2003. The study areas were defined by 2000
Census block boundaries to conform to model predicted
areas of soil vapor contamination. TCE was the most
commonly found contaminant in indoor air in Eastern
study area at levels ranging from 0.18 to 140 pg/m®,
with tetrachloroethylene, cis-1,2-dichloroethene, 1,1,1-
trichloroethane, 1,1-DCE, 1,1-dichloroethane, and
Freon 113 detected at lower levels. Perchloroethylene
was most common contaminant in indoor air in Western
study area with other VOCs detected at lower levels.

Maricopa County, Arizona studies

Aickinetal. |Cancer deaths, including leukemia, |Standardized mortality rate ratio from Poisson Location of residency in Maricopa County, Arizona, at

(1992); Aickin|1966-1986, and childhood (<19 yrs [regression modeling. Childhood leukemia the time of death as surrogate for exposure. Some

(2004) old) leukemia incident cases (1965— |incidence data evaluated using Bayes methods and|analyses examined residency in West Central Phoenix
1986), Maricopa County, Arizona. |Poisson regression modeling. and cancer. Exposure information is limited to TCE

concentration in two drinking water wells in 1982.

Pima County, Arizona studies

ADHS (1995, |Cancer incidence in children Standardized incidence RR from Poisson Location of residency in Pima, County, Arizona, at the

1990) (<19 yrs old) and testicular cancer in|regression modeling using method of Aickin et al. {time of diagnosis or death as surrogate for exposure.

1970-1986 and 1987-1991, Pima
County, Arizona.

(Aickin et al., 1992). Analysis compares
incidence in Tucson Airport Area to rate for rest
of Pima County.

Exposure information is limited to monitoring since
1981 and include VOCs in soil gas samples (TCE,
perchloroethylene, 1,1-DCE, 1,1,1-trichloroacetic acid);
PCBs in soil samples, and TCE in municipal water
supply wells.
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Table 4-3. Geographic-based studies assessing cancer and TCE exposure (continued)

Reference ‘ Description Analysis approach Exposure assessment

Other

Coyle et al. Incident breast cancer cases among |Correlation study using rank order statistics of Reporting to EPA Toxic Release Inventory the number

(2005) men and women, 1995-2000, mean average annual breast cancer rate among of pounds released for 12 hazardous air pollutants,
reported to Texas Cancer Registry. |[women and men and atmospheric release of (carbon tetrachloride, formaldehyde, methylene

12 hazardous air pollutants. chloride, styrene, tetrachloroethylene, TCE, arsenic,
cadmium, chromium, cobalt, copper, and nickel).

Morgan and |Incident cancer cases, 1988-1989, |SIR for all cancer sites and 16 site-specific TCE and perchlorate detected in some county wells; no

Cassady among residents of 13 census tracts |cancers; expected numbers using incidence rates |information on location of wells to residents,

(2002) in Redlands area, San Bernardino of site-specific cancer of a four-county region distribution of contaminated water, or TCE exposure
County, California. between 1988 and 1992. potential to individual residents in studied census tracts.

Vartiainen Total cancer and site-specific cancer |SIR with expected number of cancers and site- Monitoring data from 1992 indicated presence of TCE,

etal. (1993) |cases (lymphoma sites and liver) specific cancers derived from incidence of the tetrachloroethylene and 1,1,1,-trichloroethane in
from 1953 to 1991 in two Finnish  |Finnish population. drinking water supplies in largest towns in
municipalities. municipalities. Residence in town used to infer

exposure to TCE.

Cohn et al. Incident leukemia and NHL cases, |Logistic regression modeling adjusted for age. Monitoring data from 1984 to 1985 on TCE,

(1994b); 1979-1987, from 75 municipalities trihalomethanes, and VOCs concentrations in public

Fagliano et al. |and identified from the New Jersey water supplies, and historical monitoring data

(1990) State Cancer Registry. Histological conducted in 1978-1984.
type classified using WHO scheme
and the classification of NIH
Working Formulation Group for
grading NHL.

Mallin (1990) |Incident bladder cancer cases and SIR and SMR by county of residence and zip Exposure data are lacking for the study population with
deaths, 1978-1985, among residents |code; expected numbers of bladder cancers using |the exception of noting one of two zip code areas with
of nine northwestern Illinois age-race-sex specific incidence rates from SEER |observed elevated bladder cancer rates also had
counties. or bladder cancer mortality rates of the U.S. groundwater supplies contaminated with TCE,

population from 1978 to 1985. perchloroethylene, and other solvents.

Isacson et al. |Incident bladder, breast, prostate, Age-adjusted site-specific cancer incidence in Monitoring data of drinking water at treatment plant in

(1985) colon, lung and rectal cancer cases |lowa towns with populations of 1,000-10,000 and |each lowa municipality with populations of 1,000—
reported to lowa cancer registry who were serviced by a public drinking water 10,000 used to infer TCE and other VOC
between 1969 and 1981. supply. concentrations in finished drinking water supplies.

GIS = geographic information system; NIH = National Institutes of Health; PCB = polychlorinated biphenyl; SEER = Surveillance, Epidemiology, and End

Results; WHO =

World Health Organization
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Table 4-4. Standards of epidemiologic study design and analysis use for identifying cancer hazard and TCE
exposure

Category A: STUDY DESIGN

Clear articulation of study objectives or hypothesis. The ideal is a clearly stated hypothesis or study objectives and the study is designed to achieve the
identified objectives.

Selection and characterization in cohort studies of exposure and control groups and of cases and controls (case-control studies) is adequate. The ideal is
for selection of cohort and referents from the same underlying population and differences between these groups to be due to TCE exposure or level of TCE
exposure and not to physiological, health status, or lifestyle factors. Controls or referents are assumed to lack or to have background exposure to TCE. These
factors may lead to a downward bias including one of which is known as “healthy worker bias,” often introduced in analyses when mortality or incidence rates
from a large population such as the U.S. population are used to derive expected numbers of events. The ideal in case-control studies is cases and controls are
derived from the same population and are representative of all cases and controls in that population. Any differences between controls and cases are due to
exposure to TCE itself and not to confounding factors related to both TCE exposure and disease. Additionally, the ideal is for controls to be free of any disease
related to TCE exposure. In this latter case, potential bias is toward the null hypothesis.

Category B: ENDPOINT MEASURED

Levels of health outcome assessed. Three levels of health outcomes are considered in assessing the human health risks associated with exposure to TCE:
biomarkers of effects and susceptibility, morbidity, and mortality. Both morbidity, as enumerated by incidence, and mortality, as identified from death
certificates, are useful indicators in risk assessment for hazard identification. The ideal is for accurate and predictive indicator of disease. Incidence rates are
generally considered to provide an accurate indication of disease in a population and cancer incidence is generally enumerated with a high degree of accuracy in
cancer registries. Death certifications are readily available and have complete national coverage but diagnostic accuracy is reduced and can vary by specific
diagnosis. Furthermore, diagnostic inaccuracies can contribute to death certificates as a poor surrogate for disease incidence. Incidence, when obtained from
population-based cancer registries, is preferred for identifying cancer hazards.

Changes in diagnostic coding systems for lymphoma, particularly NHL. Classification of lymphomas today is based on morphologic, immunophenotypic,
genotypic, and clinical features using the WHO classification, introduced in 2001, and incorporation of WHO terminology into International Classification of
Disease (ICD)-0-3. ICD Versions 7 and earlier had rubrics for general types of lymphatic and hematopoietic cancer, but no categories for distinguishing specific
types of cancers, such as acute leukemia. Epidemiologic studies based on causes of deaths as coded using these older ICD classifications typically grouped
together lymphatic neoplasms instead of examining individual types of cancer or specific cell types. Before the use of immunophenotyping, these grouping of
ambiguous diseases such as NHL and Hodgkin lymphoma may be have misclassified. With the introduction of ICD-10 in 1990, lymphatic tumors coding,
starting in 1994 with the introduction of the Revised European-American Lymphoma classification, the basis of the current WHO classification, was more
similar to that presently used. Misclassification of specific types of cancer, if unrelated to exposure, would have attenuated estimate of RR and reduced
statistical power to detect associations. When the outcome was mortality, rather than incidence, misclassification would be greater because of the errors in the
coding of underlying causes of death on death certificates (IOM, 2003). Older studies that combined all lymphatic and hematopoietic neoplasms must be
interpreted with care.
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Table 4-4. Standards of epidemiologic study design and analysis use for identifying cancer hazard and TCE
exposure (continued)

Category C: TCE-EXPOSURE CRITERIA

Adequate characterization of exposure. The ideal is for TCE exposure potential known for each subject and quantitative assessment (job-exposure-matrix
approach) of TCE exposure assessment for each subject as a function of job title, year exposed, duration, and intensity. The assessment approach is accurate for
assigning TCE intensity (TCE concentration or a TWA) to individual study subjects and estimates of TCE intensity are validated using monitoring data from the
time period. For the purpose of this report, the objective for cohort and case-controls studies is to differentiate TCE-exposed subjects from subjects with little or
no TCE exposure. A variety of dose-metrics may be used to quantify or classify exposures for an epidemiologic study. They include precise summaries of
quantitative exposure, concentrations of biomarkers, cumulative exposure, and simple qualitative assessments of whether exposure occurred (yes or no). Each
method has implicit assumptions and potential problems that may lead to misclassification. Studies in which it was unclear that the study population was
actually exposed to TCE are excluded from analysis.

Category D: FOLLOW-UP (COHORT)

Loss to follow-up. The ideal is complete follow-up of all subjects; however, this is not achievable in practice, but it seems reasonable to expect loss to follow-up
not to exceed 10%. The bias from loss to follow-up is indeterminate. Random loss may have less effect than if subjects who are not followed have some
significant characteristics in common.

Follow-up period allows full latency period for over 50% of the cohort. The ideal to follow all study subjects until death. Short of the ideal, a sufficient follow-
up period to allow for cancer induction period or latency over 15 or 20 yrs is desired for a large percentage of cohort subjects.

Category E: INTERVIEW TYPE (CASE-CONTROL)

Interview approach. The ideal interviewing technique is face-to-face by trained interviewers with >90% of interviews with cases and control subjects
conduced face-to-face. The effect on the quality of information from other types of data collection is unclear, but telephone interviews and mail-in
questionnaires probably increase the rate of misclassification of subject information. The bias is toward the null hypothesis if the proportion of interview by
type is the same for case and control, and of indeterminate direction otherwise.

Blinded interviewer. The ideal is for the interviewer to be unaware whether the subject is among the cases or controls and the subject to be unaware of the
purpose and intended use of the information collected. Although desirable for case-control studies, blinding is usually not possible to fully accomplish because
subject responses during the interview provide clues as to subject status. The potential for bias from face-to-face interviews is probably less than with mail-in
interviews. Some studies have assigned exposure status in a blinded manner using a JEM and information collected in the unblinded interview. The potential
for bias in this situation is probably less with this approach than for nonblinded assignment of exposure status.
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Table 4-4. Standards of epidemiologic study design and analysis use for identifying cancer hazard and TCE
exposure (continued)

Category F: PROXY RESPONDENTS

Proxy respondents. The ideal is for data to be supplied by the subject because the subject generally would be expected to be the most reliable source; <10% of
either total cases or total controls for case-control studies. A subject may be either deceased or too ill to participate, however, making the use of proxy responses
unavoidable if those subjects are to be included in the study. The direction and magnitude of bias from use of proxies is unclear, and may be inconsistent across
studies.

Category G: SAMPLE SIZE

The ideal is for the sample size is large enough to provide sufficient statistical power to ensure that any elevation of effect in the exposure group, if present,
would be found, and to ensure that the confidence bounds placed on RR estimates can be well characterized.

Category H: ANALYSIS ISSUES

Control for potentially confounding factors of importance in analysis. The ideal in cohort studies is to derive expected numbers of cases based on age-sex-
and time-specific cancer rates in the referent population and in case-control studies by matching on age and sex in the design and then adjusting for age in the
analysis of data. Age and sex are likely correlated with exposure and are also risk factors for cancer development. Similarly, other factors such as cigarette
smoking and alcohol consumption are risk factors for several site-specific cancers reported as associative with TCE exposure. To be a confounder of TCE,
exposure to the other factor must be correlated, and the association of the factor with the site-specific cancer must be causal. The expected effect from
controlling for confounders is to move the estimated RR estimate closer to the true value.

Statistical methods are appropriate. The ideal is that conclusions are drawn from the application of statistical methods that are appropriate to the problem and
accurately interpreted.

Evaluation of exposure-response. The ideal is an examination of a linear exposure-response as assessed with a quantitative exposure metric such as
cumulative exposure. Some studies, absent quantitative exposure metrics, examine exposure response relationships using a semiquantitative exposure metric or
by duration of exposure. A positive dose-response relationship is usually more convincing of an association as causal than a simple excess of disease using TCE
dose-metric. However, a number of reasons have been identified for a lack of linear exposure-response finding and the failure to find such a relationship mean
little from an etiological viewpoint.

Documentation of results. The ideal is for analysis observations to be completely and clearly documented and discussed in the published paper, or provided in
supplementary materials accompanying publication.
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Twenty-four of the studies identified in a systematic review were selected for inclusion in
the meta-analysis through use of the following meta-analysis inclusion criteria: (1) cohort
0r0020case-control designs; (2) evaluation of incidence or mortality; (3) adequate selection in
cohort studies of exposure and control groups and of cases and controls in case-control studies;
(4) TCE exposure potential inferred to each subject and quantitative assessment of TCE exposure
assessment for each subject by reference to industrial hygiene records indicating a high
probability of TCE use, individual biomarkers, job-exposure matrices (JEMs), water distribution
models, or obtained from subjects using questionnaire (case-control studies); and (5) relative risk
(RR) estimates for kidney cancer, liver cancer, or non-Hodgkin lymphoma (NHL) adjusted, at
minimum, for possible confounding of age, sex, and race (see Table 4-5). This evaluation is
summarized below, separately for cohort and case-control studies. Appendix C contains a full
discussion of the meta-analysis, its analytical methodology, including sensitivity analyses, and
findings. The meta-analysis focuses on Kidney cancer, liver cancer, and NHL, as most studies
reported RRs for these sites. Fewer numbers of studies reported RRs for other site-specific
cancers and TCE exposure and examination of these site-specific cancers and TCE exposure
using meta-analysis was not attempted.

Table 4-5. Summary of criteria for meta-analysis study selection

Decision

outcome Studies

Studies recommended for meta-analysis:

Axelson et al. (1994); Greenland et al. (1994);
Hardell et al. (1994); Siemiatycki (1991);
Anttila et al. (1995); Morgan et al. (1998);

Primary reason(s)

Analytical study designs of cohort or case-control;
evaluation of incidence or mortality; adequate selection
in cohort studies of exposure and control groups and of

Nordstrom et al. (1998); Boice et al. (1999);
Boice et al. (2006b); Dosemeci et al. (1999);
Persson and Fredriksson (1999); Pesch et al.
(2000b); Hansen et al. (2001); Brining et al.
(2003); Raaschou-Nielsen et al. (2003); Zhao
et al. (2005); Miligi et al. (2006); Charbotel
et al. (2006); Blair et al. (1998); its follow-up
Radican et al. (2008); Wang et al. (2009);
Cocco et al. (2010); Moore et al. (2010);
Purdue et al. (2011)

cases and controls in case-control studies; TCE
exposure potential inferred to each subject and
quantitative assessment of TCE exposure assessment
for each subject by reference to industrial hygiene
records indicating a high probability of TCE use,
individual biomarkers, JEMs, water distribution
models, or obtained from subjects using questionnaire
(case-control studies); RR estimates for kidney cancer,
liver cancer, or NHL adjusted, at minimum, for
possible confounding of relevant risk factors (e.g., age,
sex, and race).
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Table 4-5. Summary of criteria for meta-analysis study selection (continued)

Decision
outcome Studies Primary reason(s)

Studies not recommended for meta-analysis:

Clapp and Hoffman (2008); ATSDR (2004a; |Weakness with respect to analytical study design (i.e.,
Cohn et al., 1994b) geographic-based, ecological or PMR design).

Garabrant et al. (1988); Isacson et al.(1985); | TCE exposure potential not assigned to individual
Shindell and Ulrich (1985); Wilcosky et al. subjects using JEM, individual biomarkers, water

(1984); Shannon et al. (1988); Blair et al. distribution models, or industrial hygiene data from
(1989); Costa et al. (1989); (ADHS, 1995, other process indicating a high probability of TCE use
1990); Mallin (1990); Aickin et al. (1992); (cohort studies).

Sinks et al. (1992); Vartiainen et al. (1993);
Morgan and Cassady (2002); Lee et al. (2003);
Aickin (2004); Chang et al. (2005; Chang et al.,
2003); Coyle et al. (2005); ATSDR (2006a);
ATSDR (2008b); Sung et al. (2008; 2007)

Lowengart et al. (1987); Fredriksson et al. Cancer incidence or mortality reported for cancers
(1989); McKinney et al. (1991); Heineman other than kidney, liver, or NHL.

et al. (1994); Siemiatycki et al. (1994);
Aronson et al. (1996); Fritschi and Siemiatycki
(1996b); Dumas et al. (2000); Kernan et al.
(1999); Shu et al. (2004; 1999); Parent et al.
(2000b); Pesch et al. (2000a); DeRoos et al.
(2001); Goldberg et al. (2001); Costas et al.
(2002); Krishnadasan et al. (2007) Costantini
et al. (2008); Gold et al. (2011)

Ritz (1999a) Subjects monitored for radiation exposure with
likelihood for potential confounding; cancer mortality
and TCE exposure not reported for kidney cancer and
all hemato- and lymphopoietic cancer reported as
broad category.

Henschler et al. (1995) Incomplete identification of cohort and index kidney
cancer cases included in case series.

The cohort studies (Clapp and Hoffman, 2008; Radican et al., 2008; Sung et al., 2008;
Krishnadasan et al., 2007; Sung et al., 2007; Boice et al., 2006b; Chang et al., 2005; Zhao et al.,
2005; ATSDR, 2004a; Chang et al., 2003; Raaschou-Nielsen et al., 2003; Hansen et al., 2001;
Boice et al., 1999; Ritz, 1999a; Blair et al., 1998; Morgan et al., 1998; Anttila et al., 1995;
Henschler et al., 1995; Axelson et al., 1994; Greenland et al., 1994; Sinks et al., 1992; Blair et
al., 1989; Costa et al., 1989; Garabrant et al., 1988; Shannon et al., 1988; Shindell and Ulrich,
1985; Wilcosky et al., 1984) (see Table 4-1), with data on the incidence or morality of site-
specific cancer in relation to TCE exposure, range in size 803 (Hansen et al., 2001) to 86,868
(Chang et al., 2005; Chang et al., 2003), and were conducted in Denmark, Sweden, Finland,
Germany, Taiwan, and the United States (see Table 4-1). Three case-control studies nested
within cohorts (Krishnadasan et al., 2007; Greenland et al., 1994; Wilcosky et al., 1984) are
considered as cohort studies because the summary risk estimate from a nested case-control study,
the odds ratio (OR), was estimated from incidence density sampling. This is considered an
unbiased estimate of the hazard ratio, similar to a RR estimate from a cohort study, if, as is the
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case for these studies, controls are selected from the same source population as the cases, the
sampling rate is independent of exposure status, and the selection probability is proportional to
time-at-risk (10M, 2003). Cohort and nested case-control study designs are analytical
epidemiologic studies and are generally relied on for identifying a causal association between
human exposure and adverse health effects (U.S. EPA, 2005b).

While all of these cohort studies are considered in the overall weight of evidence, 11 of
them met all meta-analysis inclusion criteria: the cohorts of Blair et al. (1998) and its follow-up
by Radican et al. (2008); Morgan et al. (1998), Boice et al. (Boice et al., 2006b; 1999), and Zhao
et al.(2005), of aerospace workers or aircraft mechanics; and Axelson et al. (1994), Anttila et al.
(1995), Hansen et al. (2001), and Raaschou-Nielsen et al. (2003) of Nordic workers in multiple
industries with TCE exposure; and Greenland et al. (1994) of electrical manufacturing workers.
Subjects or cases and controls in these studies are considered to sufficiently represent the

underlying population, and the bias associated with selection of referent populations is
considered minimal. The exposure-assessment approaches included detailed JEM,
biomonitoring data, or use of industrial hygiene data on TCE exposure patterns and factors that
affect such exposure, with high probability of TCE exposure potential to individual subjects.
The statistical analyses methods were appropriate and well documented, the measured endpoint
was an accurate indicator of disease, and the follow-up was sufficient for cancer latency. These
studies are also considered as strong studies for identifying kidney, liver, and NHL cancer
hazard. The remaining cohort studies less satisfactorily meet identified criteria or standards of
epidemiologic design and analysis, having deficiencies in multiple criteria (Clapp and Hoffman,
2008; Sung et al., 2008; Sung et al., 2007; Chang et al., 2005; ATSDR, 2004a; Chang et al.,
2003; Ritz, 1999a; Henschler et al., 1995; Sinks et al., 1992; Costa et al., 1989; Garabrant et al.,
1988; Shindell and Ulrich, 1985; Wilcosky et al., 1984). Krishnandansen et al. (2007), who
reported on prostate cancer, met four of the five meta-analysis inclusion criteria except that for
reporting an RR estimate cancer of the kidney, liver, or NHL, the site-specific cancers examined
using meta-analysis.

The case-control studies on TCE exposure are of several site-specific cancers, including
bladder (Pesch et al., 2000a; Siemiatycki et al., 1994; Siemiatycki, 1991); brain (De Roos et al.,
2001; Heineman et al., 1994); childhood lymphoma or leukemia (Shu et al., 2004; Costas et al.,
2002; Shu et al., 1999; McKinney et al., 1991; Lowengart et al., 1987); colon cancer (Goldberg
et al., 2001; Siemiatycki, 1991); esophageal cancer (Parent et al., 2000b; Siemiatycki, 1991);
liver cancer (Lee et al., 2003); lung cancer (Siemiatycki, 1991); adult lymphoma or leukemia
(Hardell et al., 1994) [NHL, Hodgkin lymphoma]; (Fritschi and Siemiatycki, 1996a; Siemiatycki,
1991) [NHL]; (Nordstrém et al., 1998) [hairy cell leukemia]; (Persson and Fredrikson, 1999)
[NHL]; (Miligi et al., 2006) [NHL and chronic lymphocytic leukemia (CLL)]; (Seidler et al.
2007) [NHL, Hodgkin lymphoma and subjects included in (Cocco et al., 2010; Costantini et al.,
2008) [leukemia types, CLL included with NHL] (Wang et al., 2009; Miligi et al., 2006) [NHL];

4-26


http://hero.epa.gov/index.cfm?action=search.view&reference_id=725031
http://hero.epa.gov/index.cfm?action=search.view&reference_id=86237
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194129
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699234
http://hero.epa.gov/index.cfm?action=search.view&reference_id=646937
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729549
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183
http://hero.epa.gov/index.cfm?action=search.view&reference_id=708570
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701067
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630313
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=202292
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729643
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729643
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699226
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699225
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699209
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730403
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699203
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699203
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707585
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707944
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701601
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702055
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702055
http://hero.epa.gov/index.cfm?action=search.view&reference_id=61126
http://hero.epa.gov/index.cfm?action=search.view&reference_id=62403
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730049
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632567
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730128
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699193
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699193
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194131
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730127
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630453
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630453
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630976
http://hero.epa.gov/index.cfm?action=search.view&reference_id=93124
http://hero.epa.gov/index.cfm?action=search.view&reference_id=24472
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702146
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702146
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630870
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699202
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702305
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729425
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729570
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729578
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630788
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194429
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194429
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729998
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699230
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699230
http://hero.epa.gov/index.cfm?action=search.view&reference_id=626703
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630788

(Cocco et al., 2010) [B-cell including CLL and multiple myeloma, T-cell, and Hodgkin
lymphomas]; (Purdue et al., 2011) [NHL]; Gold et al. (2011) [multiple myeloma]); melanoma
(Eritschi and Siemiatycki, 1996b; Siemiatycki, 1991); rectal cancer (Dumas et al., 2000;
Siemiatycki, 1991); renal cell carcinoma (RCC), a form of kidney cancer (Moore et al., 2010;
Charbotel et al., 2006; Briining et al., 2003; Parent et al., 2000a; Pesch et al., 2000b; Dosemeci et
al., 1999; Vamvakas et al., 1998; Siemiatycki, 1991); pancreatic cancer (Siemiatycki, 1991); and
prostate cancer (Aronson et al., 1996; Siemiatycki, 1991) (see Table 4-2). No case-control
studies of reproductive cancers (breast or cervix) and TCE exposure were found in the peer-
reviewed literature.

While all of these case-control studies are considered in the overall weight of evidence,
13 of them met the meta-analysis inclusion criteria identified in Section B.2.9 (Purdue et al.
2011; Cocco et al., 2010; Moore et al., 2010; Wang et al., 2009; Charbotel et al., 2006; Miligi et
al., 2006; Briining et al., 2003; Pesch et al., 2000b; Dosemeci et al., 1999; Persson and
Fredrikson, 1999; Nordstrom et al., 1998; Hardell et al., 1994; Siemiatycki, 1991). They were of
analytical study design, cases and controls were considered to represent underlying populations
and selected with minimal potential for bias; exposure assessment approaches included
assignment of TCE exposure potential to individual subjects using information obtained from
face-to-face, mailed, or telephone interviews; analyses methods were appropriate, well-
documented, included adjustment for potential confounding exposures, with RR estimates and
associated Cls reported for kidney cancer, liver cancer or NHL.

These studies were also considered, to varying degrees, as strong studies for weight-of
evidence characterization of hazard. Both Brining et al. (2003) and Charbotel et al. (2006) had a
priori hypotheses for examining RCC and TCE exposure. Strengths of both studies are in their
examination of populations with potential for high exposure intensity and in areas with high
frequency of TCE usage and their assessment of TCE potential. An important feature of the
exposure assessment approach of Charbotel et al. (2006) is their use of a large number of studies
on biological monitoring of workers in the screw-cutting industry, a predominant industry with
documented TCE exposures, as support. Charbotel et al. (2006) is preferred to Charbotel et al.
(2009), who examined kidney cancer risk and TCE exposure at the existing French occupational
exposure limit for cases and controls from their earlier publication (Charbotel et al., 2009); the
earlier publication contained more extensive analyses and included exposure-response analyses
using several exposure metrics and multiple exposure categories. Other studies were either large
multiple-center studies (Purdue et al., 2011; Cocco et al., 2010; Moore et al., 2010; Wang et al.,
2009; Miligi et al., 2006; Pesch et al., 2000b) or reporting from one location of a larger
international study (Seidler et al., 2007; Dosemeci et al., 1999). Cocco et al. (2010) includes
subjects in Seidler et al. (2007) and is preferred because of the larger number of subjects from
four other European countries. In contrast to Brining et al. (2003) and Charbotel et al. (2006),
two studies conducted in geographical areas with widespread TCE usage and potential for
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exposure to higher intensity; in these other studies, a lower exposure prevalence to TCE is found
[any TCE exposure: 15% of cases (Dosemeci et al., 1999); 6% of cases (Miligi et al., 2006); 13%
of cases (Wang et al., 2009); 4% of cases (Cocco et al., 2010)], and most subjects were identified
as exposed to TCE probably had minimal contact (3% of cases with moderate/high TCE
exposure (Miligi et al., 2006); 2% of cases with high intensity, but of low probability of TCE
exposure (Wang et al., 2009). This pattern of lower exposure prevalence and intensity is
common to community-based, population case-control studies (Teschke et al., 2002).

Fourteen case-control studies did not meet specific meta-analysis inclusion criterion
(Gold et al., 2011; Shu et al., 2004; Lee et al., 2003; Costas et al., 2002; Goldberg et al., 2001;
Dumas et al., 2000; Parent et al., 2000b; Pesch et al., 2000a; Kernan et al., 1999; Shu et al.,
1999; Vamvakas et al., 1998; Aronson et al., 1996; Fritschi and Siemiatycki, 1996b; Siemiatycki
et al., 1994). Twelve studies reported RR estimates for site-specific cancers other than kidney,
liver, and NHL (Gold et al., 2011; Shu et al., 2004; Costas et al., 2002; Goldberg et al., 2001;
Dumas et al., 2000; Parent et al., 2000b; Pesch et al., 2000a; Kernan et al., 1999; Shu et al.,
1999; Aronson et al., 1996; Fritschi and Siemiatycki, 1996b; Siemiatycki et al., 1994).
Vamvakas et al. (1998) has been the subject of considerable controversy (Cherrie et al., 2001;
Mandel, 2001; Green and Lash, 1999; McLaughlin and Blot, 1997; Bloemen and Tomenson,
1995; Swaen, 1995) with questions raised on the potential for selection bias related to the study’s
controls. This study was deficient in the criterion for adequacy of case and control selection.
Brining et al. (2003), a study from the same region as Vamvakas et al. (1998), is considered a
stronger study for identifying cancer hazard since it addresses many of the deficiencies of
Vamvakas et al. (1998) Lee et al. (2003), in their study of hepatocellular cancer, assigns one
level of exposure to all subjects in a geographic area, an inherent measurement error and
misclassification bias because not all subjects are exposed uniformly. Additionally, statistical

analyses in this study did not control for hepatitis viral infection, a known risk factor for
hepatocellular cancer and of high prevalence in the study area.

The geographic-based studies (ATSDR, 2008b, 2006a; Aickin, 2004; Morgan and
Cassady, 2002; ADHS, 1995; Cohn et al., 1994b; Vartiainen et al., 1993; Aickin et al., 1992;
ADHS, 1990; Mallin, 1990; Isacson et al., 1985) with data on cancer incidence are correlation
studies to examine cancer outcomes of residents in communities with TCE and other chemicals
detected in groundwater wells or in municipal drinking water supplies (see Table 4-3). These
studies did not meet all five meta-analysis inclusion criteria. The geographic-base studies are not

of analytical designs such as cohort and case-control designs. Another deficiency in all studies is
their low level of detail to individual subjects for TCE. One level of exposure to all subjects in a
geographic area is assigned without consideration of water distribution networks, which may
influence TCE concentrations delivered to a home, or a subject’s ingestion rate to estimate TCE
exposure to individual study subjects. Some inherent measurement error and misclassification
bias is likely in these studies because not all subjects are exposed uniformly. Additionally, in
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contrast to case-control studies, the geographic-based studies, including the Agency for Toxic
Substances and Disease Registry (ATSDR, 2008b), had limited accounting for other potential
risk factors. These studies are of low sensitivity for weight-of evidence characterization of
hazard compared to other cohort and case-control studies.

4.2. GENETIC TOXICITY

This section discusses the genotoxic potential of TCE and its metabolites. A summary is
provided at the end of each section for TCE or its metabolite for their mutagenic potential in
addition to an overall synthesis summary at the end of the genotoxicity section. The liver and
kidney are subjects of study for the genotoxic potential of TCE and its metabolites, and are
discussed more in-depth in Sections 4.4.3, 4.4.7,4.5.6.2.7, 4.5.7, E.2.3, and E.2.4.

The application of genotoxicity data to predict potential carcinogenicity is based on the
principle that genetic alterations are found in all cancers. Genotoxicity is the ability of chemicals
to alter the genetic material in a manner that permits changes to be transmitted during cell
division. Although most tests for mutagenicity detect changes in DNA or chromosomes, some
specific modifications of the epigenome including proteins associated with DNA or RNA, can
also cause transmissible changes. Changes that occur due to the modifications in the epigenome
are discussed in endpoint-specific Sections 4.3-4.9 as well as Sections E.3.1-E.3.4.

Genetic alterations can occur through a variety of mechanisms including gene mutations,
insertions, deletions, translocations, or amplification; evidence of mutagenesis provides
mechanistic support for the inference of potential for carcinogenicity in humans.

Evaluation of genotoxicity data entails a weight-of-evidence approach that includes
consideration of the various types of genetic damage that can occur. In acknowledging that
genotoxicity tests are by design complementary evaluations of different mechanisms of
genotoxicity, a recent International Programme on Chemical Safety (IPCS) publication
(Eastmond et al., 2009) notes that “multiple negative results may not be sufficient to remove

concern for mutagenicity raised by a clear positive result in a single mutagenicity assay.” These
considerations inform the present approach. In addition, consistent with U.S. EPA’s Guidelines
on Carcinogenic Risk Assessment and Supplemental Guidance for Assessing Susceptibility from
Early-Life Exposure to Carcinogens (U.S. EPA, 2005c, b), the approach does not address
relative potency (e.g., among TCE metabolites, or of such metabolites with other known
genotoxic carcinogens) per se, nor does it consider quantitative issues related to the probable
production of these metabolites in vivo. Instead, the analysis of genetic toxicity data presented
here focuses on the identification of a genotoxic hazard of these metabolites; a quantitative
analysis of TCE metabolism to reactive intermediates, via PBPK modeling, is presented in
Section 3.5.

TCE and its known metabolites, TCA, DCA, CH, TCOH, DCVC, and DCVG, have been
studied to varying degrees for their genotoxic potential. The following section summarizes
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available data on genotoxicity for both TCE and its metabolites for each potential genotoxic
endpoints, when available, in different organisms.

4.2.1. TCE
4.2.1.1. DNA Binding Studies

Covalent binding of TCE to DNA and protein in cell-free systems has been studied by
several investigators. Incubation of [**C]-TCE with salmon sperm DNA in the presence of
microsomal preparations from B6C3F; mice resulted in dose-related covalent binding of TCE to
DNA. The binding was enhanced when the microsomes were taken from mice pretreated with
phenobarbital, which induces CYP enzymes, suggesting that the binding may be related to an
oxidative metabolite, or when 1,2-epoxy-3,3,3-trichloropropane, an inhibitor of epoxide
hydrolase, was added to the incubations (Banerjee and Van Duuren, 1978). In addition, covalent
binding of [**C]-TCE with microsomal proteins was detected after incubation with microsomal
preparations from mouse lung, liver, stomach, and kidney, and rat liver (Banerjee and Van
Duuren, 1978). Furthermore, incubation of [**C]-TCE with calf thymus DNA in the presence of
hepatic microsomes from phenobarbital-pretreated rats yielded significant covalent binding
(DiRenzo et al., 1982).

A number of studies have also examined the role of TCE metabolism in covalent binding
to DNA and proteins. Miller and Guengerich (1983) used liver microsomes from control, b-
naphthoflavone- and phenobarbital-induced B6C3F; mice, Osborne-Mendel rats, and human
liver microsomes. Significant covalent binding of TCE metabolites to calf thymus DNA and
proteins was observed in all experiments. Phenobarbital treatment increased the formation of
chloral and TCE oxide formation, DNA, and protein adducts. In contrast, b-naphthoflavone
treatment did not induce the formation of any microsomal metabolite, suggesting that the forms
of CYP induced by phenobarbital are primarily involved in TCE metabolism while the
b-naphthoflavone-inducible forms of CYP have only a minor role in TCE metabolism. TCE
metabolism (based on TCE-epoxide and DNA-adduct formation) was 2.5-3-fold higher in mouse
than in rat microsomes due to differences in rates and clearance of metabolism (discussed in
Section 3.3.3.1). The levels of DNA and protein adducts formed in human liver microsomal
system approximated those observed in liver microsomes prepared from untreated rats. It was
also shown that whole hepatocytes of both untreated mice and phenobarbital-induced rats and
mice could activate TCE into metabolites able to covalently bind extracellular DNA. A study by
Cai and Guengerich (2001a) postulates that TCE oxide (an intermediate in the oxidative
metabolism of TCE in rat and mouse liver microsomes) is responsible for the covalent binding of
TCE with protein, and to a lesser extent, DNA. Mass spectrometry was used to analyze the
reaction of TCE oxide (synthesized by m-chloroperbenzoic acid treatment of TCE) with
nucleosides, oligonucleotides, and protein to understand the transient nature of the inhibition of
enzymes in the context of adduct formation. Protein amino acid adducts were observed during
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the reaction of TCE oxide with the model peptides. The majority of these adducts were unstable
under physiological conditions. Results using other peptides also indicate that adducts formed
from the reaction of TCE oxide with macromolecules and their biological effects are likely to be
relatively short-lived.

Studies have been conducted using in vitro and in vivo systems to understand the DNA
and protein binding capacity of TCE. In a study in male mice, after repeated i.p. injections of
[**C]-TCE, radioactivity was detected in the DNA and RNA of all organs studied (kidney, liver,
lung, spleen, pancreas, brain, and testis) (Bergman, 1983). However, in vivo labeling was shown
to be due to metabolic incorporation of C1 fragments, particularly in guanine and adenine, rather
than to DNA-adduct formation. In another study (Stott et al., 1982), following i.p. injection of
[**C]-TCE in male Sprague-Dawley rats (10-100 mg/kg) and B6C3F; mice (10-250 mg/kg),
high liver protein labeling was observed while very low DNA labeling was detected. Stott et al.
(1982) also observed very low levels of DNA binding (0.62 + 0.43 alkylation/10° nucleotides) in
mice administered 1,200 mg/kg of TCE. In addition, a dose-dependent binding of TCE to
hepatic DNA and protein at low doses in mice was demonstrated by Kautiainen et al. (1997). In
their dose-response study (doses between 2 pg/kg and 200 mg/kg body weight), the highest level
of protein binding (2.4 ng/g protein) was observed 1 hour after the treatment followed by a rapid
decline, indicating pronounced instability of the adducts and/or rapid turnover of liver proteins.
Highest binding of DNA (120 pg/g DNA) was found between 24 and 72 hours following
treatment. Dose-response curves were linear for both protein and DNA binding. In this study,
the data suggest that TCE does bind to DNA and proteins in a dose-dependent fashion; however,
the type and structure of adducts were not determined.

Mazzullo et al. (1992) reported that TCE was covalently bound in vivo to DNA, RNA,
and proteins of rat and mouse organs 22 hours after i.p. injection. Labeling of proteins from
various organs of both species was higher than that of DNA. Bioactivation of TCE to its
intermediates using various microsomal fractions was dependent on CYP enzyme induction and
the capacity of these intermediates to bind to DNA. It appeared that mouse lung microsomes
were more efficient in forming the intermediates than rat lung microsomes, although no other
species specific differences were found (Mazzullo et al., 1992). This also supports the results
described by Miller and Guengerich (1983). The authors suggest some binding ability of TCE to
interact covalently with DNA (Mazzullo et al., 1992).

In summary, studies report that TCE exposure in vivo can lead to binding to nucleic acids
and proteins, and some authors have suggested that such binding is likely due to conversion to
one or more reactive metabolites.

4.2.1.2. Bacterial Systems—Gene Mutations
Gene mutation studies (Ames assay) in various Salmonella typhimurium strains of
bacteria exposed to TCE both in the presence and absence of stabilizing agent have been
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conducted by different laboratories (McGregor et al., 1989; Mortelmans et al., 1986; Shimada et
al., 1985; Crebelli et al., 1982; Baden et al., 1979; Waskell, 1978; Henschler et al., 1977;
Simmon et al., 1977) (see Table 4-6). It should be noted that these studies have tested TCE
samples of different purities using various experimental protocols. In all in vitro assays,

volatilization is a concern when TCE is directly administered.

Waskell (1978) studied the mutagenicity of several anesthetics and their metabolites.
Included in their study was TCE (and its metabolites) using the Ames assay. The study was
conducted both in the presence and absence of a metabolic activation system, S9, and caution
was exercised to perform the experiment under proper conditions (incubation of reaction mixture
in sealed dessicator vials). This study was performed in both TA98 and TA100 S. typhimurium
strains at a dose range of 0.5-10% between 4 and 48 hours. No change in revertant colonies was
observed in any of the doses or time courses tested. No information either on the presence or
absence of stabilizers in TCE obtained commercially nor its effect on cytotoxicity was provided
in the study.

In other studies, highly purified, epoxide-free TCE samples were not mutagenic in
experiments with and without exogenous metabolic activation by S9 in S. typhimurium strain
TA100 using the plate incorporation assay (Henschler et al., 1977). Furthermore, no mutagenic
activity was found in several other strains including TA1535, TA1537, TA97, TA98, and TA100
using the preincubation protocol (Mortelmans et al., 1986). Simmon et al. (1977) observed a less
than twofold but reproducible and dose-related increase in his + revertants in plates inoculated
with S. typhimurium TA100 and exposed to a purified, epoxide-free TCE sample. The authors
observed no mutagenic response in strain TA1535 with S9 mix and in either TA1535 or TA100
without rat or mouse liver S9. Similar results were obtained by Baden et al. (1979), Bartsch
et al. (1979), and Crebelli et al. (1982). In all of these studies, purified, epoxide-free TCE
samples induced slight but reproducible and dose-related increases in his + revertants in
S. typhimurium TAZ100 only in the presence of S9. No mutagenic activity was detected without
exogenous metabolic activation or when liver S9 from naive rats, mice, and hamsters (Crebelli et
al., 1982) was used for activation. Therefore, a number of these studies showed positive results
in TA100 with metabolic activation, but not in other strains or without metabolic activation.

4-32


http://hero.epa.gov/index.cfm?action=search.view&reference_id=706963
http://hero.epa.gov/index.cfm?action=search.view&reference_id=7315
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632848
http://hero.epa.gov/index.cfm?action=search.view&reference_id=632848
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701621
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75270
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58248
http://hero.epa.gov/index.cfm?action=search.view&reference_id=29440
http://hero.epa.gov/index.cfm?action=search.view&reference_id=29451
http://hero.epa.gov/index.cfm?action=search.view&reference_id=58248
http://hero.epa.gov/index.cfm?action=search.view&reference_id=29440
http://hero.epa.gov/index.cfm?action=search.view&reference_id=7315
http://hero.epa.gov/index.cfm?action=search.view&reference_id=29451
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75270
http://hero.epa.gov/index.cfm?action=search.view&reference_id=10689
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701621
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701621
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701621

Table 4-6. TCE genotoxicity: bacterial assays

Test system/endpoint

Doses tested

With activation

Without
activation

Comments

References

S. typhimurium (TA100)

0.1-10 pL (epoxide-free)

Plate incorporation assay

Henschler et al. (1977)

S. typhimurium (TA1535, TA100) |1-2.5% (epoxide-free) + (TA100) Simmon et al. (1977)
—(TA1535)
S. typhimurium (TA98, TA100) |0.5-10% - - The study was conducted in  |Waskell (1978)
sealed dessicator vials
S. typhimurium (TA100, TA1535) |1-3% (epoxide-free) + (TA100) - Baden et al. (1979)
+ (TA1535)
S. typhimurium (TA100) 5-20% (v/v) - - Negative under normal Bartsch et al. (1979)
conditions, but twofold
increase in mutations in a
preincubation assay
0.33-1.33% (epoxide-free) + - Crebelli et al. (1982)
S. typhimurium (TA1535, TA100) |1-5% (higher and lower — (higher purity) - Extensive cytotoxicity Shimada et al. (1985)

purity)

+ (lower purity)

S. typhimurium (TA98, TA100,
TA1535, TA1537, TA97)

10-1,000 pL/plate

Preincubation protocol

Mortelmans et al.
(1986)

S. typhimurium (TA98, TA100,
TA1535)

<10,000 pg/plate
(unstabilized)

Not determined

Vapor assay

McGregor et al. (1989)

<10,000 pg/plate (oxirane- + + Vapor assay McGregor et al. (1989)
stabilized)

S. typhimurium <10,000 pg/plate Not determined + Preincubation assay McGregor et al. (1989)
(epoxybutane stabilized)
<10,000 pg/plate Not determined + Vapor assay McGregor et al. (1989)
(epichlorohydrin stabilized)

S. typhimurium (YG7108) 1.000-3.000 pg/plate Not determined + Microcolony assay/revertants |Emmert et al. (2006)

Escherichia coli (K12)

0.9 mM (analytical grade)

+

Revertants at arg56 but not
nad113 or other loci

Greim et al. (1975)
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Shimada et al. (1985) tested a low-stabilized, highly purified TCE sample in an Ames
reversion test, modified to use vapor exposure, in S. typhimurium TA1535 and TA100. No
mutagenic activity was observed—either in the presence or absence of S9 mix. However, at the
same concentrations (1, 2.5, and 5%), a sample of lower purity, containing undefined stabilizers,
was directly mutagenic in TA100 (>5-fold) and TA1535 (>38-fold) at 5% concentration
regardless of the presence of S9. It should be noted that the doses used in this study resulted in
extensive killing of bacterial population, particularly at 5% concentration; >95% toxicity was
observed.

A series of studies evaluating TCE (with and without stabilizers) were conducted by
McGregor et al. (1989). The authors tested high-purity and oxirane-stabilized TCE samples for
their mutagenic potential in S. typhimurium strains TA1535, TA98, and TA100. Preincubation
protocol was used to test stabilized TCE (up to 10,000 pg/plate). Mutagenic response was not
observed either in the presence or absence of metabolic activation. When TCE was tested in a
vapor delivery system without the oxirane stabilizers, the authors did not observe any mutagenic
activity. However, TA1535 and TA100 produced a mutagenic response both in the presence and
absence of S9 when exposed to TCE containing 0.5-0.6% 1,2-epoxybutane. Furthermore,
exposure to epichlorohydrin also increased the frequency of mutants.

Emmert et al. (2006) used a CYP2E1-competent bacterial strain (S. typhimurium
containing YG7108pin3ERDbs plasmid) in their experiments. TCE was among several other
compounds investigated and was tested at concentrations of 1,000-3,000 pg/plate. TCE induced
toxicity and microcolonies >1,000 pg per plate. A study on Escherichia coli K12 strain was
conducted by Greim et al. (1975) using analytical-grade TCE samples. Revertants were scored
at two loci: argsg, sensitive to base-pair substitution and nad;13, reverted by frameshift mutagens.
In addition, forward mutations to 5-methyltryptophan resistance and galactose fermentation were
selected. Approximately twofold increase in arg + colonies was observed. No change in other
sites was observed. No definitive conclusion can be drawn from this study due to lack of
information on reproducibility and dose-response.

In addition to the above studies, the ability of TCE to induce gene mutations in bacterial
strains has been reviewed and summarized by several authors (Clewell and Andersen, 2004;
Moore and Harrington-Brock, 2000; Douglas et al., 1999; Fahrig et al., 1995; Crebelli and
Carere, 1989). In summary, TCE, in its pure form as a parent compound, is unlikely to induce
point mutations in most bacterial strains. It is possible that some mutations observed in response
to exposure to technical-grade TCE may be contributed by the contaminants/impurities such as
1,2-epoxybutane and epichlorohydrin, which are known bacterial mutagens. However, several
studies of TCE reported low, but positive responses in the TA100 strain in the presence of S9
metabolic activation, even when genotoxic stabilizers were not present.
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4.2.1.3. Fungal and Yeast Systems—Gene Mutations, Conversions, and
Recombination

Gene mutations, conversions, and recombinations have been studied to identify the effect
of TCE in fungi and yeast systems (see Table 4-7).

Crebelli et al. (1985) studied the mutagenicity of TCE in Aspergillus nidulans both for
gene mutations and mitotic segregation. No increase in mutation frequency was observed when
A. nidulans was plated on selective medium and then exposed to TCE vapors. A small but
statistically significant increase in mutations was observed when conidia of cultures were grown
in the presence of TCE vapors and then plated on selective media. Since TCE required actively
growing cells to exerts its genotoxic activity and previous studies (Bignami et al., 1980) have
shown activity in the induction of methG1 suppressors by TCOH and CH, it is possible that
endogenous metabolic conversion of TCE into TCOH or CH may have been responsible for the
positive response.

To understand the CYP mediated genotoxic activity of TCE, Callen et al. (1980)
conducted a study in two yeast strains (D7 and D4) CYP. The D7 strain in it log-phase had a
CYP concentration up to 5 times higher than a similar cell suspension of D4 strain. Two
different concentrations (15 and 22 mM) at two different time points (1 and 4 hours) were
studied. A significant increase in frequencies of mitotic gene conversion and recombination was
observed at 15 mM concentrations at 1-hour exposure period in the D7 strain; however, the
22 mM concentration was highly cytotoxic (only 0.3% of the total number of colonies survived).
No changes were seen in D4 strain, suggesting that metabolic activation via CYP played an
important role in both genotoxicity and cytotoxicity. However, marginal or no genotoxic activity
was observed when incubation of cells and test compounds were continued for 4 hours in either
strain, possibly because of increased cytotoxicity, or a destruction of the metabolic system.

Koch et al. (1988) studied the genotoxic effects of chlorinated ethylenes including TCE
in various yeast Saccharomyces cerevisiae strains. Strain D7 was tested (11.1, 16.6, and
22.2 mM TCE) in stationary-phase cells without S9, stationary-phase cells with S9, and
logarithmic-phase cells using different concentrations. No significant change in mitotic gene
conversion or reverse mutation was observed in either the absence or presence of S9. In
addition, there was a considerable increase in the induction of mitotic aneuploidy in strain
D61.M, though no statistical analysis was performed.
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Table 4-7. TCE genotoxicity: fungal and yeast systems

Without
Test system/endpoint Doses tested With activation | activation Comments References
Gene conversions
Saccharomyces cerevisiae D7 and |15 and 22 mM; 1 and 4 hrs | Not determined | +at 1 hr, D7 |Gene conversion; Callen et al. (1980)
D4 strain; CYP content fivefold greater
—at 4 hrs, both |in D7 strain;
D7 and D4 |high cytotoxicity at 22 mM

S. cerevisiae D7 11.1, 16.6, and 22.2 mM - - Both stationary and log Koch et al. (1988)

phase/production of

phototropic colonies
Schizosaccharomyces pombe 0.2-200 mM (“pure” and - - Forward mutation, different |Rossi et al. (1983)

technical-grade) experiments with different

doses and time
S. cerevisiae D7 + - Bronzetti et al. (1980)
A. nidulans No data + Forward mutation Crebelli et al. (1985)
Recombination
S. cerevisiae + - Gene conversion Bronzetti et al. (1980)
S. cerevisiae D7 and D4 15and 22 mM; 1 and 4 hrs | Not determined Callen et al. (1980)
A. nidulans Not determined Gene cross over Crebelli et al. (1985)
Mitotic aneuploidy
S. cerevisiae D61.M 5.5,11.1, and 16.6 mM + + Loss of dominant color Koch et al. (1988)

homolog
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Rossi et al. (1983) studied the effect of TCE on yeast species Schizosaccharomyces
pombe both using in vitro and host-mediated mutagenicity studies and the effect of two
stabilizers, epichlorohydrin and 1,2-epoxybutane, that are contained in technical-grade TCE.
The main goal of this study was to evaluate the genotoxic activity of TCE samples of different
purity and determine whether the effect was due to the additives present in the TCE or TCE
itself. Forward mutations at five loci (ade 1, 3, 4, 5, 9) of the adenine pathway in the yeast,
strain P1 was evaluated. The stationary-phase cells were exposed to 25 mM concentration of
TCE for 2, 4, and 8 hours in the presence and absence of S9. No change in mutation frequency
was observed either in pure- or technical-grade samples either in the presence or absence of S9 at
any of the time-points tested. Interestingly, this suggests that the stabilizers used in technical-
grade TCE are not genotoxic in yeast. In a follow-up experiment, the same authors studied the
effect of different concentrations (0.22, 2.2, and 22.0 mM) in a host-mediated assay using liver
microsome preparations obtained from untreated mice, from phenobarbital- and naphthoflavone-
pretreated mice and rats, which also suggested that stabilizers were not genotoxic in yeast. This
experiment is described in more detail in Section 4.2.1.4.1.

Furthermore, TCE was tested for its ability to induce both point mutation and mitotic
gene conversion in diploid strain of yeast S. cerevisiae (strain D7) both with and without a
mammalian microsomal activation system. In a suspension test with D7, TCE was active only
with microsomal activation (Bronzetti et al., 1980).

These studies are consistent with those of bacterial systems in indicating that pure TCE as
a parent compound is not likely to cause mutations, gene conversions, or recombinations in
fungal or yeast systems. In addition, the data suggest that contaminants used as stabilizers in
technical-grade TCE are not genotoxic in these systems, and that the observed genotoxic activity
in these systems is predominantly mediated by TCE metabolites.

4.2.14. Mammalian Systems Including Human Studies
4.2.1.4.1. Gene mutations (bacterial, fungal, or yeast with a mammalian host)

Very few studies have been conducted to identify the effect of TCE, particularly on gene
(point) mutations using mammalian systems (see Table 4-8). An overall summary of different
endpoints using mammalian systems will be provided at the end of this section. In order to
assess the potential mutagenicity of TCE and its possible contaminants, Rossi et al. (1983)
performed genotoxicity tests using two different host-mediated assays with pure- and technical-
grade TCE. Male mice were administered with one dose of 2 g/kg of pure or technical-grade
TCE by gavage. Following the dosing, for the i.p. host-mediated assay, yeast cell suspensions
(2 x 109 cells/mL) were inoculated into the peritoneal cavity of the animals. Following
16 hours, animals were sacrificed and yeast cells were recovered to detect the induction of
forward mutations at five loci (ade 1, 2, 4, 5, 9) of the adenine pathway. A second host-mediated
assay was performed by exposing the animals to 2 g/kg of pure or technical-grade TCE and
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inoculating the cells into the blood system. Yeast cells were recovered from livers following

4 hours of exposure. Forward mutations in the five loci (ade 1,2,4,5,9) were not observed in
host-mediated assay either with pure or technical-grade TCE. Genotoxic activity was not
detected when the mutagenic epoxide stabilizers were tested for mutagenicity independently or
in combination. To confirm the sensitivity of the assay, the authors tested a positive control,
N-nitroso-dimethyl-nitrosamine (1 mg/kg), and found a mutation frequency of >20 times the
spontaneous level. The authors suggested that the negative result could have been due to an
inadequate incubation time of the sample with the yeast cells.

Male and female transgenic lac Z mice were exposed by inhalation to an actual concentrations of
0, 203, 1,153, and 3,141 ppm TCE, 6 hours/day for 12 days (Douglas et al., 1999). Following
14 and 60 days of last exposure, animals were sacrificed and the mutation frequencies were
determined in various organs such as bone marrow, kidney, spleen, liver, lung, and testicular
germ cells. No statistically significant increases in base-changes or small-deletions were
observed at any of the doses tested in male or female lung, liver, bone marrow, spleen, and
kidney, or in male testicular germ cells when the animals were sampled 60 days after exposure.
In addition, statistically significantly increased gene mutations were not observed in the lungs at
14 days after the end of exposure (Douglas et al., 1999). The authors acknowledged that lacZ
bacteriophage transgenic assay does not detect large deletions. The authors also acknowledged
that their hypothesis does not readily explain the increases in small deletions and base-change
mutations found in the von Hippel-Lindau (VHL) tumor suppressor gene in RCCs of the
TCE-exposed population. DCA, a TCE metabolite has been shown to increase lacl mutations in
transgenic mouse liver, however, only after 60-weeks-of-exposure to high concentration
(>1,000 ppm) in drinking water (Leavitt et al., 1997). DCA induced relatively small increase in
lac | mutations when the animals were exposed for 60 weeks, a significantly longer duration than
the TCE exposure in the Douglas et al. (1999) study (<2 weeks). Because a relatively small
fraction of TCE is metabolized to DCA (see Section 3.3), the mutagenic effect of DCA is
unlikely to have been detected in the experiments in Douglas et al. (1999). GSH conjugation,
which leads to the production of genotoxic metabolites (see Section 4.2.5), constitutes a
relatively small (and relatively uncertain) portion of TCE metabolism in mice, with little data on
the extent of renal DCVC bioactivation vs. detoxification in mice (see Sections 3.3 and 3.5). In
addition, statistically significantly increased kidney tumors have not been reported in mice with
TCE treatment, and the increased incidence of kidney tumors in rats, while considered
biologically significant, are quite low and not always statistically significant (see Section 4.4).
Therefore, although Douglas et al. (1999) did not detect increased mutations in the kidney, these
results are not highly informative as to the role of mutagenicity in TCE-induced kidney tumors,
given the uncertainties in the production in genotoxic GSH conjugation metabolites in mice and
the low carcinogenic potency of TCE for kidney tumors in rodents relative to what is detectable
in experimental bioassays.
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Table 4-8. TCE genotoxicity: mammalian systems—gene mutations and chromosome aberrations

With Without
Test system/endpoint Doses tested activation activation Comments References
Gene mutations (forward mutations)
Schizosaccharomyces pombe 2 g/kg, 4 and 16 hrs Not determined - Host-mediated: i.v. and i.p.  |Rossi et al. (1983)
injections of yeast cells
Gene mutations (mutations frequency)
lac Z transgenic mice 0, 203, 1,153, or 3,141 ppm No base No base Lung, liver, bone marrow, Douglas et al. (1999)
changes or changes or spleen, kidney, testicular

small deletions [small deletions |germ cells used

Chromosomal aberrations?

Chinese hamster ovary 745-14,900 pg/mL Not determined - 8-14 hrs Galloway et al. (1987)
499-14,900 pg/mL - Not determined |2 hrs exposure Galloway et al. (1987)

C57BL/6J mice 5, 50, 500, or 5,000 ppm (6 hrs) _ Not applicable |Splenocytes Kligerman et al. (1994)

Sprague-Dawley rats 5, 50, 500, or 5,000 ppm (6 hrs, _ Not applicable |Peripheral blood lymphocytes |Kligerman et al. (1994)

single and 4-d exposure)

8|t should be noted that results of most chromosomal aberration assays report the combined incidence of multiple effects, including chromatid breaks,
isochromatid or chromosome breaks, chromatid exchanges, dicentric chromosomes, ring chromosomes, and other aberrations.
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4.2.1.4.2. VHL gene mutations

Studies have been conducted to determine the role of VHL gene mutations in RCC, with
and without TCE exposure, and are summarized here. Most of these studies are epidemiologic,
comparing VHL mutation frequencies of TCE-exposed to nonexposed cases from RCC case-
control studies, or to background mutation rates among other RCC case series (described in
Section 4.4.3). Inactivation of the VHL gene through mutations, loss of heterozygosity, and
imprinting has been observed in about 70% of renal clear cell carcinomas (Alimov et al., 2000;
Kenck et al., 1996). Recent studies have also examined the role of other genes or pathways in
RCC subtypes, including c-Myc activation and vascular endothelial growth factor (VEGF)
(Toma et al., 2008; Furge et al., 2007).

Several studies have examined the role of VHL gene inactivation in RCC, including a
recent study that measured not only mutations but also promoter hypermethylation (Nickerson et
al., 2008). This study focused on kidney cancer regardless of cause, and found that 91% of cc-
RCC exhibited alterations of the VHL gene, suggesting a role for VHL mutations as an early
event in clear cell-RCC. A recent analysis of current epidemiological studies of renal cell cancer
suggests VHL gene alterations as a marker of clear cell-RCC, but that limitations of previous
studies may make the results difficult to interpret (Chow and Devesa, 2008). Conflicting results
have been reported in epidemiological studies of VHL mutations in TCE-exposed cases and are
described in detail in Section 4.2.7. Both Brlning et al. (1997b) and Brauch et al. (2004; 1999)
associated increased VHL mutation frequency in TCE-exposed RCC cases. The two other
available studies of Schraml et al. (1999) and Charbotel et al. (2007), because of their limitations
and lower mutation detection rate in the case of Charbotel et al. (2007) neither add nor detract to
the conclusions from the earlier studies. Additional discussion of these data is provided in
Section 4.4.3.

Limited animal studies have examined the role of TCE and VHL mutations, although
Mally et al. (2006) have recently conducted both in vitro and in vivo studies using the Eker rat
model (see Section 4.4.6.1.1). The Eker rat model (Tsc-2%) is at increased risk for the
development of spontaneous RCC and as such, has been used to understand the mechanisms of
renal carcinogenesis (Stemmer et al., 2007; Wolf et al., 2000). One study has demonstrated
similar pathway activation in Eker rats as that seen in humans with VHL mutations leading to
RCC, suggesting that Tsc-2 inactivation is analogous to ina