April 27, 2020
Environmental Protection Agency
Docket Center
1200 Pennsylvania Avenue, NW
Washington, DC 20460
Re:

Docket No. EPA-HQ-OPPT-2019-0500

To whom it may concern:
The Halogenated Solvents Industry Alliance, Inc. (HSIA) represents producers and users
of trichloroethylene (TCE). We offer these comments on EPA’s draft Risk Evaluation for TCE,
85 Fed. Reg. 11079 (Feb. 26, 2020), developed under § 6(b) of the Toxic Substances Control Act
(TSCA), as amended in June 2016 by the Frank R. Lautenberg Chemical Safety for the 21st
Century Act (“Lautenberg Act”).

I. Non-Compliance with TSCA § 26(h) and (i)
As EPA recognizes, TSCA § 26(h) and (i) require EPA to use scientific information,
technical procedures, measures, methods, protocols, methodologies, and models consistent with
the best available science and to base its decisions on the weight of the scientific evidence. TSCA
§ 6(b)(4)(F), as revised by the Lautenberg Act, requires that EPA’s risk evaluations must, among
other things:
•

“integrate and assess available information on hazards and exposures for the conditions
of use of the chemical substance, including information that is relevant to specific risks of
injury to health or the environment and information on potentially exposed or susceptible
subpopulations identified as relevant by the Administrator;”

•

“take into account, where relevant, the likely duration, intensity, frequency, and number
of exposures under the conditions of use of the chemical substance;” and

•

“describe the weight of the scientific evidence for the identified hazard and exposure.”

New TSCA § 26(h) requires that, for each risk evaluation (as “a decision based on
science”) that “the Administrator shall use scientific information, technical procedures, measures,
methods, protocols, methodologies, or models, employed in a manner
consistent with the best available science, and shall consider as applicable—
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(1) the extent to which the scientific information, technical procedures, measures,
methods, protocols, methodologies, or models employed to generate the information are
reasonable for and consistent with the intended use of the information;
(2) the extent to which the information is relevant for the Administrator’s use in making a
decision about a chemical substance or mixture;
(3) the degree of clarity and completeness with which the data, assumptions, methods,
quality assurance, and analyses employed to generate the information are documented;
(4) the extent to which the variability and uncertainty in the information, or in the
procedures, measures, methods, protocols, methodologies, or models, are evaluated and
characterized; and
(5) the extent of independent verification or peer review of the information or of the
procedures, measures, methods, protocols, methodologies, or models.”

TSCA § 26(i), as added by the Lautenberg Act, provides simply that “The
Administrator shall make decisions under sections 4, 5, and 6 based on the weight of the
scientific evidence.”
These provisions apply equally to the cancer and the non-cancer assessments in a TSCA
Risk Evaluation. Because of the long and complex history of the development of federal
regulatory policy toward carcinogens, we provide in Appendix 1 a discussion of how EPA’s
current cancer risk methodology fails to comply with these statutory directives, and suggest an
alternative approach.

II. Limitations of TCE Cancer Risk Assessment
A.

Erroneous Characterization of TCE as “Carcinogenic to Humans”

The draft Risk Evaluation supports the 2011 IRIS Assessment1 classification of TCE as
“Carcinogenic to Humans.” It fails to discuss (or even to recognize) that such classification is
inconsistent with a definitive report by the National Academy of Sciences, discussed below.2 We
briefly address below how neither the epidemiological data nor the animal studies on TCE meet
the threshold for classification as “Carcinogenic to Humans.”

1
EPA Integrated Risk Information System (IRIS) Review of Toxicological Information on Trichloroethylene (2011)
(hereafter the “IRIS Assessment”).
2

National Research Council, Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
(2009) (hereinafter “Camp Lejeune report”).
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This discussion applies equally to the characterization of TCE by the International Agency
for Research on Cancer (IARC) as a “known human carcinogen.” IARC itself acknowledges that
“The Monographs assess the strength of evidence that an agent is a cancer hazard” (emphasis
added).3 As noted above, TSCA § 26(i) expressly requires EPA to base its decisions on the
“weight of the scientific evidence,” which requires a review of all the evidence, positive and
negative. IARC reviews neglect negative evidence.
1.

Guidelines for Carcinogen Risk Assessment

EPA’s 2005 Guidelines for Carcinogen Risk Assessment4 provide the following
descriptors as to the weight of evidence for carcinogenicity:
•

Carcinogenic to humans,

•

Likely to be carcinogenic to humans,

•

Suggestive evidence of carcinogenicity,

•

Inadequate information to assess carcinogenic potential, and

•

Not likely to be carcinogenic to humans.5
According to the Guidelines, “carcinogenic to humans” means the following:

“This descriptor indicates strong evidence of human carcinogenicity. It covers different
combinations of evidence.
•

“This descriptor is appropriate when there is convincing epidemiologic evidence of
a causal association between human exposure and cancer.

•

“Exceptionally, this descriptor may be equally appropriate with a lesser weight of
epidemiologic evidence that is strengthened by other lines of evidence. It can be
used when all of the following conditions are met: (a) There is strong evidence of
an association between human exposure and either cancer or the key precursor
events of the agent's mode of action but not enough for a causal association, and
(b) there is extensive evidence of carcinogenicity in animals, and (c) the mode(s)
of carcinogenic action and associated key precursor events have been identified in
animals, and (d) there is strong evidence that the key precursor events that precede

3

IARC Monographs on the Identification of Carcinogenic Hazards to Humans, Preamble;
https://monographs.iarc.fr/wp-content/uploads/2019/07/Preamble-2019.pdf
4
EPA Guidelines for Carcinogen Risk Assessment and Supplemental Guidance for Assessing Susceptibility from
Early-Life Exposure to Carcinogens, 70 Fed. Reg. 17765 (April 7, 2005) (hereafter the “Cancer Guidelines” or the
“Guidelines”).
5

70 Fed. Reg. 17766-817 (April 7, 2005).
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the cancer response in animals are anticipated to occur in humans and progress to
tumors, based on available biological information. In this case, the narrative
includes a summary of both the experimental and epidemiologic information on
mode of action and also an indication of the relative weight that each source of
information carries, e.g., based on human information, based on limited human and
extensive animal experiments.”
According to the Guidelines, the descriptor “likely to be carcinogenic to humans”:
“is appropriate when the weight of the evidence is adequate to demonstrate carcinogenic potential
to humans but does not reach the weight of evidence for the descriptor ‘Carcinogenic to Humans.’
Adequate evidence consistent with this descriptor covers a broad spectrum. Supporting data for
this descriptor may include:
•

“An agent demonstrating a plausible (but not definitively causal) association between
human exposure and cancer;

•

“An agent that has tested positive in animal experiments in more than one species, sex,
strain, site or exposure route, with or without evidence of carcinogenicity in humans;

•

“A positive tumor study that raises additional biological concerns beyond that of a
statistically significant result, for example, a high degree of malignancy or an early age at
onset;

•

“A rare animal tumor response in a single experiment that is assumed to be relevant to
humans; or

•

“A positive tumor study that is strengthened by other lines of evidence.”

According to the Guidelines, the descriptor “suggestive evidence of carcinogenicity”:
“is appropriate when the weight of evidence is suggestive of carcinogenicity; a concern for
potential carcinogenic effects in humans is raised, but the data are judged not sufficient for a
stronger conclusion. This descriptor covers a spectrum of evidence associated with varying levels
of concern for carcinogenicity, ranging from a positive cancer result in the only study on an agent
to a single positive cancer result in an extensive database that includes negative studies in other
species. Depending on the extent of the database, additional studies may or may not provide
further insights. Some examples include:
•

“A small, and possibly not statistically significant, increase in tumor incidence
observed in a single animal or human study that does not reach the weight of
evidence for the descriptor ‘Likely to Be Carcinogenic to Humans;’

•

“A small increase in a tumor with a high background rate in that sex and strain,
when there is some but insufficient evidence that the observed tumors may be due
to intrinsic factors that cause background tumors and not due to the agent being
assessed;
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•

“Evidence of a positive response in a study whose power, design, or conduct limits
the ability to draw a confident conclusion (but does not make the study fatally
flawed), but where the carcinogenic potential is strengthened by other lines of
evidence; or

•

“A statistically significant increase at one dose only, but no significant response at
the other doses and no overall trend.”
2.

Application of the Guidelines to TCE
a.

Epidemiology Studies

In considering the data in the context of applying the “Carcinogenic to Humans”
descriptor, the weight of the epidemiological evidence must first be considered. We judge the
epidemiologic evidence to be neither “convincing” nor “strong,” two key terms in the Guidelines.
This judgment is based on an analysis by Gradient of the new meta-analyses in the draft Risk
Evaluation of TCE and non-Hodgkin lymphoma (NHL), kidney cancer, and liver cancer cancer
risks (see Appendix 2). The meta-analyses do not support TCE as a risk factor for NHL, kidney
cancer, or liver cancer.
For the 2011 TCE IRIS Assessment, EPA conducted meta-analyses on 23 epidemiology
studies of NHL, kidney cancer, and/or liver cancer risks. The new meta-analyses in the draft Risk
Evaluation included the same studies plus any new epidemiology studies on cancer risks from
these three tumor types published since then. The epidemiology studies were screened through
inclusion/exclusion criteria and study quality was assessed in a systematic manner. In addition,
EPA “included sensitivity analyses, as needed, to partition the results based on heterogeneity and
study quality.”
Generally, there are problems with how studies are selected for inclusion in the metaanalyses, raising questions on the objectivity of the study selection process. Both study
inclusion/exclusion criteria and data quality criteria appear to have been used together in the
process of inclusion selection, which seems inappropriate. Data quality criteria should be applied
only to studies that have been selected for inclusion in the analysis. EPA also appears to have
inconsistently applied the data quality criteria.
Another major deficiency of the meta-analyses is that, while EPA provided the results of
its data quality evaluation, there is no discussion on study quality details for individual studies
and how they could have affected the validity of individual effect estimates and the interpretation
of the meta-analysis results. The Gradient report provides examples of two of the most important
methodological limitations among individual studies: potential for exposure measurement error
and confounding. Gradient found that most of the studies, including several rated as having
“High” quality overall, may have had serious limitations (particularly for exposure measurement
error and confounding) that impact the interpretation of the study results and the results of the
meta-analyses that included them. The degree to which these methodological limitations may
have impacted the individual effects estimates and interpretability of meta-RRs needs to be
further investigated by EPA.
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EPA’s initial meta-analyses show that there were no statistically significant associations
between TCE and NHL or liver cancer, but there was an association of TCE-exposed vs.
unexposed and kidney cancer (meta-RR=1.22, 95% CI: 1.07-1.38). A significant indication of
heterogeneity among studies was observed for NHL and kidney cancer, but not liver cancer. EPA
identified Vlaanderen et al. (2013)6 as an influential study and a series of additional evaluations
were then done which led to omission of this study from meta-analyses. A “leave-one-out”
approach was used in the assessment of influential studies to reach this conclusion. However,
Vlaanderen et al. (2013) only carries substantially greater weight in generating the meta-RRs in
fixed effects, but not random-effects models accordingly, EPA needs to explain why only the
fixed-effects model was used when random-effects models are more appropriate for data given
indications of heterogeneity.
Regardless of the model used, EPA’s reason for omitting Vlaanderen et al. (2013) is still
flawed. The draft Risk Evaluation states that “The initial results of meta-analyses for NHL,
kidney cancer and liver cancer showed moderate heterogeneity among studies, due largely to the
influence of the study by Vlaanderen et al. (2013).” While heterogeneity (as indicated by the I2
statistic) was substantially reduced when the Vlaanderen et al. (2013) study was removed from
the meta-analyses, EPA does not account for all sources of heterogeneity in the meta-analyses or
in the individual studies themselves. For instance, the I2 statistic does not fully capture sources of
heterogeneity from ratio measures, exposure measurements and contrasts, mortality vs. incidence
data, and covariate adjustments. Thus, there still could be underlying qualitative heterogeneity in
the remaining studies.
EPA’s objectivity regarding the systematic review of the epidemiology studies is
questionable, using the treatment of the data quality of the Vlaanderen et al. (2013) study as an
example. The goal of using data quality criteria in a systematic review is to ensure that the
overall quality of each study is evaluated objectively and in a consistent manner. Vlaanderen et
al. (2013) was initially rated as a “High” quality study based on the data quality criteria but was
then re-rated as a “Medium” quality study. EPA’s explanation was that:
"Although this was a large, well-conducted study based on complete ascertainment
of cancer cases using national cancer registries and a country-specific JEM, the
sensitivity of the study to detect any associations that may exist was limited, but
improved by restricting the analysis to the high exposure group where prevalence
was likely greater compared to the entire study population, due to exposure
misclassification inherent in the generic JEM and resulting bias toward the null."
As pointed out in the Gradient report, the job exposure matrix (JEM) is indeed subject to
misclassification. This should have been accounted for by the initial rating of Metric 4
(Measurement of Exposure) as “Low” quality for the study. It seems unjustified to use the same
issue twice in the rating. Moreover, it seems unreasonable to re-rate the entire study for specific
issues that should have been accounted for by simply re-rating individual aspects or metrics that
contribute to the overall rating of the study. Mathematically, the overall rating change from
6

Vlaanderen, J, Straif, K, Pukkala, E, Kauppinen, T, Kyyrönen, P, Martinsen, JI, Kjaerheim, K, Tryggvadottir, L,
Hansen, J, Sparén, P, Weiderpass, E, Occupational exposure to trichloroethylene and perchloroethylene and the risk
of lymphoma, liver, and kidney cancer in four Nordic countries, Occup. Environ. Med. 70: 393-401 (2013).
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"High" to "Medium" is equivalent to a rating change specifically for Measurement of Exposure
(Metric 4) from "Low" to worse than "Unacceptable," which would be unadjusted given the
quality of exposure measurement in the study. It also does not appear that the strict assessment of
the potential for exposure misclassification for Vlaanderen et al. (2013) was consistently
conducted for all the studies under review.
With the removal of Vlaanderen et al. (2013) and the meta-analysis stratified by study
quality, EPA concluded that “meta-analyses accounting for between-study heterogeneity
influential observations, and data quality consistently indicate positive associations of NHL,
kidney cancer and liver cancer with exposure to TCE.” However, for the reasons given above, the
omission of Vlaanderen et al. (2013) from the meta-analyses is inappropriate, particularly when
considering the limitations of the other influential studies in those analyses. In addition, "High"
quality studies were not without limitations, so analyses based on only these studies may still
generate unreliable indicators of risk. It is worth noting that had Vlaanderen et al. (2013) not
been re-rated from "High" to "Medium" quality, the meta-RR would likely have been greater
among the medium- or low-quality studies compared to the high-quality studies, which would
have led to a completely different conclusion. More importantly, this was only demonstrated for
fixed-effects models, and results were not shown for random-effects models which are more
appropriate given the heterogeneity among the studies.
Finally, the blatant misuse of funnel plots in the draft Risk Evaluation to assess
publication bias should be pointed out. EPA used funnel plots to visually examine a comparison
of study size and effect size with and without the Vlaanderen et al. (2013) study. This represents
a fundamental misunderstanding of funnel plots, which should not be used to determine the
sensitivity of meta-analyses to a particular study (this can be done in a leave-one-out analysis);
funnel plots are crude measures of whether studies represent a bias in terms of positive results.
In summary, EPA's conclusion does not account for some serious methodological
limitations of individual studies (e.g., exposure measurement error and confounding); qualitative
heterogeneity across individual studies (especially in terms of ratio measures, exposure
measurements and contrasts, mortality vs. incidence data, and covariate adjustments); unjustified
adjustments in quality ratings of some studies; and the inappropriate removal of the largest study
(Vlaanderen et al. 2013). Thus, the meta-analyses results are not reliable, and EPA's
interpretation of the results is not appropriate. The meta-analyses do not support TCE as a risk
factor for NHL, kidney cancer, or liver cancer.
b.

Animal Studies

EPA’s Guidelines also state that a chemical may be described as “Carcinogenic to
Humans” with a lesser weight of epidemiologic evidence that is strengthened by other lines of
evidence, all of which must be met. One of these lines of evidence is “extensive evidence of
carcinogenicity in animals.” Therefore, we must briefly evaluate the animal data.
The criteria that have to be met for animal data to support a “carcinogenic to humans”
classification are stated in a sequential manner with an emphasized requirement that all criteria
have to be met. Since the Guidelines consider this to be an “exceptional” route to a “carcinogenic
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to humans” classification, we would expect rigor to have been applied in assessing animal data
against the criteria. This simply was not done.
Of the four primary tissues that EPA evaluated for carcinogenicity, only one or perhaps
two rise to the level of biological significance. Discussion of the remaining tumor types appears
to presuppose that TCE is carcinogenic. The resulting discussion appears then to overly discount
negative data, of which there are many, and to highlight marginal findings. The text does not
appear to be a dispassionate rendering of the available data. Specifically, EPA’s conclusion that
kidney cancer is evident in rats rests on one statistically significant finding in over 70 dose/tumor
endpoint comparisons and references to exceedances of historical control values.7 Using a 0.05 pvalue for statistical significance, a frequency of 1 or even several statistically or biologically
significant events is expected in such a large number of dosed/tumor groups. EPA’s overall
conclusion that TCE is a known kidney tumorigen based on these flawed studies is not warranted.
The best that can be said is that the data are inconsistent. Certainly, they do not meet the criterion
of “extensive evidence of carcinogenicity in animals.” Several marginal findings do not constitute
“extensive evidence.”
c.

Conclusion

For all these reasons, EPA’s classification of TCE as “Carcinogenic to Humans” is not
supported by the evidence and cannot be justified under the 2005 Guidelines.
B.

Data from Charbotel et al. (2006) are not Sufficient for Deriving Risk Estimates for
Kidney Cancer.

Based on the discussion above, the meta-analysis of the epidemiology studies on kidney
cancer risk does not show TCE as a risk factor. Therefore, EPA is not justified in using the
Charbotel et al. (2006) case-control study8 on renal cell carcinoma (RCC) as the basis for the
inhalation unit risk (IUR) value. EPA had originally used Charbotel et al. (2006) to derive the
IUR in the 2011 IRIS assessment based on conclusion of EPA’s meta-analysis of kidney cancer
risk in that assessment. But the new meta-analysis with epidemiology studies on kidney cancer
risk published since the 2011 IRIS Assessment shows that TCE is not a risk factor for kidney
cancer; therefore, it is not appropriate to derive the IUR using Charbotel et al. (2006), which only
investigated RCC.
The National Academy of Sciences Committee that reviewed the draft IRIS assessment
released in 2001 recommended that:

7

And that bioassay is from a laboratory whose studies EPA has reviewed and declined to rely upon in other
assessments.
8

Charbotel, B, Fevotte, J, Hours, M, Martin, J-L, Bergeret, A., Case-control study on renal cell cancer and
occupational exposure to trichloroethylene. Part II: Epidemiological aspects. Ann Occup Hyg 50: 777-787 (2006);
http://dx.doi.org/10.1093/annhyg/mel039.
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“[t]here appear to be insufficient epidemiologic data to support quantitative doseresponse modeling for trichloroethylene and cancer. The committee recommends
that toxicologic data be used to fit the primary dose-response model(s) and that the
available epidemiologic data be used only for validation. The committee does not
believe that the available information is sufficient to determine the best doseresponse model for trichloroethylene.”9
EPA should follow the recommendation of the National Academy of Sciences, which
referenced the Charbotel et al. (2005) final study report in its review of TCE.10 The authors’ own
conclusions that the study only “suggests that there is a weak association between exposures to
TRI [TCE] and increased risk of RCC” argues against the existence of the robust relationship
which should be required for a dose-response assessment that may be used as the basis for
regulation.11
The exposure assessment for Charbotel et al. (2006) was based on questionnaires and
expert judgment, not direct measures of exposure.12 Worker exposure data from deceased
individuals were included in the study. In contrast to living workers, who were able to respond to
the questionnaires themselves, exposure information from deceased workers (22.1% of cases and
2.2% of controls) was provided by surviving family members. The authors acknowledge that “this
9

National Research Council, Assessing the human health risks of trichloroethylene: key scientific issues, National
Academies Press, Washington, DC (2006); http://www.nap.edu/openbook.php?record_id=11707&page=R1.
10

Charbotel B, Fevotte J, Hours M, et al., Case-control study on renal cell cancer and occupational trichloroethylene
exposure, in the Arve Valley (France), Lyon, France: Institut Universitaire de Médecine du Travail, UMRESTTE,
Université Claude Bernard (2005);
http://hal.archives-ouvertes.fr/docs/00/54/59/80/PDF/charbotel_octobre_05.pdf
11

This concern was recognized by the European Chemicals Agency (ECHA) in its 2013 Chemical Safety Report on
TCE: “[T]here are several concerns with this study that should be taken into consideration when assessing its use in
risk assessment and hazard characterization. For example, potential selection bias, the quality of the exposure
assessment, and the potential confounding due to other exposures in the work place. With respect to the potential for
selection bias, no cancer registry was available for this region to identify all relevant renal cell cancer cases from the
target population. Case ascertainment relied on records of local urologists and regional medical centers; therefore,
selection bias may be a concern. Given the concerns of the medical community in this region regarding renal cell
cancer (RCC) among screw cutting industry workers, it is likely that any cases of renal cell cancer among these
workers would likely be diagnosed more accurately and earlier. It is also much more unlikely that an RCC case
among these workers would be missed compared to the chance of missing an RCC case among other workers not
exposed to TCE. This preference in identifying cases among screw-cutting industry workers would bias findings in
an upward direction. Concerning the potential for other exposures that could have contributed to the association,
screw-cutting industry workers used a variety of oils and other solvents. Charbotel et al. reported lower risks for
TCE exposure and renal cell cancer once data were adjusted for cutting oils. In fact, they noted, ‘Indeed many
patients had been exposed to TCE in screw-cutting workshops, where cutting fluids are widely used, making it
difficult to distinguish between cutting oil and TCE effects.’ This uncertainty questions the reliability of using data
from Charbotel et al. since one cannot be certain that the observed correlation between kidney cancer and exposure is
due to trichloroethylene.”
12

Fevotte J, Charbotel B, Muller-Beauté P, et al., Case-control study on renal cell cancer and occupational exposure
to trichloroethylene, Part I: Exposure assessment, Ann Occup Hyg 50: 765-775 (2006);
http://dx.doi.org/10.1093/annhyg/mel040.
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may have led to a misclassification for exposure to TCE due to the lower levels in the quality of
information collected.”
Analysis of the data revealed evidence of confounding from cutting fluid exposure. When
exposure to cutting fluid exposure was adjusted for, there was no longer statistical significance
with increased risk of RCC at the highest cumulative dose As noted by Charbotel et al. (2006),
“Indeed, many patients had been exposed to TCE in screw-cutting workshops, where cutting
fluids are widely used, making it difficult to distinguish between cutting oil and TCE effects.” A
strong correlation was observed between TCE exposure and cutting oil and other petroleum oils.
Of the patients exposed to cutting oils, 90.3% were also exposed to TCE; 57.9% of the patients
exposed to TCE were also exposed to cutting fluids. Furthermore, of the patients exposed to
cutting oils, 56% were also exposed to a high cumulative TCE dose compared to only 44% of the
control patients. Charbotel et al. (2006) used modeling approaches to try to disaggregate cutting
oil exposure from TCE exposures; there is, however, considerable uncertainty in the outcome
because of small number of cases in the study. In general, the relatively small size of this casecontrol study (86 RCC cases) is a limiting factor to achieve the level of confidence needed for
quantitative cancer risk estimates.
In their 2006 publication of the study results, the authors assigned cumulative exposures
into tertiles (i.e., low, medium and high), yet the dose-response evaluation conducted as part of
the IRIS assessment relied on mean cumulative exposure levels provided at a later date.13
Although the IRIS assessment references the email submission of the data to EPA, it provides no
detail on the technical basis for the table, raising serious transparency issues.
In an apparent acknowledgement of the uncertainty of the exposure information,
Charbotel et al. (2006) included an evaluation of “the impact of including deceased patients
(proxy interviews) and elderly patients (>80 years of age)” on the relationship between exposure
to TCE and RCC. Interestingly, it was stated that “only job periods with a high level of
confidence with respect to TCE exposure were considered” in the study, an apparent reference to
the use of two different occupational questionnaires, one “devoted to the screw-cutting industry
and a general one for other jobs.” As the Adjusted Odds Ratio (OR) for the high cumulative dose
group was actually higher in the censored subgroup than in the uncensored group [3.34 (1.278.74) vs 2.16 (1.02-4.60)], the authors suggested that “misclassification bias may have led to an
underestimation of the risk.”
C.

EPA’s Adjustment of the Kidney Cancer-Based IUR Value for TCE to Account
for Potential Liver Cancer and NHL Endpoints is not Scientifically Defensible and Should
be Reconsidered.

In addition to our concerns about the appropriateness of basing the IUR for TCE on
epidemiology data, as described above, HSIA has serious concerns about the scientific
appropriateness of adjusting the IUR derived from kidney cancer data to account for NHL and
liver cancer. A recent review sponsored by HSIA concludes that it was not appropriate for EPA
to adjust the IUR based on kidney cancer for multiple cancer sites because the available
13

Charbotel, B (2008) [e-mail from Barbara Charbotel, University of Lyon, to Cheryl Scott, EPA].
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epidemiology data are not sufficiently robust to allow such calculations and the data that are
available indicate that the IUR for kidney cancer is protective for all three cancer types (see
Appendix 3).
D.

A Role for Glutathione Conjugate-derived Metabolites in TCE Kidney Toxicity and
Cancer Risk Assessment Should be Reconsidered.

EPA used the same IUR value for TCE as one estimated in the 2011 IRIS Assessment,
which was derived using a linear non-threshold approach. The draft Risk Evaluation states that
“A linear non-threshold assumption was applied to the TCE cancer dose-response analysis
because there is sufficient evidence that TCE-induced kidney cancer operates primarily through a
mutagenic mode of action…” EPA’s justification for the linear non-threshold approach is based
on the assumption that TCE-induced kidney toxicity is caused predominantly by glutathione
(GSH) conjugate metabolites, and that these metabolites are responsible for the kidney tumors via
a mutagenic mode of action. However, the 2011 TCE IRIS Assessment is outdated and EPA has
failed to include in the draft Risk Evaluation any of the more recent published studies that
undermine the validity of EPA’s assumptions in the estimation of human kidney toxicity and
cancer risks. A discussion of the new science is summarized below.
1.

EPA’s Reliance on Quantitation of TCE GSH-Conjugated Metabolites by
HPLC/UV Method Results Exaggerates Kidney Toxicity and Cancer Risks.

The draft Risk Evaluation, which is based on the TCE IRIS Assessment, relies in part on
the conclusion that S-(1,2-dichlorovinyl-glutathione (DCVG) and S-(1,2-dichlorovinyl)-Lcysteine (DCVC), which are weakly active renal toxicants and genotoxicants, are formed in
toxicologically significant concentrations following human exposures to TCE. This conclusion
rests primarily on studies in which a relatively high blood DCVG concentration (100 nM) was
observed in volunteers exposed for 4 hours to 50 or 100 ppm TCE.14 However, Lash et al.
(1999a,b) relied on a spectrophotometric chromatographic method analysis of TCE glutathione
conjugate-derived metabolites which had substantial potential for detection of non-TCE-specific
endogenous substances. This is because the HPLC/UV method is a non-specific assay based on
UV detection of fluorodinitrobenzene (DNP) conjugated with nucleophiles such as sulfhydryls
and primary amine groups, such as DCVG, DCVC, or glutamate.
In a recent study by Zhang et al. (2018), the HPLC/UV method used by Lash et al.
(1999a,b) was found to overestimate the levels of DCVG in blood, liver, and kidney compared to

14

Lash, LH, Putt, DA, Brashear, WT, Abbas, R, Parker, JC, Fisher, JW, Identification of S-(1,2- dichlorovinyl)
glutathione in the blood of human volunteers exposed to trichloroethylene, J. Toxicol. Environ. Health Part A 56: 121 (1999b). It is also supported by in vitro kinetic studies that measured the glutathione conjugation of TCE in human
hepatocytes and human liver and kidney subcellular fractions. Lash, LH, Lipscomb, JC, Putt, DA, Parker, JC,
Glutathione conjugation of trichloroethylene in human liver and kidney: kinetics and individual variation, Drug.
Metab. Dispos. 27: 351-35 (1999a).
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the more specific and reliable HPLC/MS/MS method.15 The reason for this overestimation was
an interfering peak that was primarily contributed by endogenous glutamate present in biological
matrices. It is imperative that the analytical data used in human health risk assessments be as
accurate and reliable as possible, particularly if those data are used as surrogates for exposure to
estimate potential health effects in humans. The Zhang et al. findings demonstrate that DCVG
formation may have been substantially overestimated based on the levels that were quantified by
the HPLC/UV method where the DNP-DCVG and the DNP-glutamate conjugate co-elute, with
the DNP-glutamate peak being much larger than DNP-DCVG. The implications of this apparent
uncertainty are that the GSH pathway in humans is exaggerated when it contributes a more
limited role, if any, in kidney toxicity attributed to TCE-GSH conjugates; and that the risk of
kidney toxicity and carcinogenicity from TCE exposure, particularly in humans, may be
overestimated and may be occurring by alternative mode(s) of action not inclusive of reactive
GSH-derived metabolites.
EPA’s TCE IRIS Assessment acknowledged that the HPLC/UV method used by Lash et al.
(1999a,b) likely overestimated DCVG formation from TCE. The following is an excerpt from
pages 3-41 and 3-42 of the IRIS Assessment regarding the different rates for TCE conjugation in
human liver and kidney cell fractions reported from different investigators:
“The reasons for such discrepancies [in the rates for TCE conjugation] are unclear,
but they may be related to different analytical methods (Lash et al., 2000). In
particular Lash et al. (1999b) employed the “Reed method,” which used ionexchange high-performance liquid chromatography (HPLC) of derivatized analytes.
This HPLC method is characterized by variability and an overall decline in
retention times over the life of the HPLC column due to derivatization of amine
groups on the column (Lash et al., 1999a). Although data are limited, the GSH
pathway metabolite levels reported by methods that utilize [14C]-TCE and
radiochemical detection followed by mass spectrometry (MS) identification of the
metabolites are lower. In particular, Green et al. (1997) and Dekant et al. (1990)
both used HPLC with radiochemical detection. Peak identity was confirmed by
Green et al. (1997) using liquid chromatography (LC)/MS and by GC/MS
following hydrolysis by Dekant et al. (1990). In addition, studies such as Kim et al.
(2009) using HPLC-MS/MS techniques with stable isotope-labeled DCVG and
dichlorovinylcysteine (DCVC) standards have also been used to detect GSH
pathway metabolite levels. Based on the in vitro work presented in Table 3-23
using the “Reed method,” one would expect mouse serum DCVG levels to be ~4-6
times lower than humans. However, using the HPLC-MS/MS technique of Kim et
al. (2009), the peak DCVG serum levels are ~1,000 times lower in mouse serum
than determined by Lash et al. (1999b) in human serum. Although advances in LC
technology, and differences in exposure routes (inhalation vs. oral, with different
first pass), exposure doses, and the degree of competition with TCE oxidation
(greater in mouse than in human) should be considered, this much-larger-thanexpected difference is consistent with the suggestion that the “Reed method”
15

Zhang, F, Marty, S, Budinsky, R, Bartels, M, Pottenger, LH, Bus, J, Bevan, C, Erskine, T, Clark, A, Holzheuer, B,
and Markham, D, Analytical methods impact estimates of trichloroethylene’s glutathione conjugation and risk
assessment, Toxicol. Lett. 296: 82-94 (2018).
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provides an overestimation of DCVG levels in humans. This could occur if the
“Reed method” identifies nonspecific derivatives as DCVG or other GSH pathway
metabolites.”
In the IRIS Assessment, EPA used a physiologically-based pharmacokinetic (PBPK)
model16 in mice, rats, and humans to derive non-cancer and cancer risk values that incorporated in
vitro kinetic data on the liver and kidney GSH metabolism of TCE, derived primarily using the
HPLC/UV (“Reed”) method. In addition, the human model included a DCVG compartment, so
that the DCVG blood data quantitated using the “Reed method” from the human TCE exposure
study by Lash et al. (1999b) could be used. As noted above and by other investigators,17 the
prediction from the EPA PBPK model regarding the TCE GSH conjugation pathway is not
reliable because of the faulty analytical method used to quantitate DCVG and DCVC in cell
fractions and blood.
The draft Risk Evaluation continues to rely on the same EPA PBPK model used in the 2011
TCE IRIS Assessment. This is a mistake. Human health risks assessments that rely on the blood
and tissue levels of DCVG and DCVC measured by the “Reed method” will overestimate the
risks of kidney effects from TCE exposure. Without the data generated by the “Reed method,”
EPA will have to rely on a different approach to estimating the flux of TCE through the GSH
conjugation pathway, such as using the urinary metabolite data from Bernauer et al. (1996);18 this
will also require reconsideration of what PBPK model can be used. Moreover, the kinetic
parameters for the b-lyase enzyme in rats and humans currently in the EPA PBPK model, which
originated from Harvey Clewell’s original model (Clewell et al., 2000),19 have not been
documented and pre-date the values that were developed by Green et al. (1997) from in vitro
studies [Harvey Clewell, personal documentation]. The activity of b-lyase in the metabolism of
DCVC to the reactive metabolites in the kidney was lower in humans compared to rats.

16

Chiu, WA, Okino, NS, Evans, MV, Charcterizing uncertainty and population variability in the toxicokinetics of
trichloroethylene and metabolites in mice, rats, and humans using an updated database, physiologically based
pharmacokinetic (PBPK) model, and Bayesian approach, Toxicol. Appl. Pharmacol. 241: 36-60 (2009) [hereafter the
“EPA PBPK model”].
17
Dekant, W, Koob, M, Henschler, D, Metabolism of trichloroethene – in vivo and in vitro evidence for activation by
glutathione conjugation, Chem. Biol. Interact. 73: 89-101 (1990); Green, T, Dow, J, Ellis, MK, Foster, JR, Odum, J,
The role of glutathione conjugation in the development of kidney tumours in rats exposed to trichloroethylene, Chem.
Biol. Interact. 105: 99-117 (1997).
18

Bernauer, U, Birner, G, Dekant, W, Henschler, D, Biotransformation of trichloroethene: dose-dependent excretion
of 2,2,2-trichloro-metabolites and mercapturic acids in rats and humans after inhalation, Arch. Toxicol. 70: 338-346
(1996).
19

Clewell III, HJ, Gentry, PR, Covington, TR, Gearhart, JM, Development of a physiologically based
pharmacokinetic model of trichloroethylene and its metabolites for use in risk assessment, Environ. Health Perspect.
108(Suppl. 8): 283-305 (2000).
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2.

Compelling Evidence that GSH Conjugation Pathway is Extremely Small
Contributor to TCE Metabolism

Since the publication of the TCE IRIS Assessment, additional studies have evaluated the
kidney concentrations of the oxidative and glutathione conjugate-derived metabolites of TCE in a
variety of mouse strains administered five daily oral doses of 600 mg/kg TCE.20 Metabolites were
quantitated two hours after the last daily dose; this time point was chosen because previous
studies had shown that the approximate maximum plasma concentrations of TCA, DCA, DCVG,
and DCVC occur two hours after an oral dose of TCE.21 Using a structure-specific HPLC-ESIMS/MS method, Yoo et al. (2015) demonstrated that DCVG and DCVC were only a very small
fraction of total metabolites quantitated in kidney. Trichloroethanol (TCOH) kidney
concentrations were 2- to 4-fold greater than TCA, and TCA concentrations were 100- to 1,000fold greater than DCA. And DCA concentrations were 100- to 1,000-fold greater than either
DCVG or DCVC, resulting in the conclusion that TCE oxidative metabolism was up to five
orders of magnitude greater than glutathione conjugate-derived metabolism, thus questioning the
role of the GSH conjugation pathway in the kidney cancer MOA. These findings were consistent
with the earlier report from Kim et al. (2009), in which the time course of TCA, DCA, DCVG,
and DCVC in serum was investigated following a single oral dose of 2,100 mg/kg TCE dose to
male B6C3F1 mice. The total area under the curve (AUC) of TCA and DCA (oxidative
metabolites) was 40,000-fold higher than the total AUC of DCVG and DCVC (glutathione
conjugates). It should be noted that this study did not quantify the oxidative metabolite TCOH,
which would have further increased the disparity of glutathione conjugate-derived metabolites
relative to the oxidative-derived metabolites. When TCOH and NAcDCVC are quantified, the
flux of TCE through the GSH conjugation pathway was 0.010% to 0.013% of the dose; the
estimated reactive species generated from DCVC was approximately 0.0002% to 0.0003% of the
dose (Luo et al., 2018). These data demonstrate a dramatically lower function for glutathioneconjugate metabolism relative to oxidative metabolism in mice.
3.

Estimated levels of DCVC and its Reactive Metabolites in Kidneys of TCEexposed Mice are Insufficient to Account for Toxicity.

KIM-1 expression (measurement of cytotoxicity and regeneration) in renal proximal
tubules was not significantly correlated with DCVC levels in the kidney in mice from seven
inbred strains dosed by oral gavage with 600 mg/kg TCE for five consecutive days.22 Of the 15

20

Yoo, HS, Bradford, BU, Kosyk, O, Uehara, T, Shymonyak, S, Collins, LB, Bodnar, WM, Ball, LM, Gold, A,
Rusyn, I, Comparative analysis of the relationship between trichloroethylene metabolism and tissue-specific toxicity
among inbred mouse strains: kidney effects, J. Toxicol. Environ. Health Part A 78: 32-49 (2015).
21

Kim, S, Kim, D, Pollack, GM, Collins, LB, Rusyn, I, Pharmacokinetic analysis of trichloroethylene metabolism in
male B6C3F1 mice: Formation and disposition of trichloroacetic acid, dichloroacetic acid, S-(1,2dichlorovinyl)glutathione and S-(1,2-dichlorovinyl)-L-cysteine, Toxicol. Appl. Pharmacol. 238: 90-99 (2009).
22

Yoo, HS, Bradford, BU, Kosyk, O, Uehara, T, Shymonyak, S, Collins, LB, Bodnar, WM, Ball, LM, Gold, A,
Rusyn, I, Comparative analysis of the relationship between trichloroethylene metabolism and tissue-specific toxicity
among inbred mouse strains: kidney effects, J. Toxicol. Environ. Health Part A 78: 32-49 (2015).

- 14 -

mice in the study, the three mice with the highest levels of DCVC (57.4, 102.6, and 113.7 pmol/g
tissue) in kidney tissue had low or no KIM-1 expression (0, 0, and 3.2% KIM-1 positive renal
tubules, respectively). In contrast, three of the mice with the highest KIM-1 expression (32.3,
48.2, and 52.1 KIM-1 positive renal tubules) had relatively low levels of DCVC (12, 32.2, and
11.1 pmol/g tissue, respectively) in the kidney. In another experiment, KIM-1 expression was
significantly elevated in renal proximal tubules of C57BL/6J mice (400 mg/kg TCE, but not at
100 mg/kg) and NZW/LacJ mice (100 and 400 mg/kg TCE) after 5 days of oral gavage doses; cell
proliferation was increased in the NZW/LacJ strain only after 4 weeks of treatment. Yet, the
levels of DCVC and DCVG in the kidneys of these two mouse strains were below the LLOQ of 1
pmol/g kidney for DCVG and 10 pmol/g kidney for DCVC. The NZW/LacJ mouse strain also
showed high levels of KIM-1 expression in the proximal tubules, but relatively low levels of
DCVC in kidney tissue, when dosed with 600 mg/kg TCE for 5 days.
Additional insight into whether DCVC-derived reactive species can be generated in
sufficient quantities to be primarily responsible for TCE-induced toxicity comes from a
comparison of the DCVC toxicity studies with recent measurement of the flux of TCE through the
GSH conjugation pathway.23 In the studies by Green et al. (1997), male B6C3F1 mice were given
either a single oral gavage dose of 10 or 50 mg/kg DCVC or 10 consecutive oral doses of 0.1, 0.5,
1, or 5 mg/kg DCVC. After a single oral dose, kidney toxicity (increased serum g-glutamyl
transferase) was observed at >1 mg/kg DCVC, with histopathologic changes at >10 mg/kg. After
10 consecutive oral doses, histopathologic changes were noted in the kidneys of mice at >1
mg/kg-day, with a No-Observed-Effect-Level (NOEL) at 0.5 mg/kg-day. Luo et al. (2018)
estimated that the reactive metabolites formed from DCVC in the kidney of 800 mg/kg TCEorally dosed B6C3F1 mice was 0.0002 mg/kg-day. Hence, an approximate 250-fold difference
exists between the kidney toxicity NOEL from DCVC-dosed mice and the estimated kidney
levels of DCVC-derived reactive metabolites from an 800 mg/kg TCE-dosed mouse. While there
is some uncertainty in the amount of DCVC reaching the kidney from an oral gavage dose, it
seems unlikely that GSH-conjugate metabolites play a primary role in TCE-induced kidney
toxicity and carcinogenesis.
The rat may be fairly similar to the mouse quantitatively in the amount of TCE
metabolized by the GSH conjugation pathway. Using toxicokinetic modeling, Luo et al. (2018)
estimated that the ratios of oxidative metabolites (TCA + TCOH) to GSH conjugates (presumably
NAcDCVC) in the urine from three different strains of 800 mg/kg orally dosed male mice were
1,206 to 3,664. These ratios are very similar to the ratio reported by Bernauer et al. (1996) from
male Wistar rats exposed to 160 ppm TCE for 6 hours: the urinary ratio was 2,562 for excreted
oxidative metabolites (TCA + TCOH) to NAcDCVC (used as an indicator of GSH conjugation).24
23
Green, T, Dow, J, Ellis, MK, Foster, JR, Odum, J, The role of glutathione conjugation in the development of
kidney tumours in rats exposed to trichloroethylene, Chemico-Biol. Interact. 105: 99-117 (1997); Luo, Y-S, Hseih, NH, Soldatow, VY, Chiu, WA, Rusyn, I, Comparative analysis of metabolism of trichloroethylene and
tetrachloroethylene among mouse tissues and strains, Toxicol. 409: 33-43 (2018).
24

Bernauer, U, Birner, G, Dekant, W, Henschler, D, Biotransformation of trichloroethene: dose-dependent excretion
of 2,2,2-trichloro-metabolites and mercapturic acids in rats and humans after inhalation, Arch. Toxicol. 70: 338-346
(1996).
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If the flux of TCE via the GSH conjugation pathway is similar across rodent species, then the
GSH conjugation metabolites are even less like to be responsible for the kidney toxicity in the rat
compared to the mouse. Green et al. (1997) showed that the rat was approximately an order of
magnitude less sensitive to the nephrotoxic effects of DCVC compared to the mouse following 10
days of consecutive dosing.

III. Limitations of Immunotoxicity Hazard Assessment
HSIA considers the serum DNA autoantibody responses reported in the study by Keil et
al. (2009)25 to be unreliable for derivation of a chronic non-cancer toxicity value. In this study,
female B6C3F1 mice were administered 0, 1.4, or 14 ppm TCE in drinking water containing 1%
Emulphor for up to 27 or 30 weeks. Serum single and double-stranded DNA-autoantibodies
(ssDNA- and dsDNA-autoantibodies, respectively) were measured at interim time points over a
period of 26-39 weeks of age. Based on the ss- and ds-DNA autoantibody data, EPA derived the
Human Equivalent Dose at the 99th percentile (HED99) of 0.048 mg/kg-day, which was used in the
risk characterization. However, EPA did not utilize the best science in their choice of the
immunotoxicity data for the draft Risk Evaluation. The scientific validity problems that should
preclude relying on the serum DNA autoantibody findings to derive the chronic, non-cancer
toxicity value include:

A.

•

Lack of analytical verification of dosing concentrations.

•

Lack of biological plausibility with no accompanying pathological changes and the
same effects not seen in autoimmune-prone mouse strain.

•

Lack of dose-response seen for most measurements at most time points throughout the
study.

•

Inadequate number of dose groups for dose-response modeling.

Lack of Analytical Data on TCE Levels in Drinking Water is a Major Deficiency of the
Study Because of Volatility Concerns.

Keeping TCE in the drinking water solutions and achieving acceptable target
concentrations of TCE in the drinking water is very challenging because of the high propensity of
TCE to volatilize into the air. Three separate drinking water studies have reported losses of TCE
from drinking water bottles over a 24-hour period in the range of approximately 30-50%,26 even
25

Keil, DE, Peden-Adams, MM, Wallace, S, Ruiz, P, Gilkeson, GS, Assessment of trichloroethylene (TCE) exposure
in murine strains genetically-prone and non-prone to develop autoimmune disease, J. Environ. Sci. Health Part A 44:
443-453 (2009).
26
Fisher, JW, et al., Physiologically based pharmacokinetic modeling of the pregnant rat: a multiroute exposure
model for trichloroethylene and its metabolite, trichloroacetic acid, Toxicol. Appl. Pharmacol. 99: 395-414 (1989);
Johnson, PD et al., Threshold of trichloroethylene contamination in maternal drinking waters affecting fetal heart
development in the rat, Environ. Health Perspect. 111: 289-292 (2003); DeSesso, JM, et al., Trichloroethylene in
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when volatilization is minimized because the water is provided in glass bottles fitted with Teflonlined caps and sipper tubes with double ball bearings. Because of this immense difficulty,
Emulphor, a polyethoxylated vegetable oil, is frequently used to produce stable, uniform aqueous
emulsions of a variety of volatile substances, including chlorinated hydrocarbons. In Keil et al.
(2009), TCE was administered to mice in drinking water solutions containing 1% Emulphor; the
solutions were changed every three days. While the publication reports that the levels of TCE in
the drinking water solutions were confirmed by an outside laboratory services company, no
analytical data are provided in the publication and it cannot be confirmed whether the target
concentrations were met at the beginning as well as the end of the three-day water bottle exposure
period. The variability of the concentrations over the entire course of the 27- or 30- treatment
period is also unknown. Furthermore, Keil et al. (2009) do not provide any description of the
water bottles used and what measures were taken to minimize potential losses from volatilization.
While it is assumed that volatilization of TCE was minimal over the three-day period in the water
bottle, data from Sanders et al. (1982) from another immunotoxicity study show otherwise.27
Using 1% Emulphor to maintain TCE in drinking water and using amber-colored water bottles
with sipper spouts, a 45% loss of TCE over a 4-day period was reported from drinking water
containing 100 ppm TCE. Whether similar losses occurred in Keil et al. (2009) cannot be
evaluated without analytical data, which is missing from the publication, being provided. These
shortcomings introduce considerable uncertainty in interpretation of the study findings.
The Exposure Characterization component of EPA’s systematic review of Keil et al.
(2009) reflects a naïve understanding of the technical difficulties with administrating TCE in
drinking water in animal studies and is based on presumptions rather than documentation of
analytical data. The metrics for “Preparation and Storage of Test Substance” and “Consistency of
Exposure Administration” were given “Medium” and “High” scores, respectively; and for both
metrics, EPA concluded that “TCE levels were confirmed.” Yet, there are no analytical data in
the Keil et al. paper to support that conclusion; instead, EPA relied simply on a statement in the
paper that stated that “levels of TCE were confirmed by General Engineering (Charleston, SC) to
ensure maintenance of TCE levels during exposure.” Moreover, EPA gave a “High” score for
“Exposure Route and Method” with the comment “Frequent changing of water with exposure
level analysis to avoid decreased dosing to vaporization.” In the absence of analytical data, there
is no basis for EPA’s conclusion and, in fact, the findings from Sanders et al. (1982) suggest that
TCE could have significantly volatilized from the drinking water because of the infrequent
changing of the water bottles. Moreover, Keil et al. (2009) provide no description of the water
bottles used and any efforts to minimize the TCE loss from the water bottles in the animal cages.
Overall, the exposure characterization of the Keil et al. (2009) study has considerable deficiencies
that have led to an overestimation of the study quality rating given to this study by EPA.

drinking water throughout gestation did not produce congenital heart defects in Sprague Dawley rats, Birth Defects
Res. 111: 1217-1233 (2019).
27

Sanders, VM, Tucker, AN, White Jr, KL, Kauffman, BM, Hallett, P, Carchman, RA, Borzelleca, JF, Munson, AE,
Humoral and cell-mediated immune status in mice exposed to trichloroethylene in drinking water, Toxicol. Appl.
Pharmacol. 62: 358-368 (1982).
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B.

The Results are not Convincing Evidence of an Adverse Effect of TCE on the Immune
System.

Keil et al. (2009) reported a significant increase in serum levels of auto-dsDNA and ssDNA antibodies at some but not all time points in the non-autoimmune B6C3F1 mice. The data
are difficult to interpret because the increases in these autoantibodies were not consistently seen
throughout the treatment period and a dose-response is lacking for most of the time points, i.e.,
the response is greater at 1.4 ppm or equivalent to the 14 ppm exposure group. Furthermore, the
potential for highly variable and/or altered TCE concentrations in the drinking water throughout
the treatment period further complicates the data interpretation. An unusual finding from this
study was that endpoints indicative of autoimmunity were seen to a far lesser extent in the
autoimmune-prone NZBWF1 mouse compared to the non-autoimmune prone B6C3F1 mouse.
Autoimmunity from environmental exposures, such as increases in specific autoantibodies
(i.e., auto-DNA antibodies) from environmental exposures can occur without any evidence of a
specific autoimmune disease.28 The National Institutes of Environmental Health Sciences
(NIEHS) convened a workshop in 2010 to examine the role of the environment in the
development of autoimmune disease. One of the key points made by the Panel is the following:
“Our survey of the literature clearly shows that an autoimmune response following
exposure to environmental factors is dependent upon genetic background of the
host and can vary widely among species and strains. Our review also revealed that
most animal models only recapitulate some features of human disease but that this
provides useful information given the genetic heterogeneity of individual human
autoimmune diseases. It is also clear that to establish the validity of any animal
model of environmentally induced human autoimmunity there should be well
defined markers of disease expression and pathology that are easily accessible in
biological samples of both humans and the animals under investigation.”29
In Keil et al. (2009), renal glomerular changes (minimal pathologic details given) were
noted in 1.4 ppm, but not the 14 ppm, animals; the interpretation of these effects is unclear since
there was no dose-response and it was reported that the pathologic changes did not involve
inflammation. Other pathologic effects reported in Keil et al. (2009) were suggestive of an
autoimmune disease. Regarding the B6C3F1 mouse strain, chronic exposures to TCE has not
resulted in any pathologic evidence of adverse effects indicative of an autoimmune disease.30
Therefore, additional studies are needed to substantiate the findings of Keil et al. (2009) with a
28

Pollard, KM, Environment, autoantibodies, and autoimmunity, Frontiers Immunol. 6: 14 (2015).

29

Germolec, D, Kono, DH, Pfau, JC, Pollard, KM, Animal models used to examine the role of the environment in the
development of autoimmune disease: findings from an NIEHS expert panel workshop, J. Autoimmun. 39: 285-293
(2012) (emphasis added).
30

National Toxicology Program, Carcinogenesis studies of trichloroethylene (without epichlorohydrin) (CAS No. 7901-6) in F344/N rats and B6C3F1 mice (gavage studies), Research Triangle Park, NC, U.S. Department of Health and
Human Services, Public Health Services, National Institutes of Health (1990).
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clear link to “disease expression and pathology” before it can be considered sufficiently reliable to
be used for risk assessment purposes.
A dose-dependent decrease in thymus weights in the TCE-dosed B6C3F1 mice were
reported in the Keil et al. study; however, measurement of thymus weights are prone to
inaccuracies from the difficulties of trimming the tissue and the interpretation of the change is
uncertain in the absence of any other clear treatment-related effects. Another deficiency of the
Keil et al. (2009) study was a lack of a water-only control group to rule out any potential effects
on the immune system from the 1% Emulphor in the drinking water. Information is also lacking
on whether 1% Emulphor in the drinking water impacts TCE pharmacokinetics, and in particular
absorption and distribution.
TCE was one of the chemicals evaluated in the 2010 NIEHS autoimmune workshop. The
published reports from this workshop cited TCE studies conducted on the MRL-Fas+/+ mouse; the
Keil et al. (2009) study was not mentioned. The expert panel’s conclusion and level of
confidence on TCE was “Based on existing evidence, we consider the following likely but
requiring confirmation…Trichloroethylene (TCE) exacerbates systemic autoimmunity although
responses are often limited and transient. More studies are needed with additional species/strains
to examine induction of autoimmune liver disease and in developmental studies.”
C.

Alternative “High” Quality Immunotoxicity Studies for the Chronic Non-Cancer Exposure
POD.

EPA is encouraged to consider endpoints from two other immunotoxicity studies given
“High” data quality scores in the systematic review for the POD for chronic non-cancer
exposures: Sanders et al. (1982) and Boverhof et al. (2013).31 Both studies reported treatmentrelated effects in conventional assays measuring immunosuppression in mice and rats,
respectively, which is consistent with the effects on the immune system seen in acute TCE
exposures by Selgrade and Gilmour (2010). The Sanders et al. study suffers, however, from some
of the same problems as Keil et al. (2009), in that analytical measurements of TCE in the drinking
water solutions throughout the treatment period were not provided in the publication. It should be
noted that, in contrast to the 100 ppm TCE drinking water solution where 45% of the TCE was
lost over a 4-day period in the water bottle, less than 20% of TCE was lost from the water bottles
over the same period at higher TCE concentrations (1,000 to 5,000 ppm). On the other hand,
Boverhof et al. (2013) was conducted by the relevant route of exposure for the Risk Evaluation
(inhalation), and it was conducted to fulfill a priority data need by governmental agencies for risk
assessment purposes and also underwent a rigorous two-level review process required of toxicity
testing under the requirements of the Comprehensive Environmental Response, Compensation,
and Liability Act of 1980 (CERCLA), as amended by the Superfund Amendments and
Reauthorization Act of 1986 (SARA) 42 U.S.C. 9604 (i). The immunotoxicity tests described in
31
Boverhof, DR, Krieger, SM, Hotchkiss, JA, Stebbins, KE, Thomas, J, Woolhiser, MR, Assessment of the
immunotoxic potential of trichloroethylene in rats following inhalation exposure, J. Immunotoxicol. 10: 311-320
(2013); Sanders, VM, Tucker, AN, White Jr, KL, Kauffman, BM, Hallett, P, Carchman, RA, Borzelleca, JF, Munson,
AE, Humoral and cell-mediated immune status in mice exposed to trichloroethylene in drinking water, Toxicol. Appl.
Pharmacol. 62: 358-368 (1982).
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the publication by Boverhof et al. (2013) were conducted as part of a voluntary testing program
between HSIA and the Agency for Toxic Substances and Disease Registry (ATSDR). See
Section IV.C for further details on the testing program and peer-review process.

IV. Limitations of Developmental Toxicity Hazard Assessment
A.

Use of Fetal Heart Defects Findings from Johnson et al. (2003) in the Risk Evaluation

EPA continues to use the flawed studies reported in Johnson et al. (2003)32 as evidence
that in utero TCE exposure causes fetal heart malformations. The increase in fetal heart defects
from TCE exposure has not been replicated in three subsequent rat developmental studies, one of
which was also a drinking water study similar in study design to the Johnson et al. (2003) study
but enhanced to meet current EPA test guidelines and data quality standards. In the draft Risk
Evaluation, there is considerable misrepresentation and incorrect information on all of these
studies, which has been comprehensively documented in a report submitted to the EPA docket by
ToxStrategies on behalf of the American Chemistry Council (EPA-HQ-OPPT-2019-0500-0052).
The extent to which EPA appears to go in the draft Risk Evaluation to support Johnson et al.
(2003) at the expense of a balanced scientific review is not only inconsistent with the
requirements of the Lautenberg Act but violates the fundamental principles of science.
Johnson et al. (2003) reported fetal cardiac defects in rats from research carried out at the
University of Arizona and originally published ten years earlier by the same authors.33 In the
earlier-published study, there was no difference in the percentage of cardiac abnormalities in rats
dosed during both pre-mating and pregnancy at drinking water exposures of 1100 ppm (9.2%) and
1.5 ppm (8.2%), even though there was a 733-fold difference in the concentrations. The authors
reported that the effects seen at these exposures were statistically higher than the percent
abnormalities in controls (3%). For animals dosed only during the pregnancy period, the
abnormalities in rats dosed at 1100 ppm (10.4%) were statistically higher than at 1.5 ppm (5.5%),
but those dosed at 1.5 ppm were not statistically different from the controls. Thus, no meaningful
dose-response relationship was observed in either treatment group. Johnson et al. republished in
2003 data from the 1.5 and 1100 ppm dose groups published by Dawson et al. in 1993 and pooled
control data from other studies, an inappropriate statistical practice, to conclude that rats exposed
to levels of TCE greater than 250 ppb during pregnancy have increased incidences of cardiac
malformations in their fetuses.
Johnson et al. (2003) has been heavily criticized in the published literature.34 Moreover,
as noted above, the Johnson et al. (2003) findings were not reproduced in a study designed to
32

Johnson, PD, Goldberg, SJ, Mays, MZ, Dawson, BV, Threshold of trichloroethylene contamination in maternal
drinking waters affecting fetal heart development in the rat, Environ. Health Perspect. 111: 289-292 (2003).
33
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detect cardiac malformations;35 this despite the participation of Dr. Johnson in the cardiac
malformation evaluations using a technique similar to that employed in the earlier Dawson et al.
(1993) and Johnson et al. (2003) studies. No increase in cardiac malformations was observed in
the second guideline study,36 despite high inhalation doses and techniques capable of detecting
most of the malformation types reported by Johnson et al. (2003). The dose-response relationship
reported in Johnson et al. (2003) for doses spanning an extreme range of experimental dose levels
is considered by many to be improbable and has not been replicated by any other laboratory.37
Beyond the substantive methodological and interpretive critiques of Johnson et al. (2003)
in the published literature, the California Office of Environmental Health Hazard Assessment
(OEHHA) also rejected the study as deficient for regulatory consideration:
"Johnson et al. (2003) reported a dose-related increased incidence of abnormal
hearts in offspring of Sprague Dawley rats treated during pregnancy with 0, 2.5
ppb, 250 ppb, 1.5 ppm, and 1,100 ppm TCE in drinking water (0, 0.00045, 0.048,
0.218, and 128.52 mg/kg-day, respectively). The NOAEL for the Johnson study
was reported to be 2.5 ppb (0.00045 mg/kg-day) in this short exposure (22 days)
study. The percentage of abnormal hearts in the control group was 2.2 percent, and
in the treated groups was 0 percent (low dose), 4.5 percent (mid dose 1), 5.0
percent (mid dose 2), and 10.5 percent (high dose). The number of litters with
fetuses with abnormal hearts was 16.4 percent, 0 percent, 44 percent, 38 percent,
and 67 percent for the control, low, mid 1, mid 2, and high dose, respectively. The
reported NOAEL is separated by 100-fold from the next higher dose level. The
data for this study were not used to calculate a public-health protective
concentration since a meaningful or interpretable dose-response relationship was
not observed. These results are also not consistent with earlier developmental and
reproductive toxicological studies done outside this lab in mice, rats, and rabbits:
The other studies did not find adverse effects on fertility or embryonic
development, aside from those associated with maternal toxicity (Hardin et al.,
2004)."38
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Both transparency and independent validation of key findings of a study (reproducibility)
are necessary in EPA’s scientific assessments to ensure “that the quality of published information
meets the standards of the scientific and technical community.” HSIA’s attempts to obtain the
raw data which formed the basis of the Johnson et al. (2003) study report have been unsuccessful.
When HSIA requested access to the data used by EPA in its evaluation of the dose-response
relationship between TCE exposure and cardiac defects reported in Johnson et al. (2003), the
Agency provided the spreadsheet, referenced as Johnson (2009) (HERO ID 783484) in the 2011
IRIS Assessment, and indicated that was the entirety of the data evaluated. Examination of that
spreadsheet reveals an absence of certain critical information, including, most importantly, dates
for any of the individual treatment/control animals.
Acknowledging the documented deficiencies in their paper (and the data provided to
EPA), the authors published an erratum aimed at updating the public record regarding
methodological issues for Johnson et al. (2003).39 According to Makris et al. (2016):
“some study reporting and methodological details remain unknown, e.g., the
precise dates that each individual control animal was on study, maternal body
weight/food consumption and clinical observation data, and the detailed results of
analytical chemistry testing for dose concentration. Additional possible sources of
uncertainty identified for these studies include that the research was conducted
over a 6-yr period, that combined control data were used for comparison to treated
groups, and that exposure characterization may be imprecise because tap (rather
than distilled) drinking water was used in the Dawson et al. (1993) study and
because TCE intake values were derived from water consumption measures of
group-housed animals.”
HSIA submits that the information contained in the above paragraph alone should
disqualify Johnson et al. (2003) as “best available science” as required under EPA’s July 2017
procedures for chemical risk evaluation under TSCA as amended.
The transparency problem with the Johnson et al. (2003) study was pointed out by the
external peer reviewers of the TSCA Chemicals Work Plan assessment for TCE. An excerpt from
the peer review report is reproduced below:
“Unfortunately, Johnson et al (2003) failed to report the source or age of their
animals, their husbandry or provide comprehensive historical control data for
spontaneous cardiovascular malformations in their colony. The Johnson study
with 55 control litters compared to 4 affected litters of 9 treated was apparently
conducted over a prolonged period of time (perhaps years); it is possible this was
due to the time required to dissect and inspect fresh rodent fetuses by a small
academic group. However, rodent background rates for malformations, anomalies
39

Johnson PD, Goldberg SJ, Mays MZ, Dawson BV, Erratum: Erratum for Johnson et al., [Environ.
Health Perspect. 113: A18 (2005)]; Environ. Health Perspect. 122: A94 (2014);
http://dx.doi.org/10.1289/ehp.122-A94.
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and variants show temporal fluctuations (WHO, 1984) and it is not clear whether
the changes reported by Johnson et al. (2005) were due to those fluctuations or to
other factors. Surveys of spontaneous rates of terata in rats and other laboratory
animals are common particularly in pharmaceutical and contract laboratory safety
assessments (e.g., Fritz et al., 1978; Grauwiler, 1969; Palmer, 1972; Perraud,
1976). The World Health Organization (1984) advised:
“Control values should be collected and permanently recorded. They provide
qualitative assurance of the nature of spontaneous malformations that occur in
control populations. Such records also monitor the ability of the investigator to
detect various subtle structural changes that occur in a variety of organ systems.”
“Rates of spontaneous congenital defects in rodents can vary with temperature and
housing conditions. For example, depending on the laboratory levocardia and
cardiac hypertrophy occur in rats at background rates between 0.8-1.25% (Perraud,
1976). Laboratory conditions can also influence study outcome; for instance,
maternal hyperthermia (as a result of ambient elevated temperature or infection)
can induce congenital defects (including cardiovascular malformations) in rodents
and it acts synergistically with other agents (Aoyama et al., 2002; Edwards, 1986;
Zinskin and Morrissey, 2011). Thus while the anatomical observations made by
Johnson et al. (2003) may be accurate, in the absence of data on maternal wellbeing (including body weight gain), study details (including investigator blind
investigations), laboratory conditions, positive controls and historical rates of
cardiac terata in the colony it is not possible to discern the reason(s) for the
unconventional protocol, the odd dose-response and marked differences between
the Johnson et al. (2003) results and those of other groups.”
“As noted by previous investigators, the rat fetus is ‘clearly at risk both to parent
TCE and its TCA metabolite’ given sufficiently high prenatal TCE exposures that
can induce neurobehavioral deficits (Fisher et al, 1999; Taylor et al., 1985), but to
focus on cardiac terata limited to studies in one laboratory that have not been
reproduced in other (higher dose) studies and apply the BMD01 with additional
default toxicodynamic uncertainty factors appears misleading.”
HSIA has consistently maintained that the data presented in Johnson et al. (2003) and
subsequently clarified in the two errata do not allow calculations of the incidence of cardiac
malformations per litter that is time-matched to concurrent controls (the standard practice for
evaluation of developmental toxicity studies). Accepting the authors’ claim in the 2014 erratum
that exposure times cannot be confirmed for substantial amounts of either control or treatment
data, it also can be presumed that it is now impossible to reconstruct a calculation of per litter
incidence of cardiac malformations that is appropriately matched to concurrent controls. Thus,
the data reported in Johnson et al. (2003), even as amended in two subsequent errata, do not allow
for data analysis generally accepted as essential to interpreting outcomes of developmental
toxicity study findings. The lack of data availability and clarity sufficient to construct key
analyses associated with a study should disqualify the use of that study for regulatory purposes.
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B.

EPA’s Review of the Charles River Laboratory (CRL) Rat Developmental Toxicity Study
is Inaccurate and Biased.

The draft Risk Evaluation for TCE includes an HSIA-sponsored rat drinking water
developmental toxicity study conducted at the Charles River Laboratories in 2018 to replicate the
Johnson et al. (2003) study. The HSIA study is cited in the Risk Evaluation as the “Charles
River” study,40 though it has been published in the peer-review literature and can be cited as
DeSesso et al. (2019).41 There are many inaccuracies and distorted information in the draft Risk
Evaluation regarding this study, and Exponent, on behalf of HSIA and the American Chemistry
Council, has submitted comments (EPA-HQ-OPPT-0500-0048) on several critical issues in
response to EPA’s unfounded criticisms, including: (1) EPA’s evaluation of the negative control
data; (2) specific incidences of overall heart defects across drinking water study; (3) incidences of
ventricular septal defects (VSDs); and (4) incidences of atrial septal defects (ASDs).
C.

The Rat Inhalation Developmental Toxicity is the Most Reliable and Appropriate Study
for Assessing Developmental Toxicity in the Risk Evaluation.

As noted in Section I, the Lautenberg Act requires that EPA use the best available science
and decisions based on the weight of the scientific evidence in its TSCA Risk Evaluations. Thus,
it is disappointing that EPA does not consider the rat inhalation developmental toxicity study
published by Carney et al. (2006)42 of sufficient merit to be a critical study in the human health
hazard assessment for the developmental endpoint. Not only does this study provide
developmental toxicity information from the relevant route of exposure, it was conducted to fulfill
a priority data need by governmental agencies for risk assessment purposes and also underwent a
rigorous two-level review process required of toxicity testing under the requirements of the
Comprehensive Environmental Response, Compensation, and Liability Act of 1980 (CERCLA),
as amended by the Superfund Amendments and Reauthorization Act of 1986, 42 U.S.C. 9604 (i).
Toxicology studies on TCE were conducted as part of a voluntary TSCA testing program
between HSIA and the Agency for Toxic Substances and Disease Registry (ATSDR).43 As
required by CERCLA, ATSDR must collaborate with EPA and the National Toxicology Program
(NTP) for the identification of priority data needs as well as oversight of testing programs. For
40
Charles River Laboratories, An Oral (Drinking Water) Study of the Effects of Trichloroethylene (TCE) on Fetal
Heart Development in Sprague Dawley Rats, Laboratory Project ID 00459506.
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TCE, ATSDR signed a Memorandum of Understanding (MOU) in February 2000 with HSIA to
conduct the study “Trichloroethylene: Inhalation Developmental Toxicity Study in CD Rats.” It
is important to note that developmental toxicity studies conducted prior to this date had been
considered inadequate to address “comprehensive public health assessments of populations living
near hazardous waste sites.” Although ATSDR priority data needs were for oral exposure, other
governmental agencies [presumably EPA] needed inhalation data. The final testing agreement
was for a rat developmental toxicity study by the inhalation route, with extrapolation of the data
to oral exposures using physiologically-based pharmacokinetic (PBPK) rat and human models.
The TCE study was conducted according to EPA test guidelines for pre-natal
developmental toxicity and included two levels of external review over the course of protocol
development to the final report. At one level, the study was reviewed by the Tri-Agency
Superfund Applied Research Committee (TASARC) involving scientists from ATSDR, NTP, and
EPA. CERCLA Section 104(i)(13) also requires a second level of review:
“All studies and results of research conducted under this subsection (other than health
assessments) shall be reported or adopted only after appropriate peer review. Such peer
review shall be completed, to the maximum extent practicable, within a period of 60 days.
In the case of research conducted under the National Toxicology Program, such peer
review may be conducted by the Board of Scientific Counselors. In the case of other
research, such peer review shall be conducted by panels consisting of no less than three
nor more than seven members, who shall be disinterested scientific experts selected for
such purpose by the Administrator of ATSDR or the Administrator of EPA, as
appropriate, on the basis of their reputation for scientific objectivity and the lack of
institutional ties with any person involved in the conduct of the study or research under
review.”
The independent reviewers for the TCE study included four world-renowned experts in
developmental toxicity from academia and contract laboratories. As a result of this
comprehensive review process, the Carney et al. (2006) study achieves a high data quality
standard for use in TCE hazard and risk assessments; this is reflected in the high reliability score
by EPA’s systematic review for the risk evaluation. Yet, EPA continues not to use this study in
the draft Risk Evaluation even though inhalation is the relevant route of exposure, but instead
relies on studies that have been deemed outdated or inadequate. The disregard of Carney et al.
(2006) in the draft Risk Evaluation points to a bias in EPA’s approach to evaluating the
developmental data rather than supporting an agenda based on the weight of the evidence.
D.

TCE and TCA Toxicokinetics Data are Critical in the Evaluation of Rat Fetal Cardiac
Malformations.

EPA consistently disregards TCE kinetics in its analysis of the fetal cardiac
malformations. Toxicokinetic data linking chemical exposure to internal tissue concentrations are
critical to understanding toxicological responses. Some of the questions that can be addressed
from the use of internal dosimetry data are whether TCE exposures (and/or its metabolites) from a
particular route reach the target organ of concern; dose-response relationships of parent
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compound and/or its metabolites; and comparison of the toxicological responses from studies
conducted by different routes of exposure (i.e., drinking water, oral gavage, and inhalation).
Moreover, toxicokinetic data can be used to extrapolate doses used in in vitro mechanistic studies
to in vivo exposures. For these reasons, HSIA included in the Charles River Laboratory (CRL)
study protocol measurements of TCE and trichloroacetic acid (TCA) in maternal blood or plasma
during the critical period of fetal heart development and also in maternal and fetal blood or
plasma at the end of the gestation period.44 Blood or plasma levels of TCE and TCA are expected
to provide a reasonable estimate of the concentrations of these two substances in fetal heart tissue.
Table 1 compares the TCE exposures and the peak concentrations of TCE and TCA in
maternal blood or plasma from three routes of exposure. While only the CRL developmental
study (DeSesso et al., 2019) included a TCE metabolite component in the study design, TCE
and/or TCA blood levels are available from TCE-exposed pregnant rats from inhalation, oral
gavage, and drinking water routes of exposure.45 TCE and TCA blood levels have also been
measured in rats given oral gavage doses of TCE.46 There are two important conclusions to be
made from the data presented in Table 1:
• TCE is unlikely to reach the fetal heart from exposure to TCE in drinking water because
of substantial hepatic first-pass metabolism in contrast to routes of exposure involving
oral gavage and inhalation.
• Higher peak TCA plasma levels are achieved in the oral gavage and inhalation
developmental toxicity studies (Fisher et al., 2001; Carney et al., 2006) reporting no
increase in cardiac malformations compared to the drinking water study (Johnson et al.,
2003) reporting cardiac malformations.
Makris et al. (2016) stated “[t]he evidence supports a conclusion that TCE has the
potential to cause cardiac defects in humans when exposure occurs at sufficient doses during a
sensitive period of fetal development” [emphasis added]. However, this statement is at odds with
the toxicokinetic data on TCE in the rat. Of the three routes of exposure, exposure by drinking
water does not achieve systemic doses that are comparable with inhalation or oral gavage, as
evidenced in the considerable differences in blood or plasma levels of TCE and TCA,
respectively. Given that the TCE developmental studies by the oral gavage (Fisher et al., 2001)
44
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and inhalation (Carney et al., 2006) routes failed to show an increase in fetal heart malformations,
even at systemic doses that were considerably higher than can be achieved by the drinking water
route, the findings of Johnson et al. (2003) cannot be a biologically plausible effect.
The internal dosimetry data on TCE and TCA provide an important perspective on the in
vitro mechanistic studies reported in the Risk Evaluation. The doses of TCE used in the in vitro
studies ranged from 1 ppb to 250 ppm. In the CRL rat developmental toxicity study (DeSesso et
al., 2019), however, TCE was not detected in maternal blood of pregnant rats given 1,000 ppm
TCE in drinking water (level of detection was 50 ng/mL or 50 ppb). For comparison purposes, it
has been assumed that the TCE blood concentration is 25 ppb (1/2LOQ) at 1,000 ppm, with linear
toxicokinetics across the dose levels used in the CRL study (0.006 to 25 ppb). For many of the in
vitro mechanistic studies, the doses used were several orders of magnitude higher than would be
obtainable in blood from drinking water exposures administered at the limit of TCE water
solubility. Apart from the fact that these in vitro studies are based on the premise that the
drinking water study by Johnson et al. (2003) is a valid and reproducible study, the findings from
these studies at such enormously high doses question their biological relevance. In the draft Risk
Evaluation, EPA also includes several in vitro studies that claim to support a non-monotonic dose
response, with effects seen at lower, but not, higher TCE doses. However, the doses used in these
studies are either within or higher than the worst-case estimates for TCE blood levels in the CRL
drinking water study. Since cardiac malformations were not increased at any dose level in the
CRL study, the conclusion that these low-dose effects seen in some of the in vitro studies are nonmonotonic are without merit.
E.

Interpretation of the Developmental Toxicity Studies on Trichloroacetic Acid (TCA) and
Dichloroacetic Acid (DCA)

The draft Risk Evaluation states that “Both TCA and DCA were convincingly shown to
produce strong dose-related cardiac defects in the (Smith et al., 1992, 1989) studies.”47 These
two studies are developmental toxicity studies in which rats were dosed by oral gavage with DCA
or TCA, respectively. Unfortunately, EPA failed to put these studies into perspective for the TCE
hazard assessment by providing an estimate of the TCE exposures that would be required to attain
the same TCA or DCA blood levels where cardiac defects were observed.
Kinetic studies from Larsen and Bull (1992) have shown that the peak blood
concentrations of TCA in rats given approximately 3,000 mg/kg TCE by oral gavage corresponds
to an oral dose of <33 mg/kg TCA; whereas DCA blood concentrations were below the detection
limit of 0.0005 mg/ml in rats.48 The oral LD50 of trichloroethylene in rats ranges from 5,400 to
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7,200 mg/kg.49 However, the lowest dose levels where cardiovascular anomalies were reported to
be significantly increased over controls in the Smith et al. studies were 300 and 400 mg/kg for
TCA and DCA, respectively, and are substantially greater than the maximum TCA and DCA
doses resulting from a toxicity-limited dose of TCE. Thus, very high and almost certainly lethal
oral doses of TCE would have to be administered to pregnant female rats to obtain the equivalent
TCA or DCA blood levels where cardiac anomalies were reported in the Smith et al. studies.
Likewise, EPA also commented that “The (Fisher et al., 2001) study…only showed a small, nonstatistically significant increase in cardiac defects for both TCA and DCA, but the single dose
level used in these studies was too low to rule out effects at higher doses based on results of the
other studies.” However, Fisher et al. (2001) dosed pregnant female rats with 300 mg/kg TCA,
which equaled the Smith et al. 300 mg/kg TCE dose. As discussed above, the oral dose of TCE
required to reach equivalent peak blood levels of TCA resulting from a 300 mg/kg oral gavage
dose of TCA would likely be lethal to the animals. So, the Fisher et al. (2001) study should be
given greater emphasis in the weight of evidence in the Risk Evaluation as it provides important
information showing that TCE metabolites do not plausibly cause fetal heart malformations in rats
at doses considerably higher that what would be considered to be a likely lethal or possibly
Maximum Tolerated Dose (MTD) for TCE.
These toxicokinetic comparisons indicate that the 300 mg/kg oral TCA dose used in Fisher
et al. (2001) produced a maximum systemic blood concentration of TCA that far exceeded the
maximum TCA blood concentrations resulting from 1,000 ppm TCE drinking water or 600 ppm
inhalation exposures. The data also indicate that the EPA comment that the Fisher et al. (2001)
300 mg/kg-day TCA dose was “too low to rule out effects at higher doses” is a dosimetric red
herring in that TCA maximum blood concentrations resulting from this dose cannot be plausibly
attained from TCE administered in drinking water or by inhalation. Thus, the failure to observe
cardiac malformations in TCE, TCA, and DCA in the Fisher et al. (2001) study, which utilized
the Johnson method and included herself as a co-investigator, substantially challenges the
Johnson et al. (2003) conclusion that TCE in drinking water or by inhalation exposure induces
cardiac malformations.
It is incomprehensible that EPA ignored toxicokinetics in its discussion of the
developmental toxicity data on TCE and its metabolites, and thus biased its conclusions in support
of the poorly designed and reported drinking water findings of Johnson et al. (2003). This is
particularly so in that EPA and OECD developmental toxicity testing guidelines encourage
consideration of toxicokinetic data to enhance the overall interpretation of the human health
significance of developmental toxicity findings.50
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F.

Methodological Deficiency of the Narotsky et al. (2005) Study

The inclusion of the findings from the Narotsky et al. (1995) study as a critical effect for
the risk characterization does not represent the best science that is required for a Risk Evaluation
under the Lautenberg Act.51 In fact, it is a flawed study that should have been excluded from the
systematic review because of methodological concerns. The oral gavage doses used in this study
were 0, 475, 633, 844, and 1,125 mg/kg TCE. Except for the highest dose of 1,125 mg/kg, there
was no maternal mortality at any dose level and there were no significant differences between
treated and control groups for pre-natal litter loss and no dose-response. The percentage loss was
6.2, 15.6, 6.6, and 18.2 for the 0, 475, 633, and 844 mg/kg dose groups. However, in the 1,125
mg/kg dose group 2 of the 13 treated females died, and pre-natal litter loss was significantly
higher than controls (53.9 vs. 6.2, controls).
The metabolism of TCE in the rat reaches saturation at doses below 1,000 mg/kg.52 So, the
highest dose of 1,125 mg/kg TCE in the Narotsky et al. (1995) study likely exceeded the
metabolic saturation of TCE. Under conditions where supra-saturating doses of TCE are used,
both severe maternal toxicity and developmental toxicity occurred; whereas, at the lower doses
(<844 mg/kg) there was no maternal mortality and no indications of developmental toxicity. The
use of data at supra-saturating doses is problematic because there may be secondary high-dose
specific effects that do not occur at lower doses where the toxicokinetics are linear. As discussed
in the previous sections, EPA appears to have repeatedly ignored TCE kinetics in its interpretation
of the developmental toxicity data. At oral doses below metabolic saturation where the data can
be used quantitatively to extrapolate to realistic human exposures, the Narotsky et al. (1995)
study found no adverse developmental effects.

V. Exposure Assessment
EPA assessed workplace inhalation and dermal routes of exposure for 18 specific
occupational scenarios (OES). Inhalation exposure was assessed using a combination of
monitoring data from various sources and modeling was used; however, for dermal exposures,
EPA relied completely on estimated dermal exposures using the Dermal Exposure to Volatile
Liquids (DEVL) Model. Dermal exposure was assessed with no personal protective equipment
(no gloves) and exposure with various assumptions as to the overall protectiveness of glove uses
(i.e., protection factors or PFs). Exposures were estimated for non-occluded scenarios (dermal
exposure without gloves or with gloves, assuming no occlusion) for all OES, and for occluded
scenarios (exposure resulting from TCE going through or under gloves and remaining trapped) for
some OES. The Risk Evaluation estimated exposure for each OES assuming one exposure event
(applied dose) per workday.
51
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In an accompanying report (Appendix 4), Cardno ChemRisk reviewed the dermal
exposure characterizations in the draft Risk Evaluation and the impact of assumptions on model
estimates for two conditions of use: manufacturing and processing as a reactant. In addition,
dermal modeling was also conducted using existing typical industrial operational scenarios for
TCE to show that modeling is valuable for predicting exposures from common industry tasks.
Aside from the technical comments summarized below, there is a central flaw in EPA’s
exposure assessments for TCE use as feedstock or reactant or release as byproduct in intermediate
operations. Contrary to EPA’s assumption, these are not at all comparable to the manufacture of
TCE itself. When TCE is used as a feedstock or process agent, as in the manufacture of HFC134a, it is “used and entirely consumed (except for trace quantities),” as Congress has
acknowledged in the Clean Air Act, 42 U.S.C. § 7671d. Exposure data submitted by
fluorocarbon producers should confirm this.
TCE may be unintentionally produced during the catalytic oxychlorination of ethylene to
make ethylene dichloride (EDC), the raw material precursor for conversion by thermal cracking
into vinyl chloride monomer, As explained in greater detail in comments being submitted by the
Vinyl Institute, the TCE generated during EDC production via oxychlorination is a higher boiling
substance than EDC and is typically found in heavy end liquids from the purification of EDC,
except for an insignificant contaminant amount found in the light ends. Both the light and heavy
end liquids recovered are typically used as feedstocks in an incinerator to produce muriatic acid or
stronger HCl for oxychlorination feedstock. Alternatively, the recovered light and heavy end
liquids are used in the Catoxid® process to manufacture anhydrous HCl, which is returned as a
feedstock with its coproduct EDC to the front of the oxychlorination EDC process. In each
process, impurity quantities of TCE are converted to feedstocks and essentially eliminated.
More generally, for TCE manufacturing and processing as a reactant, it is imperative to
understand the exposure scenarios, after accounting for industrial hygiene practices (a description
is provided in the Cardno ChemRisk report), so that the input parameters values for the DEVL
model reflect the actual workplace environment rather than a theoretical worst-case scenario. For
the majority of the operational time, TCE is present only in closed vessels or process equipment
with no dermal contact. Small magnitude exposures during short-term tasks can occur in unit
operations and maintenance activities. Liquid material present on equipment during maintenance
or repair is usually a mixture of residuals from the process and the solutions used to clean and
purge the equipment (often water from steam or other process aids) and not neat TCE. The
duration of active liquid contact is also typically short (e.g., minutes) and diminishes once the
equipment has been drained.
Based on typical industrial hygiene practices, the use of gloves achieves much greater
protection than the default assumptions that were used in the draft Risk Evaluation for
manufacturing and use as process reactants. The reason for this is that contact with TCE will be
limited to small quantities of the chemical and transient; thus, the solvent will vaporize from the
gloves between exposure periods. Also, the effective use of gloves in a facility is specifically
designed to address the dermal exposure pathway as part of the required job hazard analysis.
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Gross exposures or continuous exposures would not be consistent with required chemical
handling programs in such facilities.
Appendix 4 includes several modeling examples where the draft Risk Evaluation may
have considerably overestimated dermal exposures. For instance, in the non-occluded exposure
scenarios, EPA did not account for exposure duration of industrial scenarios nor the saturation of
the skin by TCE. As described above, dermal exposures in TCE manufacturing and in the use of
TCE in processing as a reactant are intermittent throughout the workday (i.e., 1 hour or less, 4
times per shift with sufficient time in between exposures for evaporation from, or cleaning of,
skin). Revised analyses using the IHSkinPerm model, in which duration and saturation factors
were appropriately considered, showed that exposure scenarios without PPE in the Risk
Evaluation may have overestimated the absorption fraction of TCE by 8- to 22-fold for exposure
to an ungloved hand, and the total dermal dose of TCE by 6- to 17-fold for exposure to an
ungloved hand assuming four one-hour exposure events per day.
For the Risk Evaluation overall, Cardno ChemRisk concluded that both occluded and nonoccluded dermal TCE exposure estimates were likely to be considerably overestimated based on
numerous factors, including (but not limited to):
• The absorption factor used (8-13%), which is higher than expected for TCE under realistic
scenarios,
• The assumption that the skin surface area that comes in contact with TCE is one to two
full hands, rather than the more likely interior hand surfaces,
• The assumption that TCE exposure occurs continuously for 8 hours rather than
intermittently; and
• The assumption that the worker does not change gloves or wash hands at all during the
work shift.
In the case of the occluded scenarios, additional overestimation likely occurred based on the
assumption that the whole hand (or hands) were coated with TCE in-glove, and the lack of
consideration for possible permeation back out of the glove and evaporative losses.
The TCE risk evaluation would be strengthened by refinements to the methodology of the
exposure characterization. While model input selection greatly affects model results, when
utilizing weight-of-evidence approaches to develop appropriate input parameters, models may be
more reliable than low-quality monitoring data. Alternative model selections and more wellinformed inputs indicate that dermal exposures are likely substantially lower in the industry than
was estimated by EPA. EPA should consider the incorporation of additional exposure modeling
in the revised risk evaluation that reflects well characterized industrial handling practices.
Moreover, at a minimum, the risk evaluation should include discussion of the impacts of these
assumptions on the level of confidence in the overall estimates, and the degree to which the
assumptions are more than adequately protective.
- 31 -

VI. Conclusion
In sum, the “applicable requirements of TSCA § 6,” with which the Lautenberg Act
mandates that a completed risk assessment must comply before it can support § 6 rulemaking,
include taking into account exposure under the conditions of use, describing the weight of the
scientific evidence for the identified hazard and exposure, the use of scientific information
employed in a manner consistent with the best available science, the consideration of variability
and uncertainty in the information, and consideration of the extent of independent verification or
peer review of the information.
Regrettably, the draft Risk Evaluation does not fulfill the requirements of the Lautenberg
Act. Its hazard assessment is not based on the best available science; there are inconsistent,
inaccurate, and apparent subjective alterations of the data quality assessments in the systematic
review; and exposure assessments that are not realistic and do not reflect current industrial
hygiene practices at facilities that manufacture and use TCE. To maintain the credibility of its
regulatory efforts under TSCA, it is imperative that EPA build upon the available information to
construct a more realistic risk assessment before proceeding with rulemaking.

Respectfully submitted,

Christopher Bevan, PhD, DABT
Director, Scientific Programs
Appendices
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Table 1
Trichloroethylene (TCE) and Trichloroacetic acid (TCA) concentrations in blood or plasma
of TCE-exposed pregnant and non-pregnant rats

Drinking
water

Inhalation
(4-hr)

Oral
gavage

Larson
and Bull
(1992)b
Oral
gavage

DeSesso et al. (2019)a
Route of
Administration
TCE
exposure/dose
TCE in maternal
plasma

Fisher et al. (1989)a

Drinking water
0.25 ppm

1.5 ppm

500 ppm

1,000 ppm

350 ppm

600 ppm

2.3 mg/kg

591 mg/kg

ND
(0.006 ppb)c
[ng/ml]

ND
(0.04 ppb)c
[ng/ml]

ND
(12.5 ppb)c
[ng/ml]

ND
(25 ppb)c
[ng/ml]

ND
(15
ng/ml)d

24 µg/ml

0.26
µg/ml

1.2 µg/ml

TCA in maternal
ND
ND
1.1 µg/ml
1.2 µg/ml
2.8 µg/ml
13 µg/ml
0.7 µg/ml
25 µg/ml
plasma (GD 21)e
TCA in fetal
ND
ND
1.2 µg/ml
1.2 µg/ml
plasma (GD 21)
ND, not detected.
a
Pregnant rats
b
Non-pregnant rats.
c
Extrapolated assuming concentration of ½ LOQ (50 ppb) at highest dose and linear toxicokinetics across dose range.
d
Extrapolated assuming concentration of ½ LOQ (30 ng/ml).
e
TCA was also measured in maternal plasma at GD 8 and GD 12 (period of fetal heart development); the concentrations were:
1.7 and 1.8 µg/ml for the 500 ppm group, respectively; and 1.7 and 2.2 µg/ml for the 1,000 ppm group, respectively.
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Appendix 1

Draft Trichloroethylene (TCE) Carcinogenic Risk Evaluation is Incongruent with Science
Policy Mandated by Lautenberg Act

TSCA § 26(h), as added by the Frank R. Lautenberg Chemical Safety for the 21st
Century Act (the “Lautenberg Act”), requires for each risk evaluation (as “a decision based
on science”) that “the Administrator shall use scientific information, technical procedures,
measures, methods, protocols, methodologies, or models, employed in a manner consistent
with the best available science, and shall consider as applicable—
(1) the extent to which the scientific information, technical procedures, measures,
methods, protocols, methodologies, or models employed to generate the information
are reasonable for and consistent with the intended use of the information;
(2) the extent to which the information is relevant for the Administrator’s use in
making a decision about a chemical substance or mixture;
(3) the degree of clarity and completeness with which the data, assumptions, methods,
quality assurance, and analyses employed to generate the information are
documented;
(4) the extent to which the variability and uncertainty in the information, or in the
procedures, measures, methods, protocols, methodologies, or models, are evaluated
and characterized; and
(5) the extent of independent verification or peer review of the information or of the
procedures, measures, methods, protocols, methodologies, or models.”
TSCA § 26(i), as added by the Lautenberg Act, provides simply that “The
Administrator shall make decisions under sections 4, 5, and 6 based on the weight of the
scientific evidence.”
Together, these new provisions indicate that a risk evaluation that supports a TSCA §
6 rule must be more robust than a screening level assessment. The draft TCE Risk
Evaluation, while commendable for its use of systematic review, continues to rely on the
same methodology that EPA has followed for 40 years, as evidenced inter alia by its
references to the 2005 Guidelines for Carcinogen Risk Assessment1 and the 2011 IRIS
review of TCE.2
1

EPA Guidelines for Carcinogen Risk Assessment and Supplemental Guidance for Assessing Susceptibility from
Early-Life Exposure to Carcinogens, 70 Fed. Reg. 17765 (April 7, 2005) (hereafter the “Cancer Guidelines” or the
“Guidelines”).
2

EPA Integrated Risk Information System (IRIS) Review of Toxicological Information on Trichloroethylene (2011)
(hereafter the “IRIS Assessment”).
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The following, drawn from a landmark report by the National Academy of Sciences,3
are among the basic default concepts that underlie this unchanging methodology:
•

Laboratory animals are a surrogate for humans in assessing cancer risks; positive cancer-bioassay results in
laboratory animals are taken as evidence of a chemical’s cancer-causing potential in humans.

•

Humans are as sensitive as the most sensitive animal species, strain, or sex evaluated in bioassay with
appropriate study-design characteristics.

•

Agents that are positive in long-term animal experiments and also show evidence of promoting or
carcinogenic activity should be considered as complete carcinogens.

•

Benign tumors are surrogates for malignant tumors, so benign and malignant tumors are added in evaluating
wither a chemical is carcinogenic and in assessing its potency.

•

Chemicals act like radiation at low exposures (doses) in inducing cancer, i.e., intake of even one molecule of
a chemical has an associated probability for cancer induction that can be calculated, so the appropriate model
for relating exposure-response relationships is the linearized multistage model.

•

Important biological parameters, including the rate of metabolism of chemicals, in humans and laboratory
animals are related to body surface area. When extrapolating metabolic data from laboratory animals to
humans, one may use the relationship of surface area in the test species to that in humans in modifying the
laboratory animal data.

•

A given unit of intake of a chemical has the same effect, regardless of the time of its intake; chemical intake
is integrated over time, irrespective of intake rate and duration.

•

Individual chemicals act independently of other chemicals in inducing cancer when multiple chemicals are
taken into the body; when assessing the risks associated with exposures to mixtures of chemicals, one treats
the risks additively.

EPA’s current quantitative risk assessment methodology for carcinogens, first used by the
Food & Drug Administration (FDA) in the early 1970s, was derived from the precept that
mutational responses, specifically X-ray-induced “gene” mutations, are cumulative (i.e, that the
total dose—and not dose rate—is important), irreversible, and linear with respect to dose. In a
comprehensive series of papers over the past two decades, Dr. Edward Calabrese has made the
case that the scientific foundations of this linear non-threshold single-hit model were seriously
flawed with regard to the effects of radiation and should not have been adopted for cancer risk
assessment.4 EPA’s first task in demonstrating that this approach constitutes “best available
science” for this risk evaluation under the Lautenberg Act should be a thorough consideration of
these criticisms.
3

National Academy of Sciences, Science and Judgment in Risk Assessment (NRC/NAS, 1994).

Calabrese, EJ, The road to linearity: why linearity at low doses became the basis for carcinogen risk
assessment, Arch Toxicol 83(3): 203–225 (2009); Calabrese, EJ, Origin of the linearity no threshold (LNT)
dose–response concept, Arch Toxicol 87(9): 1621–1633 (2013); Calabrese, EJ, An abuse of risk assessment:
how regulatory agencies improperly adopted LNT for cancer risk assessment. Arch Toxicol. 89(4):649-50
(2015); Calabrese, EJ, Key studies used to support cancer risk assessment questioned, Environ Mol
Mut 52(8): 595–606 (2011).
4
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As developed by FDA and EPA, the methodology incorporated generic policy choice
default assumptions and policy-based choice of analytic procedures adopted in the then state-ofthe-science of carcinogenesis.5 With regard to the most important of these assumptions, that the
most sensitive animals are reliable indicators of human carcinogenicity, the noted scientist Philip
Abelson published a scathing critique of EPA policy using TCE as illustration.6 The overall impact
of these generic policy chosen default options can be seen in a chart prepared in 1984 by Elizabeth
Anderson, then the Director of EPA’s Office of Health and Environmental Assessment, illustrating
the risk-enhancing impact of the defaults.7
The Anderson chart lists six default options that date from the 1970s (and are still in the
current guidelines) and compares them to alternatives that could result in a reduction in risk
estimates by a factor of 16 to 10,800:
Factor

Range of possible reduction in estimated cancer
risk

A. Weight vs surface area
B. Maximum or average likelihood vs upper 95%
confidence
C. Malignant tumors vs malignant plus benign
tumors
D. Average animal sensitivity vs most sensitive
animal
E. Pharmacodynamics vs effective dose
F. Risks at shorter than equilibrium buildup time
Total

2-12
2-3
1-2
2-5
1-6
2-5
16-10,800

It should be noted that in characterizing the upper confidence limit value generated by the
current methodology, EPA does not refer to the impact on the risk estimate of the policy chosen
dose-response model, the linearized multistage model (LMS). Alternative models would give risk
values several orders of magnitude lower than the LMS model. The best characterization of the
plausible upper confidence level estimate generated by the LMS appears in the 1986 predecessor
to the 2005 Guidelines:

5

Much of this discussion is drawn from Barnard, RA, Scientific Method and Risk Assessment, Reg. Tox.
Pharmacol. 19, 211-218 (1994).
6

Abelson, PH, Health Risk Assessment, Reg. Tox. Pharmacol. 17, 219-123 (1993) (“In ‘calculating’ risks of human
cancer and establishing regulations, the United States Environmental Protection Agency makes a series of
‘conservative’ assumptions that have no sound scientific basis”).
7

Anderson, E., Use of Risk Assessment in the Evaluation of Public Health Impacts of Toxic Chemicals, Lecture
series on “Risk Analysis in Environmental Health with Emphasis on Carcinogenesis,” Harvard School of Public
Health, September 18-20, 1984.
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“Such an estimate, however, does not give a realistic prediction of risk. The true
value may be as low as zero. The range of risks, described by the upper limit given
by the chosen model and the lower limit which may be as low as zero, should be
explicitly stated.”8
The current risk assessment procedures, although described by EPA as weight-of-theevidence, involve in fact a mixture of a description of the data which is then used to select those
parts of the data for statistical analysis with the analysis limited or constrained by the policy choice
of default assumptions and analytic procedures. The data are summarized in the risk assessment
document; however, the criteria for interpretation and analysis are policy choices resulting in the
regulatory use of an upper confidence limit value calculated using only a selected part of the data.
This is not in accordance with TSCA § 26(h) and (i).
EPA’s proposed rule to strengthen transparency in regulatory science would require
cancer risk assessments to evaluate the appropriateness of assuming a linear non-threshold doseresponse model on a case-by-case basis.9 This is a long-needed corrective. As EPA points out in
the current Cancer Guidelines:
“When risk assessments are performed using only one set of procedures, it may be
difficult for risk managers to determine how much health protectiveness is built into a
particular hazard determination or risk characterization. When there are alternative
procedures having significant biological support, the Agency encourages assessments to
be performed using these alternative procedures, if feasible, in order to shed light on the
uncertainties in the assessment, recognizing that the Agency may decide to give greater
weight to one set of procedures than another in a specific assessment or management
decision.”
As noted above, overreliance on the linear non-threshold dose-response model by EPA as
the default approach to assessing cancer risk without also considering alternative non-linear
models obscures a cascade of underlying conservative assumptions in the linear dose-response
model. There have been considerable advances in scientific understanding of the MOAs and
mechanisms for a particular carcinogenic response, with some MOAs supporting a non-linear
(threshold) approach to dose response. Thus, determining the appropriateness of a model for
extrapolating the dose-response of a carcinogenic effect of a chemical also entails an evaluation
of the hypothesized carcinogenic MOAs. A systematic approach, such as the procedure
developed by Becker et al. (2017)10 which enables side-by side comparison of numerical weight
of evidence confidence scores for different hypothesized MOAs, would provide the kind of
scientific rigor in the selection of dose-response models that the amended TSCA requires in
assessing potential cancer risk of TCE.

8

51 Fed. Reg. 33992 (Sept. 24, 1986).

9

83 Fed. Reg. 18768 (April 30, 2018).

10

Becker, R.A., Dellarco, V., Seed, J., Kronenberg, J.M., Meek, B., Foreman, J., Palermo, C., Kirman, C., Linkov, I., Schoeny,
R., Dourson, M., Pottenger, L.H., and Manibusan, M.K., Quantitative weight of evidence to assess confidence in potential modes
of action, Regul. Toxicol. Pharmacol. 86: 205-220 (2017).
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In sum, the Guidelines recognize that there may be scientific advances not consistent with
the policy-based assumptions and the Guidelines accordingly authorize departure in certain cases
from the policy default options. In practice, EPA’s adherence to these default policy choices has
been so strong that departure has rarely occurred. For the reasons described in the body of the
HSIA comment, a departure is necessary if the TCE Risk Evaluation is to meet the requirements
of TSCA as amended by the Lautenberg Act.

-5-
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Non-Hodgkin Lymphoma Meta-analyses in US EPA's
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Executive Summary
In the draft "Risk Evaluation for Trichloroethylene CASRN: 79-01-6," (Draft Risk Evaluation), the United
States Environmental Protection Agency (US EPA) conducted meta-analyses of trichloroethylene (TCE)
and non-Hodgkin lymphoma (NHL), kidney cancer, and liver cancer. These meta-analyses build on metaanalyses conducted in the US EPA 2011 Integrated Risk Information System (IRIS) Assessment (US EPA,
2011).
In the current evaluation, US EPA inappropriately used both study inclusion/exclusion criteria and data
quality criteria to select studies for inclusion in the meta-analyses, leading to a biased selection of studies.
Also, despite a large list of Data Quality Criteria and an extensive analysis of data quality, specific aspects
of study quality (e.g., study design, exposure measurement, and confounding) in individual studies and how
they could have affected the validity of individual effect estimates and the interpretation of meta-analysis
results were not discussed anywhere in the Draft Risk Evaluation. Several of these aspects likely biased
individual studies and the meta-analyses that included them. Also, the initial quality ratings of three studies
were changed based on factors that had already been (or could have been) accounted for in the Data Quality
Criteria assessment. It does not appear that the considerations for re-rating these studies were consistently
evaluated in all of the included studies.
While the meta-analyses followed a standard procedure and multiple sensitivity analyses were conducted
to assess the robustness of the meta-analyses results, the diversity in ratio measures, issues with exposure
measurements and contrasts, the use of mortality vs. incidence data, and covariate adjustments across
individual studies introduced qualitative heterogeneity across the meta-analyzed effect estimates, which
could not be fully captured through statistical modeling. This methodological limitation hinders the
interpretability of the meta-analyses results and calls into question the appropriateness of meta-analyzing
these study results.
Furthermore, several analyses that were conducted with Vlaanderen et al. (2013) were omitted or
categorized as "Medium" quality; these analyses were not appropriate, particularly when considering the
limitations of the other influential studies that remained in those analyses. In addition, studies the Draft
Risk Evaluation categorized as "High" quality were not without limitations, so analyses based on only these
studies are not reliable indicators of risk. Finally, the Draft Risk Evaluation's publication bias analysis is
inappropriate.
The Draft Risk Evaluation indicated there were no statistically significant associations between TCE and
NHL or liver cancer in any of the initial meta-analyses, except for a small association between TCE-exposed
vs. unexposed kidney cancer (meta-relative risk [RR]=1.22, 95% confidence interval (CI): 1.07-1.38).
Based on additional analyses, US EPA concluded that "meta-analyses accounting for between-study
heterogeneity, influential observations, and data quality consistently indicate positive associations of NHL,
kidney cancer and liver cancer with exposure to TCE." However, this conclusion does not account for
some serious methodological limitations of individual studies (e.g., exposure measurement error and
confounding), qualitative heterogeneity across individual studies (especially in terms of ratio measures,
exposure measurements and contrasts, mortality vs. incidence data, and covariate adjustments), and
unjustified adjustments in quality ratings of some studies and the inappropriate removal of the largest study
(Vlaanderen et al. 2013). Thus, the meta-analyses results are not reliable, and US EPA's interpretation of
the results are not appropriate. The meta-analyses do not support TCE as a risk factor for NHL, kidney
cancer, or liver cancer.
ES-1
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1

Introduction

In the draft "Risk Evaluation for Trichloroethylene CASRN: 79-01-6," (Draft Risk Evaluation) the United
States Environmental Protection Agency (US EPA) conducted meta-analyses of trichloroethylene (TCE)
and non-Hodgkin lymphoma (NHL), kidney cancer, and liver cancer. These meta-analyses incorporated
"both the initial group of studies assessed in the 2011 EPA TCE IRIS Assessment and any newer, on-topic
studies of Acceptable data quality." US EPA said it "utilized similar methodology as was employed in the
2011 EPA TCE IRIS Assessment (U.S. EPA, 2011e) while also incorporating consideration of data quality
evaluation as described in (U.S. EPA, 2018b)." In addition, US EPA said it "included sensitivity analyses,
as needed, to partition the results based on both heterogeneity and study quality."
The Draft Risk Evaluation "concluded that there is a [statistically] significant association between TCE
exposure and increased incidence of all three cancers," in agreement with the previous EPA meta-analysis
in the 2011 Integrated Risk Information System (IRIS) Assessment (US EPA, 2011). However, the metaanalysis results were likely biased as a result of methodological limitations of individual studies (e.g.,
exposure measurement error, and confounding), qualitative heterogeneity across individual studies
(especially in terms of ratio measures, exposure measurements and contrasts, mortality vs. incidence data,
and covariate adjustments), and unjustified adjustments in quality ratings of some studies and the
inappropriate removal of the largest study (Vlaanderen et al. [2013]). These issues are described in more
detail below, in Sections 2-4.

1
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2

Study Screening, Selection, and Quality Evaluation

US EPA conducted an IRIS assessment of TCE in 2011, in which 23 epidemiology studies of NHL, kidney
cancer, and/or liver cancer risks were systematically reviewed and meta-analyzed. In the epidemiology
study review and meta-analyses in the 2020 Draft Risk Evaluation (US EPA 2020a), US EPA took into
consideration the 23 epidemiology studies included in the prior review and further considered all new
epidemiology studies of NHL, kidney cancer, and liver cancer risks published since then.
In the Draft Risk Evaluation, studies were screened through the inclusion/exclusion criteria listed in
Table_Apx H-1 (US EPA, 2020a). Study quality was assessed in the "Systematic Review Supplemental
File: Data Quality Evaluation of Human Health Hazard Studies – Epidemiological Data" (hereafter referred
to as the "Data Quality Evaluation" [US EPA, 2020b]). The assessment was done based on extensive data
quality criteria developed by US EPA and described in the "Systematic Review Supplemental File: Updates
to the Data Quality Criteria for Epidemiological Studies" (hereafter referred to as the "Data Quality Criteria"
[US EPA, 2020c]).
As discussed below, US EPA inappropriately used both study inclusion/exclusion criteria and data quality
criteria to select studies for inclusion in the meta-analyses, leading to a biased selection of studies. Also,
despite a large list of Data Quality Criteria (US EPA, 2020c) and an extensive analysis of data quality,
specific aspects of study quality (e.g., study design, exposure measurement, and confounding) in individual
studies and how they could have affected the validity of individual effect estimates and the interpretation
of meta-analyses results were not discussed anywhere in the Draft Risk Evaluation (US EPA, 2020a).
Several of these aspects likely led to bias in individual studies and the meta-analyses that included them.
Finally, the initial quality ratings of three studies were changed based on factors that had already been (or
could have been) accounted for in the Data Quality Criteria assessment. The considerations for re-rating
these studies do not appear to have been evaluated consistently in all of the included studies.

2.1

Study Inclusion/Exclusion

Inclusion and exclusion criteria set boundaries for systematic reviews and meta-analyses. They are
determined based on the research question and influence the literature search strategy. All studies that meet
inclusion criteria should be included in the analyses. The quality of each study should then be evaluated
using pre-specified study quality criteria, and the impact of study quality on the interpretation of results
should be considered. In the TCE meta-analyses, US EPA appears to have used both inclusion/exclusion
criteria and data (i.e., study) quality criteria to determine which studies to include in the meta-analyses.
For example, US EPA stated that "Relevant studies were evaluated for data quality and were additionally
screened through inclusion/exclusion criteria…" and that "Data quality and inclusion/exclusion criteria
screening identified ten studies suitable for use in meta-analysis." It is also evident from Table_Apx H-2
of the Draft Risk Evaluation (US EPA, 2020a) that the studies not recommended for inclusion in the metaanalyses were based on either the inclusion/exclusion criteria (e.g., Alanee et al., 2015; Bassig et al., 2016;
Ruckart et al., 2013) or the Data Quality Criteria (e.g., Bahr et al., 2011), rather than based on
inclusion/exclusion criteria alone.
The specific role of Data Quality Criteria in determining which studies should be included in US EPA's
meta-analyses is unclear, but it is evident that it was not applied in a consistent manner. For example, there
2
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is no explanation for excluding Bahr et al. (2011) (the only study that scored Unacceptable), but not
Buhagen et al. (2016) (the only study that scored Low), when both studies met the inclusion criteria. This
raises a question of the objectivity of the study selection process.

2.2

Data Quality Evaluation

US EPA conducted an extensive evaluation of study quality using pre-determined Data Quality Criteria
(US EPA, 2020c), which included six general domains and a total of 22 metrics that each captured a specific
aspect of study quality. As summarized in the Data Quality Evaluation (US EPA, 2020b), individual studies
were first evaluated and rated against each individual study quality metric (i.e., "High," "Medium," "Low,"
or "Unacceptable"), with a score assigned to each level of rating (i.e., 1, 2, 3, or 4). Then, a summary score
was calculated for each study as the weighted average across individual metric quality scores. The weight
carried by each metric towards the summary score was determined a priori to reflect what US EPA
concluded was its relative importance towards the overall study quality. Finally, the summary score of each
study was categorized into ranges that were defined to indicate "High," "Medium," "Low," or
"Unacceptable" study quality overall.
The overall results of this evaluation (i.e., whether each study is, overall, of "High," "Medium," "Low," or
"Unacceptable" quality) were used as a stratifying factor in the sensitivity analyses (discussed further in
Section 4.2). However, as discussed in Section 2.1, the results were inappropriately used to inform study
selection. Perhaps more importantly, specific aspects of study quality (e.g., study design, exposure
measurement, and confounding) in individual studies and how they could have affected the validity of
individual effect estimates and the interpretation of meta-analysis results were not discussed anywhere in
the Draft Risk Evaluation (US EPA, 2020a). This is a major shortcoming of the meta-analyses.
To demonstrate the methodological strengths and limitations in each individual study, we summarized US
EPA's Data Quality Evaluation in Table 1. As shown in Table 1, the majority of studies under review are
not subject to reporting bias (Metric 8) and performed appropriate and sufficient statistical analyses
(Metrics 12-15). The most common methodological limitation among the individual studies is the potential
for exposure measurement error. According to the ratings of Metric 4 (Measurement of Exposure), the
majority (22 out of 26) of the studies were rated as either "Medium" or "Low" quality. These studies used
less-established exposure assessment methods, lacked method validation, or had limited employment
information for job-matrix construction, and their individual effect estimates are, therefore, subject to
information bias. It is notable that the potential for exposure measurement error is not uncommon among
the studies that were rated as "High" quality overall and in the studies that carried the greatest weights in
the meta-relative risks [RRs] (i.e., Vlaanderen et al., 2013; Raaschou-Nielsen, 2003; and Pesch, 2000).
This indicates that the meta-RRs are subject to substantial information bias.
Furthermore, nine studies, also including those that were rated as "High" quality overall (i.e., Boice et al.,
2006; Brüning et al., 2003), were rated as "Low" quality for Metric 5 (Exposure Levels). These studies
examined limited ranges of exposure or reported only two levels of exposure (exposed/unexposed), so they
were not adequate for developing an exposure-response estimate. These studies likely introduced bias to
the meta-RRs because their effect estimates are not adequate to fully capture the underlying association
between TCE exposure and the cancer outcomes.
Another common methodological limitation among the individual studies is confounding. According to
the ratings of Metrics 9-11, 15 studies were rated as "Medium" or "Low" quality for Covariate Adjustment
(Metric 9), 17 studies were rated as "Medium" or "Low" quality for Covariate Characterization (Metric 10),
and 10 studies were rated as "Low" quality for Co-exposure Confounding (Metric 11). These studies did
not assess potential confounders (excluding co-exposures) using valid and reliable methodology, or did not
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appropriately adjust for confounding by co-exposures or other potential confounders. The individual effect
estimates are, therefore, subject to confounding. Given that all but three studies (e.g., Charbotel et al.,
2006; Lipworth et al., 2011; and Purdue et al., 2016) under review, including most of the studies that were
rated as "High" quality and studies that carried the greatest weights towards the meta-RRs (i.e., Vlaanderen
et al., 2013; Raaschou-Nielsen et al., 2003; and Pesch et al., 2000), were affected by at least one of the
three aspects of residual confounding (e.g., covariate adjustment, covariate characterization, and coexposure confounding), the meta-RRs are subject to substantial confounding.
Overall, our examination of both overall study quality and specific aspects of study quality show that most
of the studies, including several rated as having "High" quality overall, may have had serious limitations
(particularly with regard to exposure measurement error and confounding) that impacted the interpretation
of the study results and the results of the meta-analyses that included them. US EPA should compare results
of the studies with both of these methodological limitations to results of the few studies without either
limitation (e.g., Charbotel et al., 2006; Zhao et al., 2005; Cocco et al., 2013; Hansen et al., 2013; Lipworth
et al., 2011; Purdue et al., 2016) in generating the summary effect estimates (i.e., meta-RRs), particularly
when stratifying by overall study quality, in order to assess the degree to which the methodological
limitations may have impacted individual effects estimates and the interpretability of meta-RRs.

2.3

Adjustments in Data Quality Evaluation

The goal of using Data Quality Criteria in a systematic review is to ensure the overall quality of each study
is evaluated objectively and in a consistent manner. However, in this review, US EPA changed the study
quality rating for a few studies (i.e., Vlaanderen et al., 2013; Buhagen et al., 2016; Bahr et al., 2011) after
completing an evaluation based on the predetermined Data Quality Criteria (US EPA, 2020b). It appears
that these rating changes were based on factors that had already been (or could have been) accounted for in
the Data Quality Criteria. Also, it is unclear whether the considerations for re-rating these studies were
consistently evaluated in all of the included studies, or whether certain studies were singled out.
For example, Vlaanderen et al. (2013) was initially rated as a "High" quality study based on the Data Quality
Criteria, but then re-rated as a "Medium" quality study. US EPA's explanation was that "Although this was
a large, well-conducted study based on complete ascertainment of cancer cases using national cancer
registries and a country-specific JEM, the sensitivity of the study to detect any associations that may exist
was limited, but improved by restricting the analysis to the high exposure group where prevalence was
likely greater compared to the entire study population, due to exposure misclassification inherent in the
generic JEM and resulting bias toward the null."
Although a job exposure matrix (JEM) is indeed subject to exposure misclassification, this should have
been accounted for by the initial rating of Metric 4 (Measurement of Exposure) as "Low" quality for the
study, where it was noted that:
Exposure during each period was assigned based on generic JEM constructed using
expertise and data specific to the Nordic countries.… Although there was no specific
evidence in the paper, exposure misclassification may be "considerable" because the
prevalence of TCE or perchloroethylene exposure in most job categories was low ("as low
as 5%") resulting in a wide variation in exposure frequency and intensity in the exposed
resulting in a bias toward the null. The census occupational information does not include
job task data or information about changes between each census increasing the potential
for exposure misclassification.
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It is unclear why the same issue was double-counted in the rating. It is also unreasonable to re-rate the
entire study (from "High" to "Medium" quality) for specific issues that should have been accounted for by
simply re-rating individual aspects/metrics that contribute to the overall rating of the study.
Mathematically, the overall rating change from "High" to "Medium" is equivalent to a rating change
specifically for Measurement of Exposure (Metric 4) from "Low" to worse than "Unacceptable," which
would be unadjusted given the quality of exposure measurement in the study.
Buhagen et al. (2016) was re-rated from "Medium" to "Low" study quality, for which US EPA's explanation
was that "Exposure was inferred from employment in the facility. Coexposures were likely but no
information was presented. Demographic characteristics of the cohort were not reported and covariates
were not considered." Not only had the issues with exposure and co-exposure been already accounted for
in the initial rating of the study, but the issue with demographic characteristics appears to contradict the
notes from the initial rating (i.e., "Age, sex, and race are all well characterized," "Age, sex, and race were
all controlled for"). Moreover, the initial overall quality score of the study was 1.69, which technically
should have led the study to be rated as "High" quality (for quality score ranging from 1 to <1.7), as opposed
to the "Medium" quality shown in the data quality result table.
Similarly, Bahr et al. (2011) was re-rated from "Low" to "Unacceptable" study quality, for which US EPA's
explanation was that "Repeated examples of poor quality of study design and execution and ignorance of
potential biases that went unmentioned even in the discussion indicate inexperience and poor quality
control." Again, individual issues with study design and biases appear to have already been accounted for
in the initial ratings of individual matrices.
Not only were the objectivity and reasonableness of these adjustments in the data quality evaluation
questionable, but the adjustments likely affected the meta-analyses and results beyond individual study
ratings. Specifically, Bahr et al. (2011) was excluded from the meta-analyses due to its adjusted,
"Unacceptable" quality rating (detailed discussion in Section 2.1). Although Vlaanderen et al. (2013) and
Buhagen et al. (2016) remained in the meta-analyses, their adjusted quality ratings led them to be counted
towards "Medium/Low" quality studies as opposed to "High" quality studies in the stratified meta-analyses
(detailed discussion in Section 4.3). We wish to stress that we agree that these are major study limitations
that should be considered (as discussed in Section 2.2). However, applying them in an inconsistent manner
across studies could have biased the results and interpretation of the meta-analyses.
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3

Meta-analysis Methods

For each study under review, US EPA abstracted measures of association, the corresponding confidence
intervals or standard errors, study design, and exposure metrics. The meta-analyses were initially
performed using fixed-effects model; when the presence of heterogeneity was indicated by the I2 statistic
(which describes the percentage of variation in effect estimates across individual studies that is due to
heterogeneity rather than chance), a random-effects model was used instead to estimate the summary effect.
Sensitivity analyses (i.e., analyses conducted under alternative conditions that are used to assess the
robustness of study results in the main analysis) were performed to identify influential studies and stratify
the meta-analyses results by study quality. The potential for publication bias was also assessed via visual
inspection of funnel plots (i.e., a scatterplot of effect size against study size/precision to visualize the
potential for publication bias, as indicated by asymmetry of the plot).
While the meta-analyses followed a standard procedure and multiple sensitivity analyses were conducted
to assess the robustness of the meta-analyses results, the diversity in ratio measures, issues with exposure
measurements and contrasts, the use of mortality vs. incidence data, and covariate adjustments across
individual studies introduced qualitative heterogeneity across the meta-analyzed effect estimates, which
could not be fully captured through statistical modeling. This methodological limitation hinders the
interpretability of the meta-analyses results, and calls into question the appropriateness of meta-analyzing
these study results.

3.1

Data Abstraction

3.1.1 Ratio Measures
US EPA considered all risk ratio measures (i.e., RR, odds ratio [OR], hazard ratio [HR], standardized
mortality ratio [SMR], and standardized incidence ratio [SIR]) as equivalent. Although this is not an
uncommon approach for meta-analyses, it could introduce bias to the study results, especially when
conditions where other ratio measures would mathematically approximate RR are not met in individual
studies (e.g., an OR from a case-control study that is not nested within an underlying cohort).

3.1.2 Exposure Measurements and Contrasts
In the meta-analyses, US EPA included studies where a diversity of TCE exposure measurements were
used, such as via "individual biomarkers, job exposure matrices (JEMs), water distribution models, or
obtained from subjects using questionnaire (case-control studies)." For example, Hansen et al. (2013) used
urinary TCE metabolite trichloroacetic acid (U-TCA), which measures exposure to TCE during the
preceding week; Lipworth, et al. (2011) used TCE exposure potential and exposure duration; and
Vlaanderen et al. (2013) used JEMs that estimate the prevalence and level of TCE exposure to derive
cumulative TCE exposure. While such diversity in exposure measurements enabled a large number of
studies to be included in the meta-analysis, an effect estimate based on one exposure measurement is not
necessarily comparable to the effect estimate based on another exposure measurement.

6
G:\Projects\220078_HSIA_TCE_Meta_Analysis\TextProc\r042420y.docx

In addition, US EPA abstracted effect estimates for "contrasts within the study population and were either
1) comparisons of groups exposed and not exposed to [TCE] 1 or 2) comparisons of groups with the highest
and lowest level of exposure to [TCE], in that order." However, the definitions of "exposed" vs.
"unexposed" or "high" vs. "low" exposure levels were not specified. The contrast between exposed vs.
unexposed can be different among studies, and also from the contrast between highest vs. lowest level of
exposure, especially when the lowest level of exposure is not defined as "unexposed." For example, in the
meta-analysis on NHL, the effect estimate extracted from Hansen et al. (2013) (1.21, 95% CI: 0.85-1.72)
corresponds to the contrast between TCE exposed workers with a 10-year lag time vs. the general population
(some of whom were also exposed to TCE); the effect estimate extracted from Lipworth, et al. (2011) (1.02,
95% CI: 0.54-1.91) corresponds to the contrast between workers with routine and intermittent TCE
exposure of ≥5 years vs. 0 year; the effect estimate extracted from Vlaanderen et al. (2013) (0.97,
95% CI: 0.91-1.04) corresponds to the contrast between individuals at the third tertile of cumulative TCE
exposure vs. unexposed individuals (see Figure_Apx H-1 of the Draft Risk Evaluation [US EPA, 2020a]).
Diversities in both exposure measurements and contrasts introduce heterogeneity across the meta-analyzed
studies and hinders the interpretability of the meta-analyses results. Thus, the appropriateness of metaanalyzing these study results is questionable.

3.1.3 Mortality vs. Incidence
US EPA assumed that meta-RR estimates, which are based on RR estimates for both cancer mortality and
incidence, were appropriate estimates for cancer incidence ratios. This assumption was not reasonable.
Because the survival rates for cancer generally depend on the cancer site and stage at diagnosis, mortality
rates often poorly approximate incidence rates, particularly when cancers are diagnosed at an early stage.
Kidney cancer (excluding Stage IV) and NHL have relatively high five-year survival rates, ranging from
50% to 80%. Therefore, mortality risk estimates are not good estimates for incidence risks for these two
cancers.

3.1.4 Covariate Adjustments
The most fully adjusted risk estimate from each study was used in each meta-analysis in the Draft Risk
Evaluation. However, each study adjusted for a unique set of covariates, and even the same covariates were
often defined and measured differently across studies. For example, race was adjusted for in Lipworth, et
al. (2011), but not in Vlaanderen et al. (2013) or Hansen et al. (2013). While age was operationalized as a
continuous variable with one-year increment in Vlaanderen et al. (2013), it was operationalized as fiveyear age groups in Hansen et al. (2013). These serve as another source of heterogeneity among the
individual effect estimates that hinders the interpretability of meta-analysis results. Moreover, a fully
adjusted risk estimate may be biased if the corresponding model adjusted for inappropriate covariates (e.g.,
mediators). Sensitivity analyses should be performed to assess the robustness of meta-RRs to choices of
covariate adjustments.

3.2

Modeling Approach

US EPA's decision on whether fixed-effects or random-effects model results should be used to represent
the summary effect estimates (i.e., meta-RRs) solely relied on the I2 statistic and visual inspection of the
plotted effect estimates. While such evaluations are helpful tools to understand whether, numerically,
variations among individual effect estimates are likely due to underlying heterogeneity compared to chance,
1

The Draft Risk Evaluation appears to have a typo, as this sentence refers to perchloroethylene.
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they are no replacement for understanding the underlying meanings of the values of the effect estimates.
Given the above-mentioned heterogeneity in ratio measures (Section 3.1.1), exposure measurements and
contrasts (Section 3.1.2), and covariate adjustments (Section 3.1.3), a qualitative evaluation of whether the
effect estimates from individual studies can be considered as estimating the same underlying effect should
be conducted, along with the quantitative examinations. If this is done, it is evident that the fixed-effects
TCE models, which assumed that each of the individual studies are estimating the same underlying effect,
likely are subject to biased results as a result of this heterogeneity.
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4

Interpretation of Results

There were no statistically significant associations between TCE and NHL or liver cancer in any of the
initial meta-analyses presented in the Draft Risk Evaluation, whether contrasting between exposed vs.
unexposed or between highest vs. lowest exposure levels; whereas there was statistically significant
association between TCE and kidney cancer (meta-RR=1.22, 95% CI: 1.07-1.38). There was a significant
indication of heterogeneity among studies of NHL and kidney cancer, but not liver cancer.
US EPA identified Vlaanderen et al. (2013) as an influential study and conducted a series of evaluations
that omitted this study. US EPA concluded that there was "reason to believe that omitting the Vlaanderen
et al. (2013) study would improve the sensitivity of meta-analytic results for all three cancers." Further,
based on these findings and meta-analysis stratified by study quality, US EPA concluded that "metaanalyses accounting for between-study heterogeneity, influential observations, and data quality consistently
indicate positive associations of NHL, kidney cancer and liver cancer with exposure to TCE."
As discussed below, the meta-RRs do not reflect specific issues with the individual studies (e.g., exposure
measurement error and confounding, discussed in Sections 2 and 3) or the meta-analyses themselves. The
US EPA's omission or recategorization of Vlaanderen et al. (2013) as "Medium" quality may not have been
appropriate, particularly when considering the limitations of the other influential studies that remained in
those analyses. In addition, "High" quality studies were not without limitations, so analyses based on only
these studies are not reliable indicators of risk. Finally, the Draft Risk Evaluation's publication bias analysis
is inappropriate.

4.1

Removal of Vlaanderen et al. (2013)

US EPA used a "leave-one-out" approach in the assessment of influential studies (i.e., conducted each
analysis several times, removing one study each time) in fixed-effects, but not random-effects, models for
NHL, kidney cancer, and liver cancer. In doing so, US EPA identified only Vlaanderen et al. (2013) as an
influential study; meta-RRs largely remained not statistically significant with the removal of any other
study.
Vlaanderen et al. (2013) carried a substantially greater weight in generating the meta-RRs in the fixedeffects models (e.g., ~70-80% weight for Vlaanderen et al. [2013] compared to ~7-12% weight for the
second largest studies [e.g., Raaschou-Nielsen et al., 2003, and Pesch et al., 2000], reflecting the drastic
contrast in sample sizes). As a result, the observed difference between meta-RRs before and after omitting
Vlaanderen et al. (2013) (see Tables_Apx H-4 to H-6, Draft Risk Evaluation [US EPA, 2020a]) is not
surprising.
On the contrary, when random-effects models were used, Vlaanderen et al. (2013) only carried slightly
greater weight in generating the meta-RRs (e.g., ~20-31% weight for Vlaanderen et al. [2013] compared to
14-21% weight for the second largest studies). This indicates that had random-effects models been based
on the assessment of influential studies, the difference between meta-RRs before and after omitting
Vlaanderen et al. (2013) would have been much smaller. It is not clear why the Draft Risk Evaluation only
used fixed effects models for the "leave-one-out" analysis when random-effects models are more
appropriate for these data given indications of heterogeneity.
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Even if the "leave-one-out" analysis based on random-effects models led to the same conclusion as the
fixed-effects models (i.e., Vlaanderen et al. [2013] being an influential study), US EPA's reason for omitting
Vlaanderen et al. (2013) is flawed. US EPA stated that "The initial results of meta-analyses for NHL,
kidney cancer and liver cancer showed moderate heterogeneity among studies, due largely to the influence
of the study by Vlaanderen et al. (2013)." While it is true that as a large study, Vlaanderen et al. (2013)
carries greater weight towards the meta-RRs, and the I2 statistic reduced substantially (to 10% or nearly
0%) after omitting Vlaanderen et al. (2013), the calculation of I2 statistic only accounts for the values of
effect estimates from individual studies, the individual study sample sizes, the meta-RR values, and the
total number of individual studies. None of the sources of heterogeneity discussed in the prior sections
(e.g., ratio measures, exposure measurements and contrasts, and covariate adjustments) are fully captured
in the value of I2 statistic. In other words, just because the value of I2 statistic was substantially reduced
does not mean there's no underlying qualitative heterogeneity among the remaining studies. A more
important question, as discussed in Section 3.2, is whether the effect estimates from Vlaanderen et al. (2013)
or any other study under review can be considered as estimating the same underlying effect. This was not
considered.
Finally, in support for the decision to omit Vlaanderen et al. (2013) from the meta-analyses, US EPA stated:
The study of Vlaanderen et al. (2013) carries very large statistical weight due to its large
sample size, but its sensitivity to detect any true effect of TCE is likely to be low. The study
is based on a large general population cohort with exposures estimated by linking job titles
recorded in national census data to a job-exposure matrix. The prevalence and average
intensity of TCE exposure are low in the study population and the indirect method of
estimating exposures has significant potential to misclassify exposure. Further, the study
was not scored High for data quality in EPA's review (it scored Medium).
As discussed in Section 2.3, the overall quality rating of Vlaanderen et al. (2013) was unreasonably adjusted
from "High" to "Medium" after the initial rating for this exact same reason that was accounted for in Metric
4 – Measurement of Exposure. Using this reason once again to support the omitting of Vlaanderen et al.
(2013) altogether without acknowledging the many methodological strengths and the overall good quality
of the study is not justified. As was also noted in Section 2.3, it does not appear that the strict assessment
of the potential for exposure misclassification, for Vlaanderen et al. (2013) was consistently conducted for
all the studies under review.

4.2

Other Influential Studies

After removing Vlaanderen et al. (2013) from the meta-analyses, the next largest studies (including
Raaschou-Nielsen et al., 2003; Pesch et al., 2000; and Hansen et al., 2013) had the highest influences on
the meta-RRs. However, these studies are not immune from the methodological limitations observed in
Vlaanderen et al. (2013). In fact, according to the initial study quality rating, these studies were of worse
overall quality (i.e., scored higher) and, therefore, are likely more subject to bias, than Vlaanderen et al.
(2013) (Table 1).
Raaschou-Nielsen et al. (2003), similar to Vlaanderen et al. (2013), was also rated as having "Low" quality
with respect to Measurement of Exposure (Metric 4). Specifically, this retrospective cohort study was
conducted among Danish blue-collar workers employed at a TCE-using company who were not all exposed
to TCE (Raaschou-Nielsen et al., 2003). Moreover, this study was rated "Low" for Covariate Adjustment
(Metric 9), as only SIRs were assessed in the study, and key confounders for liver cancer, such as smoking,
heavy alcohol consumption, and chronic viral hepatitis, and kidney cancer confounders like smoking and
BMI, were not adjusted for.
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Pesch et al. (2000) was also rated as having "Low" quality with respect to Measurement of Exposure
(Metric 4). Specifically, as noted in the Data Quality Evaluation (US EPA, 2020b), "Exposure categories
estimated by JEM and JETM were based on job titles and job tasks from questionnaires and interviews (not
employment records). Specified chemical agent exposures were estimated based on probability and
intensity of exposure associated with the job titles and task." In addition, this study was rated "Low" for
Co-exposure Confounding quality (Metric 11), because "[o]ther chemical agent worker exposures were not
[appropriately] adjusted for which could result in biased exposure-outcome association."
Hansen et al. (2013) was rated "High" for exposure measurement quality (Metric 4), but shared with
Vlaanderen et al. (2013) the potential for confounding due to insufficient Covariate Characterization
(Metric 10). Specifically, as noted in the Data Quality Evaluation (US EPA, 2020b):
Lack of information on potential confounders is a limitation of this study. Cancer incidence
rates were based on sex, age, and calendar year. Country was also considered. No data on
smoking or alcohol consumption were available. Indirect analysis by evaluating SIRs for
cancers that are thought to be causally associated with these specific confounders. An
increase in the cancers considered related to smoking or alcohol consumption would be
considered to suggest confounding of smoking and drinking. This is not considered an
acceptable method for addressing the issue of confounding as TCE could also be associated
with these cancers and there is no evidence that the smoking or drinking rates in the
exposed workers would be different from those of the reference population.
In addition, this study is subject to attrition bias, because "Although moderate losses occurred reasons for
loss to follow up were not apparent."

4.3

Stratified Analyses by Study Quality

Stratification of meta-analysis by study quality showed that "For all three tissues, the meta-RR was greater
among the high quality studies compared to medium or low quality studies." It is worth noting that this
finding is likely sensitive to the quality rating of Vlaanderen et al. (2013). Had this study not been re-rated
from "High" to "Medium" quality, the meta-RR would likely have been greater among the medium- or
low-quality studies compared to the high-quality studies, which would have led to a completely different
conclusion. More importantly, this was only demonstrated for fixed-effects models, and results were not
shown for random-effects models, which are more appropriate given the heterogeneity among the studies.
In addition, as discussed above, studies rated as "High" quality were not without limitations. Specifically,
six out of the nine "High" quality studies (i.e., Boice et al., 2006; Brüning et al., 2003; Bove et al., 2014a;
Bove et al., 2014b; Lipworth et al., 2011; Purdue et al., 2016) were rated as having "Low" or "Medium"
quality with regard to Measurement of Exposure (Metric 4) and are, therefore, subject to information bias.
Moreover, five of the "High" quality studies (i.e., Boice et al., 2006; Zhao et al., 2005; Bove et al., 2014a;
Bove et al., 2014b; Cocco et al., 2013) were rated as "Medium" quality for either Covariate Adjustment
(Metric 9) or Covariate Characterization (Metric 10), and are, therefore, subject to confounding.

4.4

Assessment of Publication Bias

In the assessment of publication bias, US EPA visually examined funnel plots comparing study size
(indicated by standard errors on the y-axis) and effect size (indicated by natural log of individual effect
11
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estimates on the x-axis). In the absence of publication bias, studies with high precision should be plotted
near the center of the plot, and those with low precision should be spread evenly on both sides of the center,
which appears to be shaped like a funnel. If the shape does not appear like a funnel, with points veering
one way or another, this can indicate publication bias. Funnel plots are not a precise tool, and are only
intended to be a crude measure of whether it is likely that the available studies represent a bias in terms of
positive results.
In the Draft Risk Evaluation, US EPA stated that "Funnel plots including all studies (Figure_Apx H-16,
a-c) were consistent with modest publication bias, with a possible tendency toward omission of moderatesized studies with weak or null associations. With the (Vlaanderen et al., 2013) study omitted, however,
the plots became more symmetrical, consistent with an absence of publication bias among the remaining
studies (Figure_Apx H-16, d-f)."
This analysis is nonsensical. Funnel plots are intended to be a crude measure of whether all relevant studies
have been captured, and they should not be used to determine the sensitivity of meta-analyses to a particular
study (which can be done in a "leave-one-out" analysis, as discussed here in Section 4.1). The use of a
funnel plot in this manner in the Draft Risk Evaluation demonstrates a general misunderstanding of the use
of these plots.
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5

Conclusions

The NHL, kidney cancer, and liver cancer meta-analyses in the Draft Risk Evaluation for TCE were
conducted using standard methodology, and US EPA conducted a detailed evaluation of study quality and
provided documentation of the criteria used to do so.
The Draft Risk Evaluation indicated there were no statistically significant associations between TCE and
NHL or liver cancer in any of the initial meta-analyses, except for a small association between TCE-exposed
vs. unexposed kidney cancer (meta-RR=1.22, 95% CI: 1.07-1.38). Based on additional analyses, US EPA
concluded that "meta-analyses accounting for between-study heterogeneity, influential observations, and
data quality consistently indicate positive associations of NHL, kidney cancer and liver cancer with
exposure to TCE."
US EPA's conclusion does not account for some serious methodological limitations of individual studies
(e.g., exposure measurement error and confounding), qualitative heterogeneity across individual studies
(especially in terms of ratio measures, exposure measurements and contrasts, mortality vs. incidence data,
and covariate adjustments), unjustified adjustments in quality ratings of some studies, and the inappropriate
removal of the largest study (Vlaanderen et al. 2013). Thus, the meta-analyses results are not reliable, and
US EPA's interpretation of the results are not appropriate. The meta-analyses do not support TCE as a risk
factor for NHL, kidney cancer, or liver cancer.
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In the draft "Risk Evaluation for Trichloroethylene CASRN: 79-01-6" (US EPA, 2020a), the United States
Environmental Protection Agency (US EPA) updated meta-analyses it conducted in the 2011
Trichloroethylene (TCE) Integrated Risk Information System (IRIS) Assessment (US EPA, 2011) and
confirmed its 2011 conclusion that there are positive associations between TCE and non-Hodgkin
lymphoma (NHL), kidney cancer, and liver cancer. Based on this conclusion, US EPA used the Inhalation
Unit Risk (IUR) for TCE it derived in the 2011 IRIS Assessment in the 2020 Draft Risk Evaluation. This
IUR is "based on human kidney cancer risks reported by Charbotel et al. (2006) and adjusted 4-fold upward
for potential additional risk for NHL and liver cancer" (US EPA, 2020a). However, methodological
limitations of the Charbotel et al. (2006) study undermine the estimation of the kidney cancer IUR, and US
EPA's adjustment of this IUR for NHL and liver cancer is not appropriate.

Charbotel et al. (2006)
Charbotel et al. (2006) is a hospital-based, case-control study of kidney cancer and occupational exposure
to TCE conducted in France. The study investigators estimated cumulative TCE exposures based on
historical measurements of TCE concentrations in the air and a job-exposure matrix (JEM) (Fevotte et al.,
2006). Based on cases of kidney cancer and age- and sex-matched controls who were recruited from local
hospitals and urologists, the study investigators reported an elevated risk for kidney cancer with increasing
cumulative exposures to TCE (p for trend = 0.04), adjusting for smoking and body mass index (BMI). US
EPA obtained a linear regression coefficient by regressing the odds ratios (ORs) of kidney cancer against
cumulative TCE exposures and used this coefficient to calculate lifetime extra risks using life table analysis
(US EPA, 2011). US EPA then used the 95% lower confidence limit of the effective concentration
corresponding to an extra kidney cancer risk of 1% to derive an IUR of 5.49 × 10-3 (US EPA, 2011).
In the 2020 Draft Risk Evaluation, US EPA conducted an extensive quality evaluation of the individual
studies included in the meta-analyses, based on six general domains and a total of 22 metrics that each
assessed a specific aspect of study quality (i.e., each study was rated as "High," "Medium," "Low," or
"Unacceptable," both overall and with regard to each aspect). Charbotel et al. (2006) was rated as having
"High" quality overall (US EPA, 2020b), but it is not without methodological limitations. As noted in the
US EPA Data Quality Evaluation (US EPA, 2020b) and summarized in our US EPA 2020 TCE metaanalysis review (Gradient, 2020), Charbotel et al. (2006) is subject to attrition bias, because "8 cases and
10 controls were lost to follow up. Moderate attrition, but exposure and outcome data were largely
complete." This study included only 86 cases and 316 controls, so the numbers of cases and controls that
were lost to follow up are not negligible. Although US EPA indicated that this small sample size may be
"[a]dequate to detect an effect in the primary analysis" (US EPA, 2020b), and given the matching nature of
the study design and limited confounder adjustment (i.e., smoking and BMI) in the model, it may not be
adequate to generate a stable and representative effect estimate, especially since there could be
misclassifications of exposure levels (i.e., non-exposed, low, medium, and high) due to errors in reporting
occupational histories via occupational questionnaires.
Also, although not captured in the US EPA Data Quality Evaluation (US EPA, 2020b), results of Charbotel
et al. (2006) are subject to selection bias (i.e., controls may not be representative of the base population that
gave rise to the cases). Specifically, Charbotel et al. (2006) selected controls among patients of the same
urologist or general practitioner as the cases, and this would not have captured individuals who were not
established patients of cases' physicians but could have become cases had they been diagnosed with kidney
cancer. The control group of patients who saw the same physicians as the cases but did not have kidney
cancer might have systematically higher or lower odds of TCE exposure than the underlying true base
population that gave rise to the cases, thus biasing the study results. In addition, since all participants of
Charbotel et al. (2006) resided in a particular geographic area (i.e., the Arve Valley, France), they may
share certain characteristics that limit the generalizability of study results to other populations.
1
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Adjustment for Multiple Cancer Sites
US EPA adjusted the TCE IUR estimate for additional cancer sites, including NHL and liver cancer, using
two approaches to assess relative contributions of multiple cancer sites to the extra cancer risk from TCE
exposure (see Table 5-46 in Section 5.2.2.2, US EPA, 2011). First, using relative risk (RR) estimates for
kidney cancer, NHL, and liver cancer from the 2011 IRIS meta-analyses, US EPA calculated the extra risks
of these cancers and obtained a ratio of 3.28 by comparing the total extra risk of NHL and liver cancer to
that of kidney cancer. In an alternative approach, US EPA relied on standardized incidence ratios (SIRs)
of these three cancers, reported in Raaschou-Nielsen et al. (2003), to calculate extra cancer risks, and
calculated a ratio of 4.36 by comparing the combined extra risks of NHL and liver cancer to the extra risk
of kidney cancer. Based on these two ratios, US EPA applied a factor of 4 directly to the kidney cancer
IUR estimate and obtained an IUR estimate of 2.2 × 10-2 for total cancer.
The adjustment for multiple cancer sites US EPA applied to the IUR is not appropriate for several reasons.
First, the RR estimates from the 2011 IRIS meta-analyses do not accurately reflect the relative contributions
from different cancers. In Appendix C of the 2011 TCE IRIS Assessment (US EPA, 2011), US EPA
presented detailed meta-analyses of several cancer sites, including kidney cancer, NHL, and liver cancer.
Below, we compare key results from these meta-analyses (Table 1). In the primary analyses with all
available studies, moderate, but statistically significant, meta risk estimates were observed for all three
cancer types. However, in subgroup analyses by study design, it is apparent that while an elevated risk of
kidney cancer was present in case-control studies but not cohort studies, elevated risks of NHL and liver
cancer were present only in cohort studies. Case-control studies of these cancers generally obtained detailed
information on potential confounders, such as smoking, BMI, and socioeconomic status (SES), and thus
provided more robust estimates for the cancer risk associated with TCE exposure. In contrast, the cohort
studies of cancer and TCE, often comparing occupational populations to the general population, mostly
reported SIRs or standardized mortality ratios (SMRs) that were not adjusted for confounders. Therefore,
risk estimates from individual cohort studies, and the meta-estimates based on these studies, likely did not
properly reflect the true associations between TCE and these cancers.
Table 1 Results of the 2011 IRIS Meta-analyses of Trichloroethylene and Kidney Cancer, Non-Hodgkin
Lymphoma, and Liver Cancera
Analysis
All Studies
Cohort Studies
Case-control Studies

Meta-RR (95% CI) from Random-effects Models
Kidney Cancer
NHL
Liver Cancer
1.27 (1.13-1.43)
1.23 (1.07-1.42)
1.29 (1.07-1.56)
1.16 (0.96-1.40)
1.33 (1.13-1.58)
1.29 (1.07-1.56)
1.48 (1.15-1.91)
1.11 (0.89-1.38)
-

Notes:
CI = Confidence Interval; NHL = Non-Hodgkin Lymphoma; RR = Relative Risk.
(a) Adapted from Tables C-3, C-6, and C-12 of Appendix C of the Toxicological Review of Trichloroethylene (CAS No. 79-01-6) In
Support of Summary Information on the Integrated Risk Information System (IRIS) (US EPA, 2011).

As shown in Table 1 of our US EPA 2020 TCE meta-analyses review (Gradient, 2020), many studies
included in the 2011 IRIS meta-analyses (which were subsequently included in the 2020 meta-analyses)
were of "Medium" or "Low" quality with respect to exposure measurements (Metric 4). These studies used
less-established exposure assessment methods, lacked method validation, or had limited employment
information for job-matrix construction, and the meta-RRs are therefore subject to bias (i.e., information
bias) due to potential exposure measurement error. Also, some studies included in the 2011 IRIS metaanalyses were of "Low" quality with respect to exposure levels (Metric 5). That is, these studies examined
limited ranges of exposure or reported only two levels of exposure (exposed/unexposed) that were
2
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inadequate to fully capture the underlying association between TCE exposure and the cancer outcomes,
also introducing bias to the meta-RRs.
Another common methodological limitation among the individual studies in the 2011 IRIS meta-analyses
is confounding. All but one study (Charbotel et al., 2006) included in the 2011 IRIS meta-analyses in Table
1 of our US EPA 2020 TCE meta-analyses review were affected by at least one of the three aspects of
confounding (i.e., covariate adjustment [Metric 9], covariate characterization [Metric 10], and co-exposure
confounding [Metric 11]). These studies did not assess potential confounders (excluding co-exposures)
using valid and reliable methodology, or did not appropriately adjust for confounding by co-exposures or
other potential confounders. As a result, the meta-RRs are subject to substantial confounding.
As discussed above, in alternative approach to the IUR calculation, US EPA relied on SIRs for kidney
cancer, liver cancer, and NHL reported by Raaschou-Nielsen et al. (2003) to calculate extra cancer risks.
Raaschou-Nielsen et al. (2003) is a retrospective cohort study of Danish blue-collar workers, and SIRs were
not robust estimates for the RRs of the three cancers. Blue-collar workers who were employed at a TCEusing company for at least three months between 1968 and 1997 were included in the study, but these
workers were not all exposed to TCE (Raaschou-Nielsen et al., 2003). Because only SIRs were assessed
in this study, key confounders for liver cancer, such as smoking, heavy alcohol consumption, and chronic
viral hepatitis, and kidney cancer confounders like smoking and BMI, were not adjusted for. Therefore,
the SIRs from Raaschou-Nielsen et al. (2003) should not be used in a regulatory human health risk
assessment.

Uncertainties in the IUR Estimate
There are considerable uncertainties in the quantitative analyses in which US EPA adjusted the IUR
estimate for multiple cancer sites. US EPA discussed some of the unverifiable assumptions implied in its
IUR adjustment but did not fully acknowledge that most of these assumptions were not reasonable or
realistic and likely did not hold.
For the approach using the meta-RR estimates, US EPA assumed that populations of the underlying studies
in the meta-analyses had similar TCE exposures. This assumption was likely not true, as the underlying
epidemiology studies were conducted in different counties, industries, and time periods. For example,
Charbotel et al. (2006) was conducted in the Arve Valley in France, where there was a prevalent screwcutting industry and exposure to TCE was known to have a high frequency and intensity. In contrast,
Raaschou-Nielsen et al. (2003) investigated workers in a number of industries with TCE use, including iron
and metal, electronics, painting, printing, chemical, and dry cleaning. It is unlikely that populations from
different countries, industries, and time periods had similar TCE exposures.
US EPA also assumed that meta-RR estimates, which are based on RR estimates for both mortality and
incidence, were appropriate estimates for cancer incidences. This assumption, again, was not reasonable.
Because the survival rates for cancer generally depend on cancer site and the stage at diagnosis, mortality
rates often poorly approximate incidence rates, particularly when cancers are diagnosed at an early stage.
In the context of IUR adjustment, kidney cancer (excluding Stage IV) and NHL have relatively high fiveyear survival rates, ranging from 50% to 80%. Therefore, mortality risk estimates are not good estimates
for incidences for these two cancers.
In addition, it was assumed that the meta-RR for kidney cancer was a good estimate for the RR for renal
cell carcinoma, and that basing the meta-RR on studies with different NHL classification schemes was
valid. Since 90% of kidney cancers are renal cell carcinomas, the outcome misclassification was probably
negligible. In contrast, diagnosis and classification of NHL have changed over time (Hartge et al., 1994;
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NCI, 2015), and this likely led to errors in outcome ascertainment in epidemiology studies. It is difficult,
however, to estimate the direction and extent of this bias.
US EPA argued that because its second approach using Raaschou-Nielsen et al. (2003) was based on a
single population and precise cancer types, it offered directly comparable RR estimates. But as discussed
above, there were considerable uncertainties with regard to exposure assessment and confounder adjustment
in Raaschou-Nielsen et al. (2003), undermining the validity of the RR estimates reported in this study.
The two approaches US EPA used for estimating the relative potencies of the three cancers both assumed
that the lifetime background incidence rates for each cancer site in the US general population proportionally
approximate the age-specific background incidence rates in the study populations, as US EPA discussed.
However, US EPA did not acknowledge that this assumption likely does not hold, because the epidemiology
study populations, generally consisting of workers with occupational exposure to TCE, often differed from
the US general population with regard to several lifestyle factors such as smoking, obesity, and SES. These
factors could have impacted the background cancer incidence rates in worker populations, making them
different from the background rates in the US general population.
As US EPA discussed, the use of an adjustment factor on the IUR based on kidney cancer involved a key
assumption that the dose-response relationships for NHL and liver cancer were similar to the linear one for
kidney cancer. In Table 2, we compare characteristics of US EPA's IUR estimation based on kidney cancer
and its IUR adjustment for other cancers. It is clear that, while the IUR assumed a linear relationship
between the cumulative TCE exposure and RR of kidney cancer, the underlying data for IUR adjustment
implied a log-linear relationship between RRs and the dichotomous TCE exposure. In addition, because of
the use of dichotomous exposure in the underlying data, it is not possible to know with any degree of
confidence that the dose-response relationships for NHL and liver cancer are linear.
Table 2 Comparison of IUR Derivation for Kidney Cancer and Its Adjustment for Multiple Cancers
Underlying Data
Confounder
Adjustment
D-R Relationship
POD

IUR Derivation for Kidney Cancer
Exposure category-specific ORs and
mean cumulative TCE exposure reported
in Charbotel et al. (2006)
Generally robust in the underlying study
RR = 1 + b * (Cumulative TCE Exposure)
Identified from life table analysis

IUR Adjustment for Multiple Cancers
Meta-RRs based on study-specific RRs and
dichotomous TCE exposure, SIRs reported in
Raaschou-Nielsen et al. (2003)
Generally poor in underlying cohort studies,
moderate in underlying case-control studies
Log(RR) = b * (Dichotomous TCE Exposure)
Not identified, assumed to be identical to
kidney cancer

Notes:
D-R = Dose-Response; IUR = Inhalation Unit Risk; OR = Odds Ratio; POD = Point of Departure; RR = Relative Risk; SIR = Standardized
Incidence Ratio; TCE = Trichloroethylene.

Also, US EPA failed to acknowledge an additional assumption that the dose-response between TCE
exposure and NHL and liver cancer would yield the same point of departure (POD) as that of kidney cancer.
It should be noted that the POD based on a 1% extra risk of kidney cancer was estimated based on not only
the dose-response curve, but also the incidence rates of kidney cancer in the general population. Even if
NHL and liver cancer had identical dose-response curves as kidney cancer, which is unlikely, the PODs
based on 1% extra risks of NHL or liver cancer would be different from that of kidney cancer because these
cancers have different incidence rates in the general population.
Finally, US EPA did not demonstrate that any potential risks of kidney cancer, NHL, or liver cancer from
TCE exposures are additive. Even if all three cancers were causally associated with TCE exposure, and
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had identical dose-response relationships, both of which are highly unlikely, this does not necessarily mean
effects were additive.
In summary, in US EPA's calculation of an IUR for TCE based on kidney cancer risk is not valid given the
methodological limitations (especially the small sample size, potential selection bias, and limited
generalizability) of the Charbotel et al. (2006) study. Furthermore, the adjustment of the base IUR for NHL
and liver cancer was not appropriate because the available epidemiology data (i.e., meta-RRs from the 2011
IRIS Assessment and SIRs from Raaschou-Nielsen et al., 2003) are not sufficiently robust to allow for such
calculations, and the associated multiple underlying assumptions are unverifiable and likely not met.
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Appendix 4: TCE Exposure Modeling

Introduction
The risk evaluation for trichloroethylene (TCE) incorporates a hierarchy of data approach for the
exposure characterizations. If available, empirical sampling data are used as the basis for the
exposure characterization. In the absence of such data, modeling approaches are used. This
general hierarchical approach does not take advantage of the information available from both
sources combined. However, in the case of dermal exposure assessments, where empirical data
are not available, careful attention to the accuracy of modeling is of particular importance. This
report provides specific comment related to the dermal exposure characterizations in the EPA
TSCA risk evaluation for TCE. Specifically, the report focuses on TCE use in chemical
manufacturing and in processing as a reactant to highlight the impact of assumptions on model
estimates. In addition, we conducted dermal modeling using existing typical industrial operational
scenarios for TCE to demonstrate that modeling is valuable for predicting exposures from
common industry tasks. A number of dermal occupational scenarios in the draft risk evaluation
assuming worst-case scenarios yielded estimates of unreasonable risk. However, revised
scenarios with more appropriate assumptions result in substantially lower exposure estimates that
may impact the risk characterizations. EPA should consider whether more refined exposure
assessment is warranted for some scenarios in the revised risk evaluation using additional
information on realistic workplace scenarios coupled with appropriate modeling.
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Introduction and Overarching Approach for
Exposure Assessment
In the risk evaluation for trichloroethylene (TCE), occupational exposures were categorized into
several conditions of use, with 18 specific occupational scenarios (OES). Worker inhalation
exposure was assessed using a combination of monitoring data and modeling, while dermal
exposure was assessed using modeling due to a lack of empirical data. The following comments
focus on the dermal exposure assessment, which yielded findings of unreasonable risk for many
OES. The inputs and models utilized in the draft risk evaluation resulted in estimates of exposure,
and consequently, estimates of risk, that may not reflect actual industry working conditions.
In the draft risk evaluation, EPA assessed dermal exposure with no personal protective equipment
(no gloves) and exposure with various assumptions on the overall protectiveness of glove uses
(i.e., protection factors, or PFs). Exposures were estimated for non-occluded scenarios (dermal
exposure without gloves or with gloves, assuming no occlusion) for all OES, and for occluded
scenarios (exposure resulting from TCE going through or under gloves and remaining trapped)
for some OES. The risk evaluation estimated exposure for each OES assuming one exposure
event (applied dose) per work day. TCE dose estimates may have been substantially
overestimated based on the assumptions applied for the OES and used in the Dermal Exposure
to Volatile Liquids (DEVL) model.

Open Surface Contact (Non-Occluded):
For non-occluded scenarios, it is assumed that approximately 8-13% of the applied dose is
absorbed through the skin (and the rest evaporates). However, these values do not account for
increased evaporation to air from movement of the hand while working, nor do they consider the
impacts of saturation of the stratum corneum on uptake rates. Surface area of contact was
assumed to be one full hand for central tendency estimates, and two full hands for high-end
estimates (i.e., equivalent to dipping both hands into neat TCE). The quantity remaining on the
skin was input as 1.4 mg/cm2-event and 2.1 mg/cm2-event for the central tendency and high-end
scenarios, respectively, and the scenarios assume that the hands remain unwashed for 8 hours.

Occluded Scenarios
For occluded scenarios, it is assumed that 100% of the applied dose is absorbed through the skin,
and that the quantity on the skin is 1.4 mg/cm2-event and 2.1 mg/cm2-event for the central
tendency and high-end scenarios, respectively. The calculations represent a scenario in which
liquid TCE splashes under the cuff of the glove and that this liquid TCE moves within the glove to
coat the surface of the hand. The assumption is that all of the TCE is absorbed into the skin over
the course of hours in which the glove is not taken off and replaced. This scenario is unlikely to
be representative of an industrial setting owing to numerous factors, including industrial hygiene
practice, lower amounts of chemical entering gloves, a smaller affected hand surface area, sweat
in the glove (lowering absorption; Cherrie et al., 2004), and glove characteristics that allow some
evaporation out of the glove.
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In the sections that follow, the potential issues with these assumptions are discussed. Finally,
alternative modeling exercises are presented for alternative assumptions that better reflect realworld dermal exposure scenarios.
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Dermal Exposure in the Chemical Manufacturing
and Processing Environment
The risk evaluation assesses potential for dermal exposures for many TCE uses in the
occupational environment. The exposure assessment for the dermal route was conducted using
the DEVL model. This model uses various scenario centric parameters that are applied with little
justification. Typical exposures under normal operational scenarios, after accounting for industrial
hygiene practices, indicate that the input parameter values used by EPA are likely substantially
overestimated. To illustrate this point, the typical exposure scenarios for TCE manufacturing and
use of TCE in industrial processing as a reactant are described. The impacts of the EPA’s
assumptions on the estimated exposures are also discussed.
In chemical manufacturing, chemicals are primarily maintained in a closed process (i.e., chemical
feedstocks and process reactants are all maintained within piping and vessels with tight control
of emissions). In TCE manufacturing plants, the affected portions of the workforce would generally
be conducting tasks under the auspices of operations of the manufacturing unit or maintenance
of the process equipment. For operational staff, the types of tasks that might involve contact with
liquid phase TCE include connecting transfer lines for vessel or container loading and unloading,
adding or charging TCE to reactors or mixing vessel charging, collecting samples from process
points for laboratory analysis, and assisting maintenance personnel with specific tasks regarding
isolation of equipment (e.g., draining vessels). In general, these tasks involve limited direct
contact with liquid, and the duration of active contact with the liquid chemical is very short. For
example, taking samples and connecting transfer lines occurs over the course of minutes, not
hours, and is typically done a few times over a shift, not continuously.
For maintenance staff, the tasks are generally more variable in nature depending on the
equipment that is in need of maintenance or repair. In most cases, because of requirements for
isolation of equipment, the maintenance on lines that contain chemicals (e.g., TCE) would already
have been purged of process chemicals before they are opened. Thus, liquid material present is
usually a mixture of residuals from the process and the solutions used to clean and purge the
equipment (often water from steam or other process aids). Under these conditions, upon initial
opening of process equipment the liquids present are not neat chemical. The duration of active
liquid contact is also typically short (e.g., minutes) and diminishes once the equipment has been
drained.
Thus, for the majority of the operational time TCE would only be present in closed vessels or
process equipment with no dermal contact. Small magnitude exposures during short-term tasks
can occur in unit operations and maintenance activities. The EPA draft risk evaluation does
incorporate the use of gloves into the risk assessment approach. However, based on typical
industrial hygiene practice the use of such gloves would achieve much greater protection than the
default assumptions under the scenarios described for chemical manufacturing and in processing
as a reactant. This is because contact with volatile TCE is limited to small quantities of the
chemical and is transient. Thus, the TCE will vaporize from the gloves between exposure periods.
Moreover, the effective use of gloves in a facility is specifically designed to address the dermal
exposure pathway as part of the required job hazard analysis. Gross exposures or continuous
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exposures would not be consistent with required chemical handling programs in such facilities.
Even assuming such continuous exposures reflect real-world industrial conditions, a number of
additional assumptions with regard to the behavior of TCE in the glove likely overestimate
exposures.
For the chemical manufacturing and process reactant scenarios, the EPA draft risk evaluation
only developed exposure estimates for non-occluded scenarios that considered various levels of
glove use. Section 3.1 describes alternative model estimates for the non-occluded scenarios.
However, EPA estimated exposures for occluded exposures for a number of OES (e.g., vapor
degreasing); Sections 3.2-3.4 include discussion of these scenarios. Further, some of the
principles governing the occluded scenario would apply to the dose permeating the glove in the
unoccluded scenarios and thus is relevant to the chemical manufacturing environment.
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Specific Comments on the Dermal Exposure
Modeling
Non-Occluded Exposure Scenarios
As discussed in the previous sections, in its occupational dermal exposure estimates, EPA did
not account for exposure duration for industrial scenarios nor the saturation of the skin by TCE.
Revised analyses, in which duration and saturation factors that appropriately considered,
indicate that for exposure scenarios without PPE, the EPA draft risk evaluation may have
overestimated:
>

The absorption fraction of TCE by 8 to 22-fold for exposure to an ungloved hand, and

>

The total dermal dose of TCE by 6 to 17-fold for exposure to an ungloved hand
assuming four one-hour exposure events per day.
Contact with Ungloved Hands

This section contains examples of the overestimates in the TCE absorption fraction and dermal
dose resulting from EPA’s use of a dermal model that did not account for exposure duration for
industrial scenarios and the saturation of the skin by TCE. The “processing as a reactant” OES
was used for both examples.
Example 1: Processing as a Reactant – Instantaneous TCE Dose at the Beginning of
the Task Time (process operator)

>

The processing as a reactant OES Central Tendency TCE dose value was 184.36
mg/day. (USEPA 2020 Table 2-15, p. 106).

>

The EPA estimated a dose of 184.36 mg/day, using the following equation (Equation 1,
Appendix H to the draft risk evaluation) and assumptions:
𝑫𝑫𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑺𝑺 ×

𝑸𝑸𝒖𝒖 × 𝒇𝒇𝒂𝒂𝒂𝒂𝒂𝒂
× 𝒀𝒀𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 × 𝑭𝑭𝑭𝑭
𝑷𝑷𝑷𝑷

Equation 1

Dexp = dermal exposure dose = 184.36 mg/day
S = surface area = 535 cm2 (one whole hand)
Qu = quantity remaining on skin = 1.4 mg/cm2/event
Fabs = fraction of TCE absorbed = 0.08
PF = protection factor from gloves = 1
Yderm = weight fraction = 1 (100% TCE solvent)
FT = Exposure event frequency = 1 event/day

Notably, Equation 1 is a steady-state, single event frequency dermal dosage model. One
weakness of this type of model is that it does not consider task exposure duration. For consumer
uses, the risk evaluation assumed a 95th percentile exposure duration of 60-120 minutes for most
types of consumer categories (USEPA 2020 Table 2-29, p. 145). Additionally, EPA’s inhalation
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model exposure durations assumed for industrial operations ranged between 2 and 8 hours
(USEPA 2020 Tables K-1 through K-4, p. 660-663).
Based on this information, it is reasonable to assume an exposure duration of 4 hours (240
minutes). For a process-operator role, the exposures are typically spread out over the work shift
such that exposure might occur for 1 hour, 4 times per shift with sufficient time in between
exposures for evaporation from, or cleaning of, skin. Typical task durations are often much shorter
than this in chemical manufacturing processes, so the total contact time is likely less than 4 hours
for most routine operations.
When the EPA’s parameters are used in IHSkinPerm, modifications are required because IH
SkinPerm accounts for absorption over time. For Example 1, it was assumed that all of the TCE
was deposited at the beginning of each event (to simulate a wetting or soaking of hands at the
start of a task such as collecting a sample or connecting a transfer line). The variables entered
into IHSkinPerm for Example 1 were as follows (Figure 1):
>

Instantaneous deposition dose = 749 mg/event = 1.4 mg/cm2/event x 535 cm2
(calculated using EPA’s assumed Qu and S values)

>

Affected skin area = 535 cm2

>

Maximum skin adherence = 0.584 mg/cm2

>

−

The maximum volume for absorption is equal to 0.0004 (cm) x density (mg/cm3)
based on assumptions of 20 µm stratum corneum thickness and 20% stratum
corneum saturation volume (Tibaldi et al., 2014)

−

The density of pure TCE is 1.46 g/cm3 (1460 mg/cm3) (USEPA, 2020 Table 1-1,
p. 41)

Thickness of stagnant air = 1 cm
−

1 cm is recommended for bare skin (Tibaldi et al., 2014).

>

Weight fraction TCE = 1

>

Start deposition = 0 hr

>

End time = 1 hr
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Figure 1: IHSkinPerm Input Screen for Example 1

The results for the Example 1 scenario (Figure 2) demonstrate that only about 0.37% (fabs =
0.0037) of the TCE applied to skin is estimated to absorb – the rest would evaporate or fall off of
the skin due to saturation of the stratum corneum. This absorption fraction is 22-fold lower than
the 8% fraction assumed by EPA. The total dose per event is estimated to be 2.77 mg. When
applied four times per day, the total dose per day is 11.1 mg, which is 17-fold lower than EPA’s
central tendency estimate of 184.36 mg/day.
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Figure 2: IHSkinPerm Input Screen for Example 1

Example 2: Processing as a Reactant Constant Dose over Task Time (process
operator)

In example 2, the exact same scenario was performed as in example 1, but the mass loading of
TCE was uniformly spread over the 1 hour exposure event rather than being instantaneously
loaded at the start of the event. This scenario more accurately represents dripping or minimal
contact loading for ongoing work on a task (e.g., a maintenance task taking 1 hour). The variables
entered into IH SkinPerm for Example 2 were as follows (Figure 3):
>

Affected skin area = 535 cm2

>

Maximum skin adherence = 0.584 mg/cm2

>

Dermal deposition rate = 1.4 mg/cm2/h (assuming a 1 hr event)

>

Thickness of stagnant air = 1 cm

>

Weight fraction TCE = 1

>

Start deposition = 0 h

>

Duration of deposition = 1 hr

>

End time = 1 hr
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Figure 3: IHSkinPerm Input Screen for Example 2

The results for the Example 2 scenario (Figure 4) demonstrate that only about 1.04% (fabs = 0.014)
of the TCE applied skin is estimated to absorb – the rest would evaporate or fall off of the skin
due to saturation of the stratum corneum. This absorption fraction is 6-fold lower than the 8%
fraction assumed by EPA. The total dose per event is estimated to be 7.78 mg. When applied four
times per day, the total dose per day is 31.12 mg, which is 6-fold lower than EPA’s central
tendency estimate of 184.36 mg/day.
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Figure 4: IHSkinPerm Input Screen for Example 2

Chemical Behavior in Gloves
For occupational exposure scenarios where occlusion was expected (i.e., gloves prevent
evaporation of volatile TCE from the worker’s skin), EPA estimated the dermal potential dose rate
(mg/day) as:
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑀𝑀 𝑥𝑥 𝑌𝑌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑥𝑥 𝐹𝐹𝐹𝐹

>

M = mass of chemical deposited in the glove = 2,247 mg/event

>

Yderm = weight fraction = 1 (100% TCE)

>

FT = Exposure event frequency = 1 event/day

Assuming a density for pure TCE of 1.46 g/cm3 (USEPA 2020 Table 1-1, p. 41), the mass of
chemical deposited in each glove per event can be estimated as:
2,247 𝑚𝑚𝑚𝑚
1 𝑔𝑔
𝑚𝑚𝑚𝑚
𝑥𝑥
𝑥𝑥
= 1.54 𝑚𝑚𝑚𝑚/𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
1,000 𝑚𝑚𝑚𝑚 1.46 𝑔𝑔

EPA describes occlusion of the skin as “covered directly or indirectly by impermeable films or
substances,” such as the use of gloves to prevent dermal exposure to chemicals (USEPA, 2020
Appendix H: p. 221). In the draft risk evaluation for TCE, dermal exposure occluded by gloves
was estimated for OES that included industrial degreasing uses of TCE and commercial activities
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involving handling of bulk TCE, such as charging and draining TCE, removing and disposing of
sludge, and maintaining equipment. During these activities, liquid TCE may, in small quantities,
permeate the cuff of the glove or, over “excessive contact time,” permeate through the glove.
In describing potential for occlusion, EPA reports that it is reasonable to assume that the “whole
hand” is in contact with chemical underneath the glove, “owing to the distribution of the chemical
within the glove” (USEPA, 2020: p. 221-222). However, with a limited volume of liquid splashing
over the cuff of a glove, it is unlikely that the full surface of the hand would be evenly coated with
TCE. A more reasonable estimate for surface area of contact would be just the palm or some
fraction of the palm and fingers, rather than the full hand surface from the wrist down.
Application of a Protective Factor

A protective factor is assigned to gloves to indicate the efficiency of the glove in preventing
exposure. EPA selected four potential protection factors, based on the strategy presented in the
ECETOC TRA model, which is incorporated into the EPA/OPPT model through modification of
Qu, the amount of chemical mass in the glove. The inverse of the protective factor describes the
fraction of chemical, once deposited on the glove surface, which penetrates the glove. It is,
however, reasonable to assume that there is a similar penetration of the chemical out of the glove
that occurs at a similar efficiency factor in scenarios without constant liquid contact that are typical
of chemical manufacturing. The assumption that 100% of the TCE that enters the glove is
absorbed neglects the potential for flux of the TCE back out of the glove via evaporation during
periods of no liquid contact. While assumed to be small in comparison to movement of liquid in
and out of the glove, some fraction of the chemical will also leave the glove through evaporation
around the cuff (Cherrie et al., 2004). The contribution of evaporation to the overall dose is not
clear, and would require additional calculations to quantify, outside of the application of a
screening model.

Worker Behavior Related to Glove Use
A key weakness in the EPA approach for both occluded and non-occluded exposure scenarios is
the lack of consideration of chemical irritancy and task duration. Dermal exposure to TCE,
particularly in neat concentration, may result skin irritation. In their study of dermal absorption of
neat TCE, Kezic et al. (2001) reported that subjects experienced “burning sensation varying in
intensity” after variable durations of exposure to TCE, including pain after just 20-seconds in one
subject (Kezic et al. 2001, p.14). Even though TCE is not generally a potent skin irritant, some
degree of skin sensation would alert the worker to the presence of the chemical, thus a worker
would remove their gloves, wash their hands, and replace their gloves. Moreover, general
industrial hygiene and worker training would dictate removal and replacement of gloves following
spillage into the glove or to comply with personal protective equipment (PPE) change out
schedules designed to limit breakthrough time. As noted previously, exposure duration is a key
consideration for estimating dose, as flux of the TCE into the stratum corneum does not occur
instantaneously. Thus, models that assume the total applied dose is available to be absorbed
would overestimate actual uptake.

Contact with Gloved Hand
EPA’s approach of applying a protection factor is appropriate for accounting for contact with a
gloved hand. However, the protection factors should be applied to the non-occluded ungloved
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estimates listed above, not the original estimates presented in the risk assessment (which were
likely 6- to 17-fold too large). The physics of absorption with a gloved hand is in reality a hybrid
of evaporation off surfaces and occlusion for materials that pass through the glove.
EPA’s approach for occluded contact was appropriate based on basic flux modeling. However,
this calculation assumes no loss of TCE back out of the glove/cuff, and thus, conservatively
assumes that most or all TCE liquid that gets inside a glove would be absorbed.
Occluded Contact

EPA’s approach of assuming all occluded dose cannot be corrected using IHSkinPerm. In
IHSkinPerm, the thickness of the air layer would have to be greatly increased (towards infinity) or
the vapor pressure of TCE would have to be greatly decreased (towards 0) to correctly simulate
assuming no ability for TCE to escape the occluded environment. An estimate of 100% dose
through be absorbed through the skin would be unreasonable because the gloves worn would
have some permeability to both liquid on the skin and vapor generated from the liquid contacting
the skin. Moreover, some of the vaporized TCE would escape from the cuffs of the glove (Cherrie
et al., 2004).
Exposure duration becomes even more important for occluded contact, and a flux-based model
assuming no or negligible evaporation is recommended as a conservative estimate. IHSkinPerm
is difficult to modify to account for negligible evaporation. Therefore, a basic flux calculation was
performed (Equation 2).
𝑫𝑫𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑱𝑱 × 𝑺𝑺 × 𝑫𝑫 × 𝒀𝒀𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 × 𝑭𝑭𝑭𝑭

>

Dexp = dermal exposure dose (mg)

>

J = dermal flux rate for neat compound (mg/cm2/min)

>

S = surface area wetted (cm2)

>

ET = exposure time (min)

Equation 2

An example was developed assuming instantaneous deposition in the glove.
Example 3: Processing as a Reactant – Instantaneous TCE Dose at the Beginning of
the Task Time (process operator) with Occlusion.

No specific OES was assumed for this calculation; any OES where the EPA estimated occluded
exposure to 100% TCE applies (including batch open-top vapor degreasing, batch closed-loop
vapor degreasing, conveyor vapor degreasing, cold cleaning, spot cleaning and wipe cleaning or
other commercial uses). This scenario is appropriate for modeling of drops of liquid entering the
glove and covering a specified surface area of hand. It was assumed that, worst case, only up to
1/10 of the hand area could contact liquid underneath the gloves. If more liquid entered, the
operator would likely remove the glove. The exposure time was again assumed to be 1 hour (60
min), and the frequency was four times per day for a total of four hours of exposure.
The dermal flux for TCE varies depending upon the concentration. One study involving short (3
min) exposure to human volunteers demonstrated that the flux of neat TCE was approximately
430 ± 295 nmol/cm2/min (0.057 ± 0.039 mg/cm2/min) (Kezic et al. 2001). A computational
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chemistry modeling study indicated that the flux of neat TCE would be approximately 0.1339
mg/cm2/h (0.0223 mg/cm2/min), which is reasonably close to (2-fold lower than) the human study
value. For purposes of this assessment, 0.057 mg/cm2/min was assumed to be a central tendency
flux value for neat TCE.
>

Dexp = dermal exposure dose = 184.36 mg/day

>

J = dermal flux rate for neat compound = 0.057 mg/cm2/min

>

S = surface area = 53.5 cm2 (one tenth of whole hand)

>

ET = exposure time = 60 min

Using Equation 2, the total dose over 1 hour of contact was estimated to be 183 mg. When applied
four times per day, the total dose per day is 732 mg. Any mass beyond 732 mg would not be
absorbed in an hour. This value is reasonably similar to the EPA’s central tendency estimate of
749 mg/day; therefore, although their approach was somewhat limited in that it assumed a
coverage rate of one hand with a 1.4 mg/cm2 loading, it is reasonably consistent with alternative
modeling for the assumptions used. Note that the actual value would be lower due to evaporation
out of the gloves. The EPA’s high end assumption assumed coverage of two complete hands is
overly conservative and not consistent with industrial hygiene practices for glove use.
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Conclusions
Overall, both occluded and non-occluded dermal TCE exposure estimates were likely
substantially overestimated based on numerous factors, including (but not limited to):
>

The absorption factor used (8-13%), which is higher than expected for TCE under
realistic scenarios,

>

The assumption that the skin surface area that comes in contact with TCE is one to two
full hands, rather than the more likely interior hand surfaces,

>

The assumption that TCE exposure occurs continuously for 8 hours rather than
intermittently; and

>

The assumption that the worker does not change gloves or wash hands at all during the
work shift.

In the case of the occluded scenarios, additional overestimation likely occurred based on the
assumption that the whole hand (or hands) were coated with TCE in-glove, and the lack of
consideration for possible permeation back out of the glove and evaporative losses.
The TCE risk evaluation would be strengthened by refinements to the methodology of the
exposure characterization. While model input selection greatly affects model results, when
utilizing weight-of-evidence approaches to develop appropriate input parameters, models may be
more reliable than low-quality monitoring data. Alternative model selections and more wellinformed inputs indicate that dermal exposures are likely substantially lower in the industry than
was estimated by EPA. EPA should consider the incorporation of additional exposure modeling
in the revised risk evaluation that reflects well characterized industrial handling practices.
Moreover, at a minimum, the risk evaluation should include discussion of the impacts of these
assumptions on the level of confidence in the overall estimates, and the degree to which the
assumptions are more than adequately protective. Given the many uncertainties inherent in the
TCE dermal assessment, EPA should also investigate whether an empirical study of dermal
exposure to TCE can be conducted, and the findings incorporated into the revised draft.
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