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Trichloroethylene; CASRN 79-01-6 
 
Human health assessment information on a chemical substance is included in the IRIS database 
only after a comprehensive review of toxicity data, as outlined in the IRIS assessment 
development process. Sections I (Health Hazard Assessments for Noncarcinogenic Effects) and 
II (Carcinogenicity Assessment for Lifetime Exposure) present the conclusions that were reached 
during the assessment development process. Supporting information and explanations of the 
methods used to derive the values given in IRIS are provided in the guidance documents located 
on the IRIS website.  

STATUS OF DATA FOR TRICHLOROETHYLENE 

File First On-Line 03/31/1987 

Category (section) Assessment Available? Last Revised 

Oral RfD (I.A.) yes 09/28/2011 

Inhalation RfC (I.B.) yes 09/28/2011 

Carcinogenicity Assessment (II.) yes 09/28/2011 

 
I. HEALTH HAZARD ASSESSMENTS FOR NONCARCINOGENIC EFFECTS 

I.A. REFERENCE DOSE (RfD) FOR CHRONIC ORAL EXPOSURE 

Substance Name —Trichloroethylene  
CASRN — 79-01-6  
Section I.A. Last Revised — 09/28/2011 

The RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily 
oral exposure to the human population (including sensitive subgroups) that is likely to be 
without an appreciable risk of deleterious effects during a lifetime.  The RfD is intended for 
use in risk assessments for health effects known or assumed to be produced through a 
nonlinear (presumed threshold) mode of action.  It is expressed in units of mg/kg-day.  Please 
refer to the guidance documents for an elaboration of these concepts.  Because RfDs can be 
derived for the noncarcinogenic health effects of substances that are also carcinogens, it is 

http://www.epa.gov/iris/process.htm
http://www.epa.gov/iris/process.htm
http://www.epa.gov/iris/backgrd.html
http://www.epa.gov/iris/backgrd.html
http://www.epa.gov/iris/backgrd.html
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essential to refer to other sources of information concerning the carcinogenicity of this 
chemical substance.  If the U.S. EPA has evaluated this substance for potential human 
carcinogenicity, a summary of that evaluation will be contained in Section II of this file. 

There was no previous RfD for trichloroethylene (TCE) on the IRIS database. 

I.A.1. CHRONIC ORAL RfD SUMMARY 

Critical Effect Point of 
Departure* 

UF Chronic RfD** 

Multiple Multiple Multiple 0.0005 mg/kg/day 

Decreased thymus weight in female 
B6C3F1 mice 

30-week drinking water study 
Keil et al. (2009) 

HED99,LOAEL: 
0.048 mg/kg/day 

100 candidate RfD = 
0.00048 
mg/kg/day 

Decreased plaque-forming cell (PFC) 
response, increased delayed-type 
hypersensitivity in B6C3F1 mice 

Drinking water exposure from 
gestation day (GD) 0 to 3 or 8 weeks of 
age 
Peden-Adams et al. (2006) 

LOAEL: 
0.37 mg/kg/day 

1,000  candidate RfD = 
0.00037 
mg/kg/day 

Increased fetal cardiac malformations 
in Sprague-Dawley rats 

Drinking water exposure from GD 1 to 
22 
Johnson et al. (2003) 

HED99,BMDL01***: 
0.0051 mg/kg/day 

10  candidate RfD = 
0.00051 
mg/kg/day 

*Conversion Factors and Assumptions – For Keil et al. (2009), the HED99,LOAEL is the 
99th percentile (due to human toxicokinetic uncertainty and variability) human equivalent dose 
(HED) to the mouse lowest-observed-adverse-effect level (LOAEL) of 0.35 mg/kg/day, using 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
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the internal dose metric of TCE metabolized/kg¾/day.  For Peden-Adams et al. (2006), there 
were no conversion factors.  For Johnson et al. (2003), the HED99,BMDL01 is the 99th percentile 
(due to human toxicokinetic uncertainty and variability) HED to the rat internal dose BMDL01 
of 0.0142 mg TCE oxidized/kg¾/day.  Details of the methods used are presented in Section 
5.1.3 of the Toxicological Review of Trichloroethylene (U.S. EPA, 2011). 

**As a whole, the estimates support an RfD of 0.0005 mg/kg/day.  This RfD reflects the 
midpoint among the similar candidate RfDs for the critical effects—0.0004 mg/kg/day for 
developmental immunotoxicity (decreased PFC and increased delayed-type hypersensitivity) 
in mice and 0.0005 mg/kg/day for both heart malformations in rats and decreased thymus 
weights in mice—rounded to one significant figure, and is within 25% of each candidate RfD.  

***BMDL associated with a 1% extra risk on a pup basis. 

I.A.2. PRINCIPAL AND SUPPORTING STUDIES (ORAL RfD) 

The Toxicological Review of Trichloroethylene reviews and summarizes the available data on 
noncancer effects caused by TCE (for summary of the noncancer effects, see U.S. EPA 
(2011), Section 4.11.1).  Adverse noncancer effects associated with oral TCE exposure include 
decreased body weight, liver and kidney effects, and neurological, immunological, 
reproductive, and developmental effects.  As recommended by A Review of the Reference 
Dose and Reference Concentration Process (U.S. EPA, 2002), the RfD was developed based 
on consideration of all relevant and appropriate endpoints carried through to the derivation of 
“candidate” RfDs.  Candidate RfDs were developed for all endpoints on the basis of applied 
dose (U.S. EPA (2011), Section 5.1.2), and for the more sensitive endpoints within each type 
of toxicity (e.g., neurotoxicity, immunotoxicity, etc.), on the basis of physiologically based 
pharmacokinetic (PBPK) model-derived internal dose (U.S. EPA (2011), Sections 3.5 and 
5.1.3).  Candidate RfDs were developed from oral studies as well as from inhalation studies 
via route-to-route extrapolation using the PBPK model.  Because the same internal dose metric 
is used for each type of toxicity, based on data informing the role of parent compound or 
different metabolites or metabolic pathways, applying the PBPK modeling only for the more 
sensitive endpoints for each type of toxicity is adequate to identify the more sensitive 
endpoints overall. The most sensitive observed adverse effects, which were used as the 
primary basis for the RfD, were those affecting the immune system and the developing fetus, 
and were all based on oral studies.  Additional support for the RfD was based on adverse 
effects in the kidney. 

Multiple candidate RfDs for the principal and supporting effects from oral studies are in the 
relatively narrow range of 0.0003−0.0008 mg/kg/day, at the low end of the overall range of 
candidate RfDs for all adverse effects.  Given the somewhat imprecise nature of the individual 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=88824
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
4 

 
  

candidate RfDs, and the fact that multiple effects/studies lead to similar candidate RfDs, the 
approach taken in this assessment is to select an RfD supported by multiple 
effects/studies.  The advantages of this approach are that it leads to a more robust RfD (less 
sensitive to limitations of individual studies) and that it provides the important characterization 
that the RfD exposure level is similar for multiple noncancer effects rather than being based 
on a sole explicit critical effect. 

Three principal (Keil et al., 2009; Peden-Adams et al., 2006; Johnson et al., 2003) and two 
supporting (Woolhiser et al., 2006; NTP, 1988) studies/effects have been chosen as the basis 
of the RfD for TCE noncancer effects (see the table below).  Two of the lowest candidate 
RfDs for the primary dose metrics—0.0008 mg/kg/day for increased kidney weight in rats and 
0.0005 mg/kg/day for both heart malformations in rats and decreased thymus weights in 
mice—are derived using the PBPK model for inter- and intraspecies extrapolation, and a 
third—0.0003 mg/kg/day for increased toxic nephropathy in rats—is derived using the PBPK 
model for inter- and intraspecies extrapolation as well as route-to-route extrapolation from an 
inhalation study.  The other of these lowest values—0.0004 mg/kg/day for developmental 
immunotoxicity (decreased PFC response and increased delayed-type hypersensitivity) in 
mice—is based on applied dose.   

There is medium confidence in the candidate RfDs for decreased thymus weights (U.S. EPA 
(2011), Section 5.1.2.5), heart malformations (U.S. EPA (2011), Section 5.1.2.8), and 
developmental immunological effects (U.S. EPA (2011), Section 5.1.2.8), and these effects are 
considered the critical effects used for deriving the RfD.  For heart malformations, although 
the available study has important limitations, the overall weight of evidence supports an effect 
of TCE on cardiac development.  For adult and developmental immunological effects, there is 
high confidence in the evidence for an immunotoxic hazard from TCE.  However, the 
available dose-response data for immunological effects preclude application of benchmark 
dose (BMD) modeling.   

For kidney effects (U.S. EPA (2011), Section 5.1.2.2), there is high confidence in the evidence 
for a nephrotoxic hazard from TCE.  Moreover, the two lowest candidate RfDs for kidney 
effects (toxic nephropathy and increased kidney weight) are both based on BMD modeling 
and one is derived from a chronic study.  However, as discussed in U.S. EPA (2011), Section 
3.3.3.3, there remains substantial uncertainty in the PBPK model-based extrapolation of 
glutathione (GSH) conjugation from rodents to humans due to limitations in the available 
data.  In addition, the candidate RfD for toxic nephropathy had greater dose-response 
uncertainty since the estimation of its point of departure (POD) involved extrapolation from 
high response rates (>60%).  Therefore, kidney effects are considered supportive but are not 
used as a primary basis for the RfD. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730431
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
5 

 
  

As a whole, the estimates support an RfD of 0.0005 mg/kg/day.  This RfD reflects the 
midpoint among the similar candidate RfDs—0.0004 mg/kg/day for developmental 
immunotoxicity (decreased PFC and increased delayed-type hypersensitivity) in mice and 
0.0005 mg/kg/day for both heart malformations in rats and decreased thymus weights in 
mice—rounded to one significant figure, and is within 25% of each candidate RfD.  This 
estimate is also within approximately a factor of 2 of the supporting effect estimates of 0.0003 
mg/kg/day for toxic nephropathy in rats and 0.0008 mg/kg/day for increased kidney weight in 
rats.  Thus, there is strong, robust support for an RfD of 0.0005 mg/kg/day provided by the 
concordance of estimates derived from multiple effects from multiple studies.  The estimates 
for kidney effects, thymus effects, and developmental heart malformations are based on PBPK 
model-based estimates of internal dose for interspecies and intraspecies extrapolation, and 
there is sufficient confidence in the PBPK model and support from mechanistic data for one of 
the dose metrics (total oxidative metabolism for the heart malformations).  There is high 
confidence that the amount of bioactivated S-dichlorovinyl-L-cysteine (DCVC) would be an 
appropriate dose metric to use for kidney effects, but there is substantial quantitative 
uncertainty in the PBPK model predictions for this dose metric in humans (U.S. EPA (2011), 
Section 5.1.3.1).  Note that there is some human evidence of developmental heart defects from 
TCE exposure in community studies (U.S. EPA (2011), Section 4.8.3.1.1) and of kidney 
toxicity in TCE-exposed workers (U.S. EPA (2011), Section 4.4.1). 

In summary, the RfD is 0.0005 mg/kg/day based on the critical effects of heart malformations 
(rats), adult immunological effects (mice), and developmental immunotoxicity (mice), all from 
oral studies.  This RfD is further supported by results from an oral study for the effect of toxic 
nephropathy (rats) and route-to-route extrapolated results from an inhalation study for the 
effect of increased kidney weight (rats). 

  

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
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Summary of principal studies, effects, PODs, and uncertainty factors (UFs) used to 
derive the RfD 

Keil et al. (2009)—Decreased thymus weight in female B6C3F1 mice exposed for 30 weeks by 
drinking water. 

• Internal dose POD = 0.139 mg TCE metabolized/kg¾/day, which is the PBPK model-
predicted internal dose at the applied dose LOAEL of 0.35 mg/kg/day (continuous) (no 
BMD modeling due to inadequate model fit caused by supralinear dose-response shape) 
(U.S. EPA (2011), Appendix F, Section F.6.3). 

• HED99,LOAEL = 0.048 mg/kg/day (lifetime continuous exposure) derived from combined 
interspecies and intraspecies extrapolation using PBPK model. 

• Composite UF = 100. 
• Primary candidate RfD = HED99,LOAEL/UF = 0.048/100 = 0.00048 mg/kg/day. 

Peden-Adams et al. (2006)—Decreased PFC response (3 and 8 weeks), and increased delayed-
type hypersensitivity (8 weeks) in pups exposed from GD 0 until 3 or 8 weeks of age through 
drinking water (placental and lactational transfer, and pup ingestion). 

• POD = 0.37 mg/kg/day is the applied dose LOAEL (estimated daily dam dose) (no BMD 
modeling due to inadequate model fit caused by supralinear dose-response shape).  No 
PBPK modeling was attempted due to lack of appropriate models/parameters to account 
for complicated fetal/pup exposure pattern (U.S. EPA (2011), Appendix F, Section 
F.6.5).  

• Composite UF = 1,000. 
• Primary candidate RfD = LOAEL/UF = 0.37/1,000 = 0.00037 mg/kg/day. 

Johnson et al. (2003)—Fetal heart malformations in Sprague-Dawley rats exposed on GDs 1–22 
by drinking water. 

• Internal dose POD = 0.0142 mg TCE metabolized by oxidation/kg¾/day, which is the 
BMDL from BMD modeling using PBPK model-predicted internal doses, with highest 
dose group (1,000-fold higher than next highest dose group) dropped, pup as unit of 
analysis, benchmark response (BMR) = 1% extra risk (due to severity of defects, some 
of which could have been fatal), and a nested Log-logistic model to account for 
intralitter correlation (U.S. EPA (2011), Appendix F, Section F.6.4). 

• HED99,BMDL01 = 0.0051 mg/kg/day (lifetime continuous exposure) derived from combined 
interspecies and intraspecies extrapolation using PBPK model. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
7 

 
  

• Composite UF = 10 
• Primary candidate RfD = HED99,BMDL01/UF = 0.0051/10 = 0.00051 mg/kg/day. 

Summary of supporting studies, effects, PODs, and UFs for the RfD 

NTP (1988)—Toxic nephropathy in female Marshall rats exposed for 104 weeks by gavage 
(5 days/week). 

• Internal dose POD = 0.0132 mg DCVC bioactivated/kg¾/day, which is the BMDL from 
BMD modeling using PBPK model-predicted internal doses, BMR = 5% extra risk 
(clearly toxic effect), and Log-logistic model (U.S. EPA (2011), Appendix F, Section 
F.6.1). 

• HED99,BMDL05 = 0.0034 mg/kg/day (lifetime continuous exposure) derived from combined 
interspecies and intraspecies extrapolation using PBPK model. 

• Composite UF = 10. 
• Supporting candidate RfD = HED99,BMDL05/UF = 0.0034/10 = 0.00034 mg/kg/day. 

Woolhiser et al. (2006)—Increased kidney weight in female Sprague-Dawley rats exposed for 
4 weeks by inhalation (6 hours/day, 5 days/week). 

• Internal dose POD = 0.0309 mg DCVC bioactivated/kg¾/day, which is the BMDL from 
BMD modeling using PBPK model-predicted internal doses, BMR = 10% increase in 
relative weight, and Hill model with constant variance (U.S. EPA (2011), Appendix F, 
Section F.6.2). 

• HED99,BMDL10 = 0.0079 mg/kg/day (lifetime continuous exposure) derived from combined 
interspecies and intraspecies extrapolation using PBPK model. 

• Composite UF = 10. 
• Supporting candidate RfD = HED99,BMDL10/UF = 0.0079/10 = 0.00079 mg/kg/day. 

 
I.A.3. UNCERTAINTY FACTORS 

Specific UFs that were applied in deriving the candidate RfDs are summarized in the 
following tables.  The specific factors are intended to account for (1) uncertainty in 
extrapolating from a LOAEL rather than from a NOAEL (abbreviated UFL); (2) uncertainty in 
extrapolating animal data to humans (i.e., interspecies uncertainty, abbreviated UFA); (3) 
variation in susceptibility among the members of the human population (i.e., inter-individual 
or intraspecies variability, abbreviated UFH); (4) uncertainty in extrapolating from data 
obtained in a study with less-than-lifetime exposure (i.e., extrapolating from subchronic to 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730431
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
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chronic exposure, abbreviated UFS); and (5) uncertainty associated with extrapolation when 
the database is incomplete (abbreviated UFD).  In consideration of database uncertainties, UFD 
= 1 because there is minimal potential for deriving an underprotective toxicity value as a result 
of an incomplete characterization of TCE toxicity.  (Note that UF values of “3” actually 
represent 100.5, and, when two such values are multiplied together, the result is 10 rather than 
9.) 

Principal studies — Summary of UFs applied to derive the candidate RfDs 

Keil et al. (2009)—Decreased thymus weight in female B6C3F1 mice exposed for 30 weeks by 
drinking water. 

• Composite UF = 100. 
• UFL = 10 was applied because the POD is a LOAEL for an adverse effect. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from mice to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than mice to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors.  

• UFS = 1 was applied because the exposure is considered chronic. 

Peden-Adams et al. (2006)—Decreased PFC response (3 and 8 weeks) and increased delayed-
type hypersensitivity (8 weeks) in pups exposed from GD 0 until 3 or 8 weeks of age through 
drinking water (placental and lactational transfer, and pup ingestion). 

• Composite UF = 1,000. 
• UFL = 10 was applied because the POD is a LOAEL for multiple adverse effects. 
• UFA = 10 was applied to account for toxicokinetic and toxicodynamics differences 

between mice and humans on the basis of applied dose. 
• UFH = 10 was applied to account for human variability in toxicokinetics and 

toxicodynamics.  
• UFS = 1 was applied because the exposure is considered to adequately cover the window 

of exposure that is relevant for eliciting the effect. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
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Johnson et al. (2003)—Fetal heart malformations in Sprague-Dawley rats exposed on GDs 1–22 
by drinking water. 

• Composite UF = 10. 
• UFL = 1 was applied because the POD is a BMDL01. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from rats to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than rats to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors. 

• UFS = 1 was applied because the exposure is considered to adequately cover the window 
of exposure that is relevant for eliciting the effect. 

Supporting studies — Summary of UFs applied to derive the candidate RfDs 

NTP (1988)—Toxic nephropathy in female Marshall rats exposed for 104 weeks by gavage 
(5 days/week). 

• Composite UF = 10. 
• UFL = 1 was applied because the POD is a BMDL05. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from rats to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than rats to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors. 

• UFS = 1 was applied because the exposure is considered chronic. 

Woolhiser et al. (2006)—Increased kidney weight in female Sprague-Dawley rats exposed for 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730431
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4 weeks by inhalation (6 hours/day, 5 days/week). 

• Composite UF = 10. 
• UFL = 1 was applied because the POD is a BMDL for a 10% increase in relative weight. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from rats to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than rats to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors. 

• UFS = 1 was applied because Kjellstrand et al. (1983) reported that in mice, kidney 
effects after exposure for 120 days was no more severe than those after 30 days of 
exposure. 

 

I.A.4. ADDITIONAL STUDIES/COMMENTS 

For more detail on Susceptible Populations, exit to the toxicological review, Section 4.10 
(PDF). 

I.A.5. CONFIDENCE IN THE CHRONIC ORAL RfD 

Study – High-medium/medium/low-medium (for each endpoint individually, as described 
below) 
Data Base – High 
RfD – High 

For adult and developmental immunological effects, there is high confidence in the evidence 
of immunotoxic hazard from TCE.  However, the available dose-response data for the most 
sensitive immunological effects (Keil et al., 2009; Peden-Adams et al., 2006) precluded 
application of BMD modeling.  There are inadequate data on the active moiety for TCE-
induced immunological effects, so PBPK modeling applied to Keil et al. (2009) used a generic 
dose metric.  The PBPK model could not be applied to Peden-Adams et al. (2006) due to a 
lack of data on gestational and lactational transfer.  Thus, due to the high confidence in the 
immunotoxic hazard coupled with the quantitative uncertainties in the dose-response 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=65254
http://www.epa.gov/iris/toxreviews/0199tr/Chapter4_0199tr.pdf%23page=596
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
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assessment, the confidence in candidate RfDs derived from these studies is characterized as 
medium-to-high. 

For developmental cardiac effects, although the available study (Johnson et al., 2003) has 
important limitations, the overall weight of evidence supports an effect of TCE on cardiac 
development.  Both BMD and PBPK modeling could be applied to these data.  With respect to 
PBPK modeling, data suggest that oxidative metabolites are involved in TCE-induced cardiac 
malformations, lending greater confidence in the appropriateness of the selected dose 
metric. Thus, due to the important limitations of the available study coupled with the higher 
confidence in the dose-response analysis, the confidence in the candidate RfD derived from 
this study is characterized as medium. 

For kidney effects, there is high confidence in the evidence of nephrotoxic hazard from 
TCE.  Both BMD and PBPK modeling could be applied to the most sensitive studies for this 
endpoint (Woolhiser et al., 2006; NTP, 1988), and one of these studies is of chronic duration 
(NTP, 1988).  However, although there is high confidence in the conclusion that GSH 
conjugation metabolites are involved in TCE nephrotoxicity, there remains substantial 
uncertainty in the extrapolation of GSH conjugation from rodents to humans due to limitations 
in the available data.  In addition, BMD modeling of the NTP (1988) data involved 
extrapolation from response rates much higher than the chosen BMR.  Therefore, due to the 
high qualitative confidence coupled with the low quantitative confidence, the overall 
confidence in candidate RfDs derived from these studies is characterized as low-to-medium. 

The RfD is supported by three principal studies (whose candidate RfDs are characterized as 
being of medium-to-high/medium confidence) and two supporting studies (whose candidate 
RfDs are characterized as being of low-to-medium confidence).  Moreover, the multiple 
candidate RfDs from these studies fall within a narrow range, providing robust support for the 
final RfD.  In addition, numerous studies were available for other potential candidate critical 
effects, which were also considered.  Thus, overall, confidence in both the database and the 
RfD is characterized as high. 

For more detail on Characterization of Hazard and Dose Response, exit to the toxicological 
review, Section 6 (PDF). 

I.A.6. EPA DOCUMENTATION AND REVIEW OF THE CHRONIC ORAL RfD 

Source Document -- U.S. EPA (2011)  

This document has been reviewed by EPA scientists, interagency reviewers from other federal 
agencies and White House offices, and the public, and peer reviewed by independent scientists 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730431
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://www.epa.gov/iris/toxreviews/0199tr/Chapter6_0199tr.pdf%23page=1
http://www.epa.gov/iris/toxreviews/0199tr/Chapter6_0199tr.pdf%23page=1
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
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external to EPA.  A summary and EPA’s disposition of the comments received from the 
independent external peer reviewers and from the public is included in Appendix I of the 
Toxicological Review of Trichloroethylene (U.S. EPA, 2011). To review this appendix, exit to 
the toxicological review, Appendix I, Summary Of External Peer Review And Public 
Comments And Disposition (PDF) 

Agency Completion Date — 09/28/2011   

I.A.7. EPA CONTACTS 

Please contact the IRIS Hotline for all questions concerning this assessment or IRIS, in 
general, at (202) 566-1676 (phone), (202) 566-1749 (fax), or hotline.iris@epa.gov (email 
address). 

 

 
I.B. REFERENCE CONCENTRATION (RfC) FOR CHRONIC INHALATION 
EXPOSURE 

Substance Name – Trichloroethylene 
CASRN – 79-01-6 
Section I.B. Last Revised – 09/28/2011 

The RfC is an estimate (with uncertainty spanning perhaps an order of magnitude) of a 
continuous inhalation exposure to the human population (including sensitive subgroups) that is 
likely to be without an appreciable risk of deleterious effects during a lifetime.  The RfC 
considers both toxic effects of the respiratory system (portal-of-entry) and effects peripheral to 
the respiratory system (extrarespiratory effects).  The inhalation RfC (generally expressed in 
units of mg/m3) is analogous to the oral RfD and is similarly intended for use in risk 
assessments for health effects known or assumed to be produced through a nonlinear 
(presumed threshold) mode of action. 

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

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://www.epa.gov/iris/toxreviews/0199tr/Appendix_I_0199tr.pdf%23page=1
http://www.epa.gov/iris/toxreviews/0199tr/Appendix_I_0199tr.pdf%23page=1
http://www.epa.gov/iris/toxreviews/0199tr/Appendix_I_0199tr.pdf%23page=1
mailto:hotline.iris@epa.gov
http://hero.epa.gov/index.cfm?action=search.view&reference_id=6488
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There was no previous RfC for TCE on the IRIS database.  
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I.B.1. CHRONIC INHALATION RfC SUMMARY 

Critical Effect Point of Departure* UF Chronic RfC** 

Multiple Multiple Multiple 0.002 mg/m3 (0.0004 
ppm) 

Decreased thymus weight in 
female B6C3F1 mice 

30-Week drinking water study 

Route-to-route extrapolation 
using PBPK model 

Keil et al. (2009) 

HEC99,LOAEL: 0.19 mg/m3 
(0.033 ppm) 

100  candidate RfC = 
0.0019 mg/m3 
[0.00033 ppm] 

Increased fetal cardiac 
malformations in Sprague-
Dawley rats 

Drinking water exposure from 
GD 1 to 22 

Route-to-route extrapolation 
using PBPK model 

Johnson et al. (2003) 

HEC99,BMDL01***: 
0.021 mg/m3 (0.0037 ppm) 

10  candidate RfC = 
0.0021 mg/m3 
[0.00037 ppm] 

*Conversion Factors and Assumptions—For Keil et al. (2009), the HEC99,LOAEL is the route-
to-route extrapolated 99th percentile (due to human toxicokinetic uncertainty and variability) 
human equivalent concentration (HEC) to the mouse LOAEL of 0.35 mg/kg/day, using the 
internal dose metric of TCE metabolized/kg¾/day.  For Johnson et al. (2003), the HEC99,BMDL01 
is the route-to-route extrapolated 99th percentile (due to human toxicokinetic uncertainty and 
variability) HEC to the rat internal dose BMDL01 of 0.0142 mg TCE 
oxidized/kg¾/day.  Details of the methods used, including PBPK model-based route-to-route 
extrapolation, are presented in Section 5.1.3 of the Toxicological Review of Trichloroethylene 
(U.S. EPA, 2011). 
 
**As a whole, the estimates support an RfC of 0.0004 ppm (0.4 ppb or 2 µg/m3). This RfC 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
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reflects the midpoint between the candidate RfC estimates for the two critical effects 
(0.00033 ppm for decreased thymus weight in mice and 0.00037 ppm for heart malformations 
in rats), rounded to one significant figure, and is within 25% of either candidate RfC.   

***BMDL associated with a 1% extra risk on a pup basis. 

I.B.2. PRINCIPAL AND SUPPORTING STUDIES (INHALATION RfC) 

The Toxicological Review of Trichloroethylene reviews and summarizes the available data on 
noncancer effects caused by TCE (for summary of noncancer effects, see U.S. EPA (2011), 
Section 4.11.1).  Adverse noncancer effects associated with TCE exposure by inhalation 
include hepatic, renal, neurological, immunological, reproductive, and developmental 
effects.  As recommended by A Review of the Reference Dose and Reference Concentration 
Process (U.S. EPA, 2002), the RfC was developed based on consideration of all relevant and 
appropriate endpoints carried through to the derivation of “candidate” RfCs.  In particular, 
candidate RfCs were developed for all endpoints on the basis of applied dose (U.S. EPA 
(2011), Section 5.1.2) and, for the more sensitive endpoints within each type of toxicity (e.g., 
neurotoxicity, immunotoxicity, etc.), on the basis of PBPK model-derived internal dose (U.S. 
EPA (2011), Sections 3.5 and 5.1.3).  Candidate RfCs were developed from inhalation studies 
as well as from oral studies via route-to-route extrapolation using the PBPK model.  Because 
the same internal dose metric is used for each type of toxicity, based on data informing the 
role of parent compound or different metabolites or metabolic pathways, applying the PBPK 
modeling only for the more sensitive endpoints for each type of toxicity is adequate to identify 
the more sensitive endpoints overall.  The most sensitive observed adverse effects, which were 
used as the primary basis for the RfC, were those affecting the immune system and the 
developing fetus, and were all based on route-to-route extrapolation from oral 
studies.  Additional support for the RfC was based on adverse effects in the kidney.   

In particular, multiple candidate RfCs for the principal and supporting effects are in the 
relatively narrow range of 0.0003−0.0006 ppm, at the low end of the overall range of 
candidate RfCs for all adverse effects.  Given the somewhat imprecise nature of the individual 
candidate RfCs, and the fact that multiple effects/studies lead to similar candidate RfCs, the 
approach taken in this assessment is to select an RfC supported by multiple 
effects/studies.  The advantages of this approach are that it leads to a more robust RfC (less 
sensitive to limitations of individual studies) and that it provides the important characterization 
that the RfC exposure level is similar for multiple noncancer effects rather than being based on 
a sole explicit critical effect. 

Two principal (Keil et al., 2009; Johnson et al., 2003) and one supporting (NTP, 1988) 
studies/effects have been chosen as the basis of the RfC for TCE noncancer effects (see the 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
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table below).  Each of these lowest candidate RfCs, ranging from 0.0003 to 0.0006 ppm, for 
developmental, immunologic, and kidney effects, are values derived from route-to-route 
extrapolation using the PBPK model.  The lowest candidate RfC estimate (for a primary dose 
metric) from an inhalation study is 0.001 ppm for kidney effects, which is higher than the 
route-to-route extrapolated candidate RfC estimate from the most sensitive oral study.  For 
each of the candidate RfCs, the PBPK model was used for inter- and intraspecies 
extrapolation, based on the preferred dose metric for each endpoint.   

There is medium confidence in the lowest candidate RfC for developmental effects (heart 
malformations) (U.S. EPA (2011), Section 5.1.2.8) and the lowest candidate RfC estimate for 
immunological effects (U.S. EPA (2011), Section 5.1.2.5), and these are considered the 
critical effects used for deriving the RfC.  For developmental effects, although the available 
study has important limitations, the overall weight of evidence supports an effect of TCE on 
cardiac development.  For immunological effects, there is high confidence in the evidence for 
an immunotoxic hazard from TCE, but the available dose-response data preclude application 
of BMD modeling. 

For kidney effects (U.S. EPA (2011), Section 5.1.2.2), there is high confidence in the evidence 
for a nephrotoxic hazard from TCE.  Moreover, the lowest candidate RfC for kidney effects 
(toxic nephropathy) is derived from a chronic study and is based on BMD 
modeling.  However, as discussed in U.S. EPA (2011, Section 3.3.3.3), there remains 
substantial uncertainty in the extrapolation of GSH conjugation from rodents to humans due to 
limitations in the available data.  In addition, the candidate RfC based on PBPK modeling for 
toxic nephropathy had greater dose-response uncertainty since the estimation of its POD 
involved extrapolation from high response rates (>60%).  Therefore, toxic nephropathy is 
considered supportive but is not used as a principal basis for the RfC.  The other sensitive 
candidate RfCs for kidney effects were all within a factor of 5 of that for toxic nephropathy; 
however, these values similarly relied on the uncertain inter-species extrapolation of GSH 
conjugation. 

As a whole, the estimates support an RfC of 0.0004 ppm (0.4 ppb or 2 µg/m3). This RfC 
reflects the midpoint between the similar candidate RfC estimates for the two critical effects 
(0.00033 ppm for decreased thymus weight in mice and 0.00037 ppm for heart malformations 
in rats), rounded to one significant figure, and is within 25% of either candidate RfC.  This 
estimate is also within a factor of 2 of the candidate RfC estimate of 0.00006 ppm for the 
supporting effect of toxic nephropathy in rats.  Thus, there is robust support for an RfC of 
0.0004 ppm provided by estimates for multiple effects from multiple studies.  The estimates 
are based on PBPK model-based estimates of internal dose for interspecies, intraspecies, and 
route-to-route extrapolation, and there is sufficient confidence in the PBPK model and support 
from mechanistic data for one of the dose metrics (total oxidative metabolism for the heart 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
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malformations).  There is high confidence that the amount of DCVC bioactivated and the 
amount of GSH conjugation metabolism would be appropriate dose metrics for kidney effects, 
but there is substantial uncertainty in the PBPK model predictions for these dose metrics in 
humans (U.S. EPA (2011), Section 5.1.3.1).  Note that there is some human evidence of 
developmental heart defects from TCE exposure in community studies (U.S. EPA (2011), 
Section 4.8.3.1.1) and of kidney toxicity in TCE-exposed workers (U.S. EPA (2011), 
Section 4.4.1).   

In summary, the RfC is 0.0004 ppm (0.4 ppb or 2 µg/m3) based on route-to-route extrapolated 
results from oral studies for the critical effects of heart malformations (rats) and 
immunotoxicity (mice).  This RfC is further supported by route-to-route extrapolated results 
from an oral study of toxic nephropathy (rats).  In all cases, route-to-route extrapolation was 
performed using a PBPK model.  

Summary of principal studies, effects, PODs, and UFs used to derive the RfC 

Keil et al. (2009)—Decreased thymus weight in female B6C3F1 mice exposed for 30 weeks by 
drinking water. 

• Internal dose POD = 0.139 mg TCE metabolized/kg¾/day, which is the PBPK model-
predicted internal dose at the applied dose LOAEL of 0.35 mg/kg/day (continuous) (no 
BMD modeling due to inadequate model fit caused by supralinear dose-response shape) 
(U.S. EPA (2011), Appendix F, Section F.6.3). 

• HEC99,LOAEL = 0.033 ppm (lifetime continuous exposure) derived from combined 
interspecies, intraspecies, and route-to-route extrapolation using PBPK model. 

• Composite UF = 100. 
• Principal candidate RfC = HEC99,LOAEL/UF = 0.033/100 = 0.00033 ppm (2 µg/m3). 

Johnson et al. (2003)—Fetal heart malformations in S-D rats exposed on GDs 1–22 by drinking 
water. 

• Internal dose POD = 0.0142 mg TCE metabolized by oxidation/kg¾/day, which is the 
BMDL from BMD modeling using PBPK model-predicted internal doses, with highest 
dose group (1,000-fold higher than next highest dose group) dropped, pup as unit of 
analysis, BMR = 1% extra risk (due to severity of defects, some of which could have 
been fatal), and a nested Log-logistic model to account for intralitter correlation (U.S. 
EPA (2011), Appendix F, Section F.6.4). 

• HEC99,BMDL01 = 0.0037 ppm (lifetime continuous exposure) derived from combined 
interspecies, intraspecies, and route-to-route extrapolation using PBPK model. 

• Composite UF = 10. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
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• Principal candidate RfC = HEC99,BMDL01/UF = 0.0037/10 = 0.00037 ppm (2 µg/m3). 

Summary of supporting study, effect, POD, and UFs for the RfC 

NTP (1988)—Toxic nephropathy in female Marshall rats exposed for 104 weeks by gavage 
(5 days/week). 

• Internal dose POD = 0.0132 mg DCVC bioactivated/kg¾/day, which is the BMDL from 
BMD modeling using PBPK model-predicted internal doses, BMR = 5% extra risk 
(clearly toxic effect), and log-logistic model (U.S. EPA (2011), Appendix F, Section 
F.6.1). 

• HEC99,BMDL05 = 0.0056 ppm (lifetime continuous exposure) derived from combined 
interspecies, intraspecies, and route-to-route extrapolation using PBPK model. 

• Composite UF = 10. 
• Supporting candidate RfC = HEC99,BMDL05/UF = 0.0056/10 = 0.00056 ppm (3 µg/m3). 

 
I.B.3. UNCERTAINTY FACTORS 

Specific UFs that were applied in deriving the candidate RfCs are summarized in the 
following tables.  The specific factors are intended to account for (1) uncertainty in 
extrapolating from a LOAEL rather than from a NOAEL (abbreviated UFL); (2) uncertainty in 
extrapolating animal data to humans (i.e., interspecies uncertainty, abbreviated UFA); (3) 
variation in susceptibility among the members of the human population (i.e., inter-individual 
or intraspecies variability, abbreviated UFH); (4) uncertainty in extrapolating from data 
obtained in a study with less-than-lifetime exposure (i.e., extrapolating from subchronic to 
chronic exposure, abbreviated UFS); and (5) uncertainty associated with extrapolation when 
the database is incomplete (abbreviated UFD).  In consideration of database uncertainties, UFD 
= 1 because there is minimal potential for deriving an underprotective toxicity value as a result 
of an incomplete characterization of TCE toxicity.  (Note that UF values of “3” actually 
represent 100.5, and, when two such values are multiplied together, the result is 10 rather than 
9.) 

  

http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
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Principal studies — Summary of UFs applied to derive the candidate RfCs 

Keil et al. (2009)—Decreased thymus weight in female B6C3F1 mice exposed for 30 weeks by 
drinking water. 

• Composite UF = 100. 
• UFL = 10 was applied because POD is a LOAEL for an adverse effect. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from mice to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than mice to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors. 

• UFS = 1 was applied because the exposure is considered chronic. 

Johnson et al. (2003)—Fetal heart malformations in S-D rats exposed on GDs 1–22 by drinking 
water. 

• Composite UF = 10. 
• UFL = 1 was applied because the POD is a BMDL01. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from rats to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than rats to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors. 

• UFS = 1 was applied because the exposure is considered to adequately cover the window 
of exposure that is relevant for eliciting the effect. 

  

http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
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Supporting study — Summary of UFs applied to derive the candidate RfC 

NTP (1988)—Toxic nephropathy in female Marshall rats exposed for 104 weeks by gavage 
(5 days/week). 

• Composite UF = 10. 
• UFL = 1 was applied because the POD is a BMDL05. 
• UFA = 3 to account for toxicodynamic uncertainty was applied because the use of the 

PBPK models to extrapolate internal doses from rats to humans reduces toxicokinetic 
uncertainty but does not account for the possibility that humans may be more sensitive 
than rats to TCE due to toxicodynamic differences. 

• UFH = 3 to account for possible toxicodynamics differences in sensitive humans was 
applied because the probabilistic human PBPK model used in this assessment 
incorporates the best available information about variability in toxicokinetic disposition 
of TCE in humans but does not account for humans who may be sensitive due to 
toxicodynamic factors. 

• UFS = 1 was applied because the exposure is considered chronic. 

 
I.B.4. ADDITIONAL STUDIES/COMMENTS 

For more detail on Susceptible Populations, exit to the toxicological review, Section 4.10 
(PDF). 

I.B.5. CONFIDENCE IN THE CHRONIC INHALATION RfC 

Study – High-medium/medium/low-medium (for each endpoint individually, as described 
below) 
Data Base – High 
RfC – High 

For adult immunological effects, there is high confidence in the evidence of immunotoxic 
hazard from TCE.  However, the available dose-response data for the most sensitive 
immunological effects (Keil et al., 2009) precluded application of BMD modeling.  There are 
inadequate data on the active moiety for TCE-induced immunological effects, so PBPK 
modeling applied to Keil et al. (2009) used a generic dose metric.  Thus, due to the high 
confidence in the immunotoxic hazard coupled with the quantitative uncertainties in the dose-
response assessment, the confidence in the candidate RfC derived from this study is 
characterized as medium-to-high. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
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For developmental cardiac effects, although the available study (Johnson et al., 2003) has 
important limitations, the overall weight of evidence supports an effect of TCE on cardiac 
development.  Both BMD and PBPK modeling could be applied to these data.  With respect to 
PBPK modeling, data suggest that oxidative metabolites are involved in TCE-induced cardiac 
malformations, lending greater confidence in the appropriateness of the selected dose 
metric. Thus, due to the important limitations of the available study coupled with the higher 
confidence in the dose-response analysis, the confidence in the candidate RfC derived from 
this study is characterized as medium. 

For kidney effects, there is high confidence in the evidence of nephrotoxic hazard from 
TCE.  Both BMD and PBPK modeling could be applied to the most sensitive study for this 
endpoint (NTP, 1988), which is of chronic duration.  However, although there is high 
confidence in the conclusion that GSH conjugation metabolites are involved in TCE 
nephrotoxicity, there remains substantial uncertainty in the extrapolation of GSH conjugation 
from rodents to humans due to limitations in the available data.  In addition, BMD modeling 
of the NTP (1988) data involved extrapolation from response rates much higher than the 
chosen BMR.  Therefore, due to the high qualitative confidence coupled with the low 
quantitative confidence, the overall confidence in the candidate RfCs derived from these 
studies is characterized as low-to-medium. 

The RfC is supported by two principal studies (whose candidate RfCs are characterized as 
being of medium-to-high/medium confidence) and one supporting study (whose candidate 
RfC is characterized as being of low-to-medium confidence).  Moreover, the multiple 
candidate RfCs from these studies fall within a narrow range, providing robust support for the 
final RfC.  In addition, numerous studies were available for other potential candidate critical 
effects, which were also considered.  Thus, overall, confidence in both the database and the 
RfC is characterized as high. 

For more detail on Characterization of Hazard and Dose Response, exit to the toxicological 
review, Section 6 (PDF). 

I.B.6. EPA DOCUMENTATION AND REVIEW OF THE CHRONIC INHALATION 
RfC 

Source Document – U.S. EPA (2011)  

This document has been reviewed by EPA scientists, interagency reviewers from other federal 
agencies and White House offices, and the public, and peer reviewed by independent scientists 
external to EPA.  A summary and EPA’s disposition of the comments received from the 
independent external peer reviewers and from the public is included in Appendix I of the 
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http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
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Toxicological Review of Trichloroethylene (U.S. EPA, 2011). To review this appendix, exit to 
the toxicological review, Appendix I, Summary Of External Peer Review And Public 
Comments And Disposition (PDF) 

Agency Completion Date — 09/28/2011  

I.B.7. EPA CONTACTS 

Please contact the IRIS Hotline for all questions concerning this assessment or IRIS, in 
general, at (202) 566-1676 (phone), (202) 566-1749 (fax), or hotline.iris@epa.gov (email 
address). 

 

 
II. CARCINOGENICITY ASSESSMENT FOR LIFETIME EXPOSURE 

Substance Name – Trichloroethylene 
CASRN – 79-01-6 
Section II. Last Revised – 09/28/2011 

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

The rationale and methods used to develop the carcinogenicity information in IRIS are 
described in the Guidelines for Carcinogen Risk Assessment and the Supplemental Guidance 
for Assessing Susceptibility from Early-Life Exposure to Carcinogens (U.S. EPA, 2005b, 
a).  The quantitative risk estimates are derived from the application of a low-dose 
extrapolation procedure and are presented in two ways to better facilitate their use.  First, 
route-specific risk values are presented.  The “oral slope factor” is a plausible upper bound on 
the estimate of risk per mg/kg-day of oral exposure.  Similarly, a “unit risk” is a plausible 
upper bound on the estimate of risk per unit of concentration, per µg/m3 air breathed (see 
Section II.C.1).   

A previous cancer assessment for TCE is not available on the IRIS database.  
 
II.A. EVIDENCE FOR HUMAN CARCINOGENICITY 
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II.A.1. WEIGHT-OF-EVIDENCE CHARACTERIZATION 

Following U.S. EPA (2005b) Guidelines for Carcinogen Risk Assessment, TCE is 
characterized as “carcinogenic to humans” by all routes of exposure.  This conclusion is based 
on convincing evidence of a causal association between TCE exposure in humans and kidney 
cancer.  The kidney cancer association cannot be reasonably attributed to chance, bias, or 
confounding.  The human evidence of carcinogenicity from epidemiologic studies of TCE 
exposure is strong for non-Hodgkin lymphoma (NHL), but less convincing than for kidney 
cancer, and more limited for liver and biliary tract cancer.  In addition to the body of evidence 
pertaining to kidney cancer, NHL, and liver cancer, the available epidemiologic studies also 
provide more limited evidence of an association between TCE exposure and other types of 
cancer, including bladder, esophageal, prostate, cervical, breast, and childhood 
leukemia.  Differences between these sets of data and the data for kidney cancer, NHL, and 
liver cancer are observations from fewer numbers of studies, a mixed pattern of observed risk 
estimates, and the general absence of exposure-response data from the studies using a 
quantitative TCE-specific exposure measure.   

There are several lines of supporting evidence for TCE carcinogenicity in humans. First, TCE 
induces multiple types of cancer in rodents given TCE by gavage and inhalation, including 
cancers in the same target tissues identified in the epidemiologic studies – kidney, liver, and 
lymphoid tissues. Second, toxicokinetic data indicate that TCE absorption, distribution, 
metabolism, and excretion are qualitatively similar in humans and rodents. Finally, there is 
sufficient weight of evidence to conclude that a mutagenic mode of action is operative for 
TCE-induced kidney tumors, and this mode of action is clearly relevant to humans. Modes of 
action have not been established for other TCE-induced cancers in rodents, and no mechanistic 
data indicate that any hypothesized key events are biologically precluded in humans.  

For more detail on Characterization of Hazard and Dose Response, exit to the toxicological 
review, Section 6 (PDF). 

For more detail on Susceptible Populations, exit to the toxicological review, Section 4.10 
(PDF). 

II.A.2. HUMAN CARCINOGENICITY DATA 

The available epidemiologic studies provide convincing evidence of a causal association 
between TCE exposure and cancer.  The strongest epidemiologic evidence consists of reported 
increased risks of kidney cancer, with more limited evidence for NHL and liver cancer, in 
several well-designed cohort and case-control studies (discussed below).  The summary 
evaluation below of the evidence for causality is based on guidelines adapted from Hill (1965) 
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by U.S. EPA (2005b), and focuses on evidence related to kidney cancer, NHL, and liver 
cancer. 

(a) Consistency of observed association.  Elevated risks for kidney cancer have been 
observed across many independent studies.  Twenty-four studies in which there was a high 
likelihood of TCE exposure in individual study subjects (e.g., based on job-exposure matrices 
or biomarker monitoring) and which were judged to have met, to a sufficient degree, the 
standards of epidemiologic design and analysis were identified in a systematic review of the 
epidemiologic literature.  Of the 15 of these 24 studies reporting risks of kidney cancer (Moore 
et al., 2010; Radican et al., 2008; Charbotel et al., 2006; Zhao et al., 2005; Brüning et al., 
2003; Raaschou-Nielsen et al., 2003; Hansen et al., 2001; Pesch et al., 2000; Boice et al., 
1999; Dosemeci et al., 1999; Morgan et al., 1998; Anttila et al., 1995; Axelson et al., 1994; 
Greenland et al., 1994; Siemiatycki, 1991), most estimated relative risks (RRs) between 1.1 
and 1.9 for overall exposure to TCE (U.S. EPA, 2011, Sections 4.1 and 4.4.2).  Six of these 15 
studies reported statistically significant increased risks either for overall exposure to TCE 
(Moore et al., 2010; Brüning et al., 2003; Raaschou-Nielsen et al., 2003; Dosemeci et al., 
1999) or for one of the highest TCE exposure groups (Moore et al., 2010; Charbotel et al., 
2006; Zhao et al., 2005; Raaschou-Nielsen et al., 2003).  Thirteen other cohort, case-control, 
and geographic based studies were given less weight because of their lesser likelihood of TCE 
exposure and other study design limitations that would decrease statistical power and study 
sensitivity (U.S. EPA, 2011, Sections 4.1. and 4.4.2). 

The consistency of the association between TCE exposure and kidney cancer is further 
supported by the results of the meta-analyses of the 15 cohort and case-control studies of 
sufficient quality and with high probability of TCE exposure to individual subjects. These 
analyses observed a statistically significant increased summary RR estimate for kidney cancer 
of 1.27 (95% confidence interval [CI]: 1.13, 1.43) for overall TCE exposure. The summary 
RR estimates were robust and did not change appreciably with the removal of any individual 
study or with the use of alternate RR estimates from individual studies. In addition, there was 
no evidence for heterogeneity or publication bias. 

The consistency of increased kidney cancer RR estimates across a large number of 
independent studies of different designs and populations from different countries and 
industries argues against chance, bias, or confounding as the basis for observed 
associations.  This consistency thus provides substantial support for a causal effect between 
kidney cancer and TCE exposure.   

Some evidence of consistency is found between TCE exposure and NHL and liver cancer.  In 
a weight-of-evidence review of the NHL studies, 17 studies in which there was a high 
likelihood of TCE exposure in individual study subjects (e.g., based on job-exposure matrices 
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or biomarker monitoring) and which met, to a sufficient degree, the standards of 
epidemiologic design and analysis were identified.  These studies generally reported excess 
RR estimates for NHL between 0.8 and 3.1 for overall TCE exposure (U.S. EPA 
(2011),Sections 4.1 and 4.6.1.2).  Statistically significant elevated RR estimates for overall 
exposure were observed in two cohort studies (Raaschou-Nielsen et al., 2003; Hansen et al., 
2001) and one case-control study (Hardell et al., 1994).  The other 14 identified studies 
reported elevated RR estimates with overall TCE exposure that were not statistically 
significant (Purdue et al., 2011; Cocco et al., 2010; Wang et al., 2009; Radican et al., 2008; 
Miligi et al., 2006; Zhao et al., 2005; Boice et al., 1999; Persson and Fredrikson, 1999; 
Morgan et al., 1998; Nordström et al., 1998; Anttila et al., 1995; Axelson et al., 1994; 
Greenland et al., 1994; Siemiatycki, 1991).  Fifteen additional studies were given less weight 
because of their lesser likelihood of TCE exposure and other design limitations that would 
decrease study power and sensitivity (U.S. EPA (2011), Sections 4.1 and 4.6.1.2).  The 
observed lack of association with NHL in these studies likely reflects study design and 
exposure assessment limitations and is not considered inconsistent with the overall evidence 
on TCE and NHL.   

Consistency of the association between TCE exposure and NHL is further supported by the 
results of meta-analyses.  These meta-analyses found a statistically significant increased 
summary RR estimate for NHL of 1.23 (95% CI: 1.07, 1.42) for overall TCE exposure.  This 
result and its statistical significance were not overly influenced by most individual 
studies.  Some heterogeneity was observed across the 17 studies of overall exposure, although 
it was not statistically significant (p = 0.16).  Analyzing the cohort and case-control studies 
separately resolved most of the heterogeneity, but the result for the summary case-control 
studies was only about a 7% increased RR estimate and was not statistically significant.  The 
sources of heterogeneity are uncertain but may be the result of some bias associated with 
exposure assessment and/or disease classification, or from differences between cohort and 
case-control studies in average TCE exposure.  In addition, there is some evidence of potential 
publication bias in this data set; however, it is uncertain that this is actually publication bias 
rather than an association between standard error and effect size resulting for some other 
reason (e.g., a difference in study populations or protocols in the smaller 
studies).  Furthermore, if there is publication bias in this data set, it does not appear to account 
completely for the finding of an increased NHL risk. 

There are fewer studies on liver cancer than for kidney cancer and NHL.  Of nine studies, all 
of them cohort studies, in which there was a high likelihood of TCE exposure in individual 
study subjects (e.g., based on job-exposure matrices or biomarker monitoring) and which met, 
to a sufficient degree, the standards of epidemiologic design and analysis in a systematic 
review (Radican et al., 2008; Boice et al., 2006; Raaschou-Nielsen et al., 2003; Hansen et al., 
2001; Boice et al., 1999; Morgan et al., 1998; Anttila et al., 1995; Axelson et al., 1994; 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702305
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699921
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729998
http://hero.epa.gov/index.cfm?action=search.view&reference_id=626703
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699234
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630788
http://hero.epa.gov/index.cfm?action=search.view&reference_id=708570
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729578
http://hero.epa.gov/index.cfm?action=search.view&reference_id=646937
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729570
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630313
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701067
http://hero.epa.gov/index.cfm?action=search.view&reference_id=202292
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699234
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729548
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183
http://hero.epa.gov/index.cfm?action=search.view&reference_id=646937
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630313
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701067


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
26 

 
  

Greenland et al., 1994), most reported RR estimates for liver and gallbladder cancer between 
0.5 and 2.0 for overall exposure to TCE (U.S. EPA (2011), Sections 4.1 and 4.5.2).  Relative 
risk estimates were generally based on small numbers of cases or deaths, with the result of 
wide CIs on the estimates, except for one study (Raaschou-Nielsen et al., 2003).  This study 
reported almost 6 times more cancer cases than the next largest study and observed a 
statistically significant elevated liver and gallbladder cancer risk with overall TCE exposure 
(RR = 1.35 [95% CI: 1.03, 1.77]).  Ten additional studies were given less weight because of 
their lesser likelihood of TCE exposure and other design limitations that would decrease 
statistical power and study sensitivity (U.S. EPA (2011), Sections 4.1 and 4.5.2). 

Consistency of the association between TCE exposure and liver cancer is further supported by 
the results of meta-analyses.  These meta-analyses found a statistically significant increased 
summary RR estimate for liver and biliary tract cancer of 1.29 (95% CI: 1.07, 1. 56) with 
overall TCE exposure.  Although there was no evidence of heterogeneity or publication bias 
and the summary estimate was fairly insensitive to the use of alternative RR estimates, the 
statistical significance of the summary estimate depends heavily on the one large study by 
Raaschou-Nielsen et al. (2003).  However, there were fewer adequate studies available for 
meta-analysis of liver cancer (9 versus 17 for NHL and 15 for kidney), leading to lower 
statistical power, even with pooling.  Moreover, liver cancer is comparatively rarer, with age-
adjusted incidences roughly half or less those for kidney cancer or NHL; thus, fewer liver 
cancer cases are generally observed in individual cohort studies.   

(b) Strength of the observed association.  In general, the observed associations between 
TCE exposure and cancer are modest, with RRs or odds ratios (ORs) for overall TCE exposure 
generally <2.0 and higher RRs or ORs for high exposure categories.  Among the highest 
statistically significant RRs were those reported for kidney cancer in the studies by Henschler 
et al. (1995) (7.97 [95% CI: 2.59, 8.59]) and Vamvakas et al. (1998) (10.80 [95% CI: 3.36, 
34.75]).  As discussed in U.S. EPA (2011), Section 4.5.3, risk magnitude in both studies is 
highly uncertain due, in part, to possible selection biases, and neither was included in the 
meta-analyses.  However, the findings of these studies were corroborated, though with lower 
reported RRs, by later studies, which overcame many of their deficiencies, such as Brüning et 
al. (2003) (2.47 [95% CI: 1.36, 4.49]), Charbotel et al. (2006) (2.16 [95% CI: 1.02, 4.60] for 
the high cumulative exposure group), and Moore et al. (2010) (2.05 [95% CI: 1.13, 3.73] for 
high confidence assessment of TCE).  In addition, the very high apparent exposure in the 
subjects of Henschler et al. (1995) and Vamvakas et al. (1998) may have contributed to their 
reported RRs being higher than those in other studies.  Exposures in most population case-
control studies are of lower overall TCE intensity compared to exposures in Brüning et al. 
(2003) and Charbotel et al. (2006), and, as would be expected, observed RR estimates are 
lower: 1.24 (95% CI: 1.03, 1.49) (Pesch et al., 2000) and 1.30 (95% CI: 0.9, 1.9) (Dosemeci et 
al., 1999).  A few high-quality cohort and case-control studies reported statistically significant 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=202292
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724290
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701363
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729633
http://hero.epa.gov/index.cfm?action=search.view&reference_id=679709
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702381
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724290
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701363
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729633
http://hero.epa.gov/index.cfm?action=search.view&reference_id=85973
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194813
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194813


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
27 

 
  

RRs of approximately 2.0 with highest exposure, including Zhao et al. (2005) (4.9 [95% CI: 
1.23, 19.6] for high TCE score), Raaschou-Nielsen et al. (2003) (1.7 [95% CI: 1.1, 2.4] for ≥5-
year exposure duration, subcohort with higher exposure]), Charbotel et al. (2006) (2.16 [95% 
CI: 1.02, 4.60] for high cumulative exposure and 2.73 [95% CI: 1.06, 7.07] for high 
cumulative exposure plus peaks) and Moore et al. (2010) (2.23 [95% CI: 1.07, 4.64] for high 
cumulative exposure and 2.41 [95% CI: 1.05, 5.56] for high average intensity TCE exposure).   

Among the highest statistically significant RRs reported for NHL were those of Hansen et al. 
(2001) (3.1 [95% CI: 1.3, 6.1]) and Hardell et al. (1994) (7.2 [95% CI: 1.3, 42]), the latter a 
case-control study whose magnitude of risk is uncertain because of self-reported occupational 
TCE exposure.  A similar magnitude of risk was reported in Purdue et al. (2011) for highest 
exposure (3.3 [95% CI:  1.1, 10.1], >234,000 ppm-hour, and 7.9 [95% CI: 1.8, 34.3], >360 
ppm-hour/week).  Observed RR estimates for liver cancer and overall TCE exposure are 
generally more modest. 

The strength of association between TCE exposure and cancer is modest with overall TCE 
exposure.  Large RR estimates are considered strong evidence of causality; however, a modest 
risk does not preclude a causal association and may reflect a lower level of exposure, an agent 
of lower potency, or a common disease with a high background level (U.S. EPA, 
2005b).  Modest RR estimates have been observed with several well-established human 
carcinogens such as benzene and secondhand smoke.  Chance cannot explain the observed 
association between TCE and cancer; statistically significant associations were found in a 
number of the studies that contribute greater weight to the overall evidence, given their design 
and statistical analysis approaches.  In addition, other known or suspected risk factors cannot 
fully explain the observed elevations in kidney cancer RRs.  All kidney cancer case-control 
studies except Moore et al. (2010), discussed below, included adjustment for possible 
confounding effects of smoking, and some studies included body mass index (BMI), 
hypertension, and co-exposure to other occupational agents such as cutting or petroleum 
oils.  Cutting and petroleum oils, known as metalworking fluids, have not been associated with 
kidney cancer (Mirer, 2010; NIOSH, 1998), and potential confounding by this occupational 
co-exposure is unable to explain the observed association with TCE.  Additionally, the 
associations between kidney cancer and TCE exposure remained in these studies after 
statistical adjustment for possible known and suspected confounders.  Charbotel et al. (2005) 
observed a nonstatistically significantly kidney cancer risk with exposure to TCE adjusted for 
cutting or petroleum oil exposures (1.96 [95% CI: 71, 5.37] for the high-cumulative exposure 
group and 2.63 [95% CI: 0.79, 8,83] for high-exposure group with peaks).   

All kidney cancer case-control studies adjusted for smoking except the Moore et al. (2010) 
study.  However, Moore et al. (2010) reported that smoking did not significantly change the 
overall association with TCE exposure.  Although direct examination of smoking and other 
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suspected kidney cancer risk factors is usually not possible in cohort studies, confounding is 
less likely in Zhao et al. (2005), given their use of an internal referent group and adjustment 
for socioeconomic status, an indirect surrogate for smoking, and other occupational 
exposures.  In addition, the magnitude of the lung cancer risk in Raaschou-Nielsen et al. 
(2003) suggests that a high smoking rate is unlikely and cannot explain their finding on kidney 
cancer.  Last, a meta-analysis of the nine cohort studies that reported kidney cancer risks 
found a summary RR estimate for lung cancer of 0.96 (95% CI: 0.76, 1.21) for overall TCE 
exposure and 0.96 (95% CI: 0.72, 1.27) for the highest exposure group.  These observations 
suggest that confounding by smoking is not an alternative explanation for the kidney cancer 
meta-analysis results. 

Few risk factors are recognized for NHL, with the exception of viruses and suspected factors 
such as immunosuppression or smoking, which are associated with specific NHL 
subtypes.  Associations between NHL and TCE exposure are based on groupings of several 
NHL subtypes.  Three of the seven NHL case-control studies adjusted for age, sex, and 
smoking in statistical analyses (Wang et al., 2009; Miligi et al., 2006), two others adjusted for 
age, sex, and education (Purdue et al., 2011; Cocco et al., 2010), and the other three case-
control studies adjusted for age only or age and sex (Persson and Fredrikson, 1999; Nordström 
et al., 1998; Hardell et al., 1994).  Like for kidney cancer, direct examination of possible 
confounding in cohort studies is not possible.  The use of internal controls in some of the 
higher quality cohort studies is intended to reduce possible confounding related to lifestyle 
differences, including smoking habits, between exposed and referent subjects. 

Heavy alcohol use and viral hepatitis are established risk factors for liver cancer, with severe 
obesity and diabetes characterized as a metabolic syndrome associated with liver cancer.  Only 
cohort studies for liver cancer are available, and they were not able to consider these possible 
risk factors.   

(c) Specificity of the observed association.  Specificity is generally not as relevant as other 
aspects for judging causality.  As stated in the U.S. EPA Guidelines for Carcinogen Risk 
Assessment (U.S. EPA, 2005b), based on our current understanding that many agents cause 
cancer at multiple sites and that cancers have multiple causes, the absence of specificity does 
not detract from evidence for a causal effect.  Evidence for specificity could be provided by a 
biological marker in cancers that was specific to TCE exposure.  There is some evidence 
suggesting that particular von Hippel-Lindau (VHL) mutations in kidney tumors may be 
caused by TCE, but uncertainties in these data preclude a definitive conclusion. 

(d) Temporal relationship of the observed association.  Each cohort study was evaluated for 
the adequacy of the follow-up period to account for the latency of cancer development.  The 
studies with the greatest weight based on study design characteristics (e.g., those used in the 
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meta-analysis) all had adequate follow-up to assess associations between TCE exposure and 
cancer.  Therefore, the findings of those studies are consistent with a temporal relationship. 

(e) Biological gradient (exposure-response relationship).  Exposure-response relationships 
are examined in the TCE epidemiologic studies only to a limited extent.  Many studies 
examined only overall “exposed” versus “unexposed” groups and did not provide exposure 
information by level of exposure.  Others do not have adequate exposure assessments to 
confidently distinguish between levels of exposure.  For example, many studies used duration 
of employment as an exposure surrogate; however, this is a poor exposure metric given 
subjects may have differing exposure intensity with similar exposure duration (NRC, 2006). 

Three studies of kidney cancer reported a statistically significant trend of increasing risk with 
increasing TCE exposure, Zhao et al. (2005) (p = 0.023 for trend with TCE score), Charbotel 
et al. (2006) (p = 0.04 for trend with cumulative TCE exposure), and Moore et al. (2010) (p = 
0.02 for trend with cumulative TCE exposure).  Charbotel et al. (2006) was specifically 
designed to examine TCE exposure and had a high-quality exposure assessment, and the 
Moore et al. (2010) exposure assessment considered detailed information on jobs using 
solvents.  Zhao et al. (2005) also had a relatively well-designed exposure assessment.  A 
positive trend was also observed in one other study (Raaschou-Nielsen et al., 2003) with 
employment duration). 

Biological gradient is further supported by meta-analyses for kidney cancer using only the 
highest exposure groups and accounting for possible reporting bias, which yielded a higher 
summary RR estimate (1.58 [95% CI: 1.28, 1.96]) than for overall TCE exposure (1.27 [95% 
CI: 1.13, 1.43]).  Although this analysis uses a subset of studies in the overall TCE exposure 
analysis, the finding of higher risk in the highest exposure groups, where such groups were 
available, is consistent with a trend of increased risk with increased exposure. 

The NHL case-control study of Purdue et al. (2011) reported a statistically significant trend 
with TCE exposure (p = 0.02 for trend with average-weekly TCE exposure), and NHL risk in 
Boice et al. (1999) appeared to increase with increasing exposure duration (p = 0.20 for 
routine-intermittent exposed subjects).  The borderline trend with TCE intensity in the case-
control studies of Wang et al. (2009) (p = 0.06) and Purdue et al. (2011) (p = 0.08 for trend 
with cumulative TCE exposure) is consistent with their findings for average weekly TCE 
exposure.  As with kidney cancer, further support was provided by meta-analyses using only 
the highest exposure groups, which yielded a higher summary RR estimate (1.43 [95% CI: 
1.13, 1.82]) than for overall TCE exposure (1.23 [95% CI: 1.07, 1.42]).  For liver cancer, the 
meta-analyses using only the highest exposure groups yielded a lower, and nonstatistically 
significant, summary estimate (1.28 [95% CI: 0.93, 1.77]) than for overall TCE exposure (1.29 
[95% CI: 1.07, 1.56]).  There were no case-control studies on liver cancer and TCE, and the 
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cohort studies generally had few liver cancer cases, making it more difficult to assess 
exposure-response relationships.  The one large study (Raaschou-Nielsen et al., 2003) used 
only duration of employment, which is an inferior exposure metric. 

(f) Biological plausibility.  TCE metabolism is similar in humans, rats, and mice and results 
in reactive metabolites. TCE is metabolized in multiple organs and metabolites are 
systemically distributed. Several oxidative metabolites produced primarily in the liver, 
including chloral hydrate (CH), trichloroacetic acid (TCA), and dichloroacetic acid (DCA), are 
rodent hepatocarcinogens. Two other metabolites, DCVC and S-dichlorovinyl-L-glutathione 
(DCVG), which can be produced and cleared by the kidney, have shown genotoxic activity, 
suggesting the potential for carcinogenicity. Kidney cancer, NHL, and liver cancer have all 
been observed in rodent bioassays (see below). The laboratory animal data for liver and 
kidney cancer are the most robust and are corroborated in multiple studies, sexes, and strains, 
although each has only been reported in a single species and the incidences of kidney cancer 
are quite low. Lymphomas were only reported to be statistically significantly elevated in a 
single study in mice, but one additional mouse study reported elevated lymphoma incidence 
and one rat study reported elevated leukemia incidence. In addition, there is some evidence 
both in humans and laboratory animals for kidney, liver, and immune system noncancer 
toxicity from TCE exposure. Several hypothesized modes of action have been presented for 
the rodent cancer findings, and the available evidence does not preclude the relevance of the 
hypothesized modes of action to humans. 

(g) Coherence.  Coherence is defined as consistency with the known biology.  As discussed 
under biological plausibility, the observance of kidney and liver cancer and NHL in humans is 
consistent with the biological processing and toxicity of TCE. 

(h) Experimental evidence (from human populations).  Few experimental data from human 
populations are available on the relationship between TCE exposure and cancer.  The only 
study of a “natural experiment” (i.e., observations of a temporal change in cancer incidence in 
relation to a specific event) notes that childhood leukemia cases appeared to be more evenly 
distributed throughout Woburn, Massachusetts, after closure of the two wells contaminated 
with TCE and other organic solvents (MDPH, 1997). 

(i) Analogy.  Exposure to structurally related chlorinated solvents such as tetrachloroethylene 
and dichloromethane have also been associated with kidney, lymphoid, and liver tumors in 
humans, although the evidence for TCE is considered stronger. 

Conclusion. In conclusion, based on the weight-of-evidence analysis for kidney cancer and in 
accordance with U.S. EPA guidelines, TCE is characterized as “carcinogenic to 
humans.”  This hazard descriptor is used when there is convincing epidemiologic evidence of 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724814


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
31 

 
  

a causal association between human exposure and cancer.  Convincing evidence is found in 
the consistency of the kidney cancer findings.  The consistency of increased kidney cancer RR 
estimates across a large number of independent studies of different designs and populations 
from different countries and industries provides compelling evidence given the difficulty, a 
priori, in detecting effects in epidemiologic studies when the RRs are modest and the cancers 
are relatively rare, and, therefore, individual studies have limited statistical power. This strong 
consistency argues against chance, bias, and confounding as explanations for the elevated 
kidney cancer risks.  In addition, statistically significant exposure-response trends are 
observed in high-quality studies.  These studies were designed to examine kidney cancer in 
populations with high TCE exposure intensity.  These studies addressed important potential 
confounders and biases, further supporting the observed associations with kidney cancer as 
causal.  In a meta-analysis of the 15 studies that met the inclusion criteria, a statistically 
significant summary RR estimate was observed for overall TCE exposure (summary RR: 1.27 
[95% CI: 1.13, 1.43]).  The summary RR estimate was greater for the highest TCE exposure 
groups (summary RR: 1.58 [95% CI: 1.28, 1.96]; n = 13 studies).  Meta-analyses investigating 
the influence of individual studies and the sensitivity of the results to alternate RR estimate 
selections found the summary RR estimates to be highly robust.  Furthermore, there was no 
indication of publication bias or significant heterogeneity.  It would require a substantial 
amount of negative data from informative studies (i.e., studies having a high likelihood of 
TCE exposure in individual study subjects and which meet, to a sufficient degree, the 
standards of epidemiologic design and analysis in a systematic review) to contradict this 
observed association. 

The evidence is strong but less convincing for NHL, where issues of (nonstatistically 
significant) study heterogeneity, potential publication bias, and weaker exposure-response 
results contribute greater uncertainty.  The evidence is more limited for liver cancer mainly 
because only cohort studies are available and most of these studies have small numbers of 
cases. In addition to the body of evidence described above pertaining to kidney cancer, NHL, 
and liver cancer, the available epidemiologic studies also provide suggestive evidence of an 
association between TCE exposure and other types of cancer, including bladder, esophageal, 
prostate, cervical, breast, and childhood leukemia.  Differences between these sets of data and 
the data for kidney cancer, NHL, and liver cancer are fewer studies, a mixed pattern of 
observed risk estimates, and the general absence of exposure-response data from the studies 
using a quantitative TCE-specific cumulative exposure measure. 

II.A.3. ANIMAL CARCINOGENICITY DATA 

Additional evidence of TCE carcinogenicity consists of increased incidences of cancers 
reported in multiple chronic bioassays in rats and mice.  In total, this database identifies some 
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of the same target tissues of TCE carcinogenicity also seen in epidemiological studies, 
including the kidney, liver, and lymphoid tissues. 

Of particular note is the site-concordant finding of TCE-induced kidney cancer in rats.  In 
particular, low, but biologically and sometimes statistically significant, increases in the 
incidence of kidney tumors were observed in multiple strains of rats treated with TCE by 
either inhalation or corn oil gavage (NTP, 1990b, 1988; Maltoni et al., 1986).  For instance, 
Maltoni et al. (1986) reported that although only 4/130 renal adenocarcinomas were noted in 
rats in the highest dose group, these tumors had never been observed in over 50,000 Sprague-
Dawley rats (untreated, vehicle-treated, or treated with different chemicals) examined in 
previous experiments in the same laboratory  In addition, the gavage study by NCI (1976) and 
two inhalation studies by Henschler et al. (1980), and Fukuda et al. (1983) each observed one 
renal adenoma or adenocarcinoma in some dose groups and none in controls.  The largest (but 
still small) incidences were observed in treated male rats, only in the highest dose 
groups.  However, given the small numbers, an effect in females cannot be ruled out.  Several 
studies in rats were limited by excessive toxicity, accidental deaths, or deficiencies in 
reporting (NTP, 1990b, 1988; NCI, 1976).  Individually, therefore, these studies provide only 
suggestive evidence of renal carcinogenicity.  Overall, given the rarity of these types of tumors 
in the rat strains tested and the repeated similar results across experiments and strains, these 
studies taken together support the conclusion that TCE is a kidney carcinogen in rats, with 
males being more sensitive than females.  No other tested laboratory species (i.e., mice and 
hamsters) have exhibited increased kidney tumors, although high incidences of kidney toxicity 
have been reported in mice (NTP, 1990b; Maltoni et al., 1986; NCI, 1976).  The GSH-
conjugation-derived metabolites suspected of mediating TCE-induced kidney carcinogenesis 
have not been tested in a standard 2-year bioassay, so their role cannot be confirmed 
definitively.  However, it is clear that GSH conjugation of TCE occurs in humans and that the 
human kidney contains the appropriate enzymes for bioactivation of GSH 
conjugates.  Therefore, the production of the active metabolites thought to be responsible for 
kidney tumor induction in rats likely occurs in humans.  

Statistically significant increases in TCE-induced liver tumors have been reported in multiple 
inhalation and gavage studies with male Swiss mice and B6C3F1 mice of both sexes (Bull et 
al., 2002; Anna et al., 1994; NTP, 1990b; Herren-Freund et al., 1987; Maltoni et al., 1986; 
NCI, 1976).  On the other hand, in female Swiss mice, Fukuda et al. ((1983) (in CD-1 [ICR, 
Swiss-derived] mice) and Maltoni et al. (1986) both reported small, nonsignificant increases at 
the highest dose by inhalation.  Henschler et al. (1984; 1980) reported no increases in either 
sex of Han:NMRI (also Swiss-derived) mice exposed by inhalation and ICR/HA (Swiss) mice 
exposed by gavage.  However, the inhalation study (Henschler et al., 1980) had only 30 mice 
per dose group and the gavage study (Henschler et al., 1984) had dosing interrupted due to 
toxicity.  Studies in rats (NTP, 1990b, 1988; Maltoni et al., 1986; Henschler et al., 1980; NCI, 
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1976) and hamsters (Henschler et al., 1980) did not report statistically significant increases in 
liver tumor induction with TCE treatment.  However, several studies in rats were limited by 
excessive toxicity or accidental deaths (NTP, 1990b, 1988; NCI, 1976), and the study in 
hamsters only had 30 animals per dose group.  These data are inadequate for concluding that 
TCE lacks hepatocarcinogenicity in rats and hamsters, but are indicative of a lower potency in 
these species.  Moreover, it is notable that a few studies in rats reported low incidences (too 
few for statistical significance) of very rare biliary- or endothelial-derived tumors in the livers 
of some treated animals (Maltoni et al., 1986; Fukuda et al., 1983; Henschler et al., 
1980).  Further evidence for the hepatocarcinogenicity of TCE is derived from chronic 
bioassays of the TCE oxidative metabolites CH, TCA, and DCA in mice (e.g., DeAngelo et 
al., 2008; Leakey et al., 2003; George et al., 2000; DeAngelo et al., 1999; DeAngelo et al., 
1996; Bull et al., 1990), all of which reported hepatocarcinogenicity.  Very limited testing of 
these TCE metabolites has been done in rats, with a single experiment reported in both 
Richmond et al. (1995) and DeAngelo et al. (1996) finding statistically significant 
DCA-induced hepatocarcinogenicity.  With respect to TCA, DeAngelo et al. (1997), often 
cited as demonstrating lack of hepatocarcinogenicity in rats, actually reported elevated 
adenoma multiplicity and carcinoma incidence from TCA treatment.  However, statistically, 
the role of chance could not be confidently excluded because of the low number of animals per 
dose group (20–24 per treatment group at final sacrifice).  Overall, TCE and its oxidative 
metabolites are clearly carcinogenic in mice, with males more sensitive than females and the 
B6C3F1 strain appearing to be more sensitive than the Swiss strain.  Such strain and sex 
differences are not unexpected, as they appear to parallel, qualitatively, differences in 
background tumor incidence.  Data in other laboratory animal species are limited.  Thus, 
except for DCA, which is carcinogenic in rats, inadequate evidence exists to evaluate the 
hepatocarcinogenicity of these compounds in rats or hamsters.  However, to the extent that 
there is hepatocarcinogenic potential in rats, TCE is clearly less potent in the strains tested in 
this species than in B6C3F1 and Swiss mice. 

Additionally, there is more limited evidence for TCE-induced lymphohematopoietic cancers in 
rats and mice, lung tumors in mice, and testicular tumors in rats.  With respect to lymphomas, 
Henschler et al. (1980) reported statistically significant increases in lymphomas in female 
Han:NMRI mice treated via inhalation.  While Henschler et al. (1980) suggested that these 
lymphomas were of viral origin specific to this strain, subsequent studies reported increased 
lymphomas in female B6C3F1 mice treated via corn oil gavage (NTP, 1990b) and leukemias 
in male Sprague-Dawley and female August rats (NTP, 1988; Maltoni et al., 1986).  However, 
these cancers had relatively modest increases in incidence with treatment, and were not 
reported to be increased in other studies.  With respect to lung tumors, rodent bioassays have 
demonstrated a statistically significant increase in pulmonary tumors in mice following 
chronic inhalation exposure to TCE (Maltoni et al., 1988; Maltoni et al., 1986; Fukuda et al., 
1983).  Pulmonary tumors were not reported in other species tested (i.e., rats and hamsters) 
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(Maltoni et al., 1988; Maltoni et al., 1986; Fukuda et al., 1983; Henschler et al., 
1980).  Chronic oral exposure to TCE led to a nonstatistically significant increase in 
pulmonary tumors in mice but, again, not in rats or hamsters (NTP, 1990b, 1988; Maltoni et 
al., 1986; Henschler et al., 1984; Van Duuren et al., 1979; NCI, 1976).  A lower response via 
oral exposure would be consistent with a role of respiratory metabolism in pulmonary 
carcinogenicity.  Finally, increased testicular (interstitial cell and Leydig cell) tumors have 
been observed in rats exposed by inhalation and gavage (NTP, 1990a, 1988; Maltoni et al., 
1986).  Statistically significant increases were reported in Sprague-Dawley rats exposed via 
inhalation (Maltoni et al., 1986) and Marshall rats exposed via gavage (NTP, 1988).  In three 
rat strains, ACI, August, and F344/N, a high (>75%) control rate of testicular tumors was 
observed, limiting the ability to detect a treatment effect (NTP, 1990b, 1988).   

In summary, there is clear evidence for TCE carcinogenicity in rats and mice, with multiple 
studies showing TCE to cause multiple kinds of cancers.  The apparent lack of site 
concordance across laboratory animal species may be due to limitations in design or conduct 
in a number of rat bioassays and/or genuine interspecies differences in 
sensitivity.  Nonetheless, these studies have shown carcinogenic effects across different 
strains, sexes, and routes of exposure, and site-concordance is not necessarily expected for 
carcinogens.  Of greater import is the finding that there is support in experimental animal 
studies for the main cancers observed in TCE-exposed humans—in particular, cancers of the 
kidney, liver, and lymphoid tissues. 

II.A.4. SUPPORTING DATA FOR CARCINOGENICITY 

Additional evidence from toxicokinetic, toxicity, and mechanistic studies supports the 
biological plausibility of TCE carcinogenicity in humans.   

Toxicokinetic data indicate that TCE is well absorbed by all routes of exposure, and that TCE 
absorption, distribution, metabolism, and excretion are qualitatively similar in humans and 
rodents.  There is evidence that TCE is systemically available, distributes to organs and 
tissues, and undergoes systemic metabolism from all routes of exposure.  Therefore, although 
the strongest evidence from epidemiologic studies largely involves inhalation exposures, the 
evidence supports TCE carcinogenicity being applicable to all routes of exposure.  In addition, 
there is no evidence of major qualitative differences across species in TCE absorption, 
distribution, metabolism, and excretion.  Extensive in vivo and in vitro data show that mice, 
rats, and humans all metabolize TCE via two primary pathways: oxidation by cytochrome 
P450s (CYPs) and conjugation with glutathione via glutathione-S-transferases 
(GSTs).  Several metabolites and excretion products from both pathways have been detected 
in blood and urine from exposed humans as well as from at least one rodent species.  In 
addition, the subsequent distribution, metabolism, and excretion of TCE metabolites are 
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qualitatively similar among species.  Therefore, humans possess the metabolic pathways that 
produce the TCE metabolites thought to be involved in the induction of rat kidney and mouse 
liver tumors, and internal target tissues of both humans and rodents experience a similar mix 
of TCE and metabolites.  (See U.S. EPA (2011), Sections 3.1–3.4 for additional discussion of 
TCE toxicokinetics.)  Quantitative interspecies differences in toxicokinetics do exist, and are 
addressed through PBPK modeling (U.S. EPA (2011), Section 3.5 and 
Appendix A).  Importantly, these quantitative differences affect only interspecies 
extrapolations of carcinogenic potency, and do not affect inferences as to the carcinogenic 
hazard for TCE.   

Available mechanistic data do not suggest a lack of human carcinogenic hazard from TCE 
exposure.  In particular, these data do not suggest qualitative differences between humans and 
test animals that would preclude any of the hypothesized key events in the carcinogenic mode 
of action in rodents from occurring in humans.  For the kidney, the predominance of positive 
genotoxicity data in the database of available studies of TCE metabolites derived from GSH 
conjugation (in particular DCVC), together with toxicokinetic data consistent with their 
systemic delivery to, and in situ formation in, the kidney, supports the conclusion that a 
mutagenic mode of action is operative in TCE-induced kidney tumors.  While supporting the 
biological plausibility of this hypothesized mode of action, available data on the VHL gene in 
humans or transgenic animals do not conclusively elucidate the role of VHL mutation in TCE-
induced renal carcinogenesis.  Cytotoxicity and compensatory cell proliferation, similarly 
presumed to be mediated through metabolites formed after GSH-conjugation of TCE, have 
also been suggested to play a role in the mode of action for renal carcinogenesis, as high 
incidences of nephrotoxicity have been observed in animals at doses that induce kidney 
tumors.  Human studies have reported markers for nephrotoxicity at current occupational 
exposures, although data are lacking at lower exposures.  Nephrotoxicity is observed in both 
mice and rats, in some cases with nearly 100% incidence in all dose groups, but kidney tumors 
are only observed at low incidences in rats at the highest tested doses.  Therefore, 
nephrotoxicity alone appears to be insufficient, or at least not rate-limiting, for rodent renal 
carcinogenesis, since maximal levels of toxicity are reached before the onset of tumors.  In 
addition, nephrotoxicity has not been shown to be necessary for kidney tumor induction by 
TCE in rodents.  In particular, there is a lack of experimental support for causal links, such as 
compensatory cellular proliferation or clonal expansion of initiated cells, between 
nephrotoxicity and kidney tumors induced by TCE.  Furthermore, it is not clear if 
nephrotoxicity is one of several key events in a mode of action, if it is a marker for an 
“upstream” key event (such as oxidative stress) that may contribute independently to both 
nephrotoxicity and renal carcinogenesis, or if it is incidental to kidney tumor 
induction.  Therefore, although the data are consistent with the hypothesis that cytotoxicity 
and regenerative proliferation contribute to TCE-induced kidney tumors, the weight of 
evidence is not as strong as the support for a mutagenic mode of action.  Moreover, while 
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toxicokinetic differences in the GSH conjugation pathway along with their uncertainty are 
addressed through PBPK modeling, no data suggest that any of the proposed key events for 
TCE-induced kidney tumors in rats are precluded in humans.  (See U.S. EPA (2011), 
Section 4.4.7 for additional discussion of the mode of action for TCE-induced kidney 
tumors. ) Therefore, TCE-induced rat kidney tumors provide additional support for the 
convincing human evidence of TCE-induced kidney cancer, with mechanistic data supportive 
of a mutagenic mode of action.   

With respect to other cancers, data are insufficient to conclude that any of the other 
hypothesized modes of action are operant.  In the liver, a mutagenic mode of action mediated 
by CH, which has evidence for genotoxic effects, or some other oxidative metabolite of TCE 
cannot be ruled out, but data are insufficient to conclude it is operant.  A second mode-of-
action hypothesis for TCE-induced liver tumors involves activation of the peroxisome 
proliferator activated receptor alpha (PPARα) receptor.  Clearly, in vivo administration of 
TCE leads to activation of PPARα in rodents and likely does so in humans as well.  However, 
the evidence as a whole does not support the view that PPARα is the sole operant mode of 
action mediating TCE hepatocarcinogenesis.  Rather, there is evidential support for multiple 
TCE metabolites and multiple toxicity pathways contributing to TCE-induced liver 
tumors.  Furthermore, recent experiments have demonstrated that PPARα activation and the 
sequence of key events in the hypothesized mode of action are not sufficient to induce 
hepatocarcinogenesis (Yang et al., 2007).  Moreover, the demonstration that the PPARα 
agonist di(2-ethylhexyl) phthalate induces tumors in PPARα-null mice supports the view that 
the events comprising the hypothesized PPARα activation mode of action are not necessary 
for liver tumor induction in mice by this PPARα agonist (Ito et al., 2007).  (See U.S. EPA 
(2011), Section 4.5.7 for additional discussion of the mode of action for TCE-induced liver 
tumors. ) For mouse lung tumors, as with the liver, a mutagenic mode of action involving CH 
has also been hypothesized, but there are insufficient data to conclude that it is operant.  A 
second mode-of-action hypothesis for mouse lung tumors has been posited involving other 
effects of oxidative metabolites including cytotoxicity and regenerative cell proliferation, but 
experimental support remains limited, with no data on proposed key events in experiments 
≥2 weeks in duration.  (See U.S. EPA (2011), Section 4.7.4 for additional discussion of the 
mode of action for TCE-induced lung tumors. ) A mode of action subsequent to in situ 
oxidative metabolism, whether involving mutagenicity, cytotoxicity, or other key events, may 
also be relevant to other tissues where TCE would undergo CYP metabolism.  For instance, 
CYP2E1, oxidative metabolites, and protein adducts have been reported in the testes of rats 
exposed to TCE, and, in some rat bioassays, TCE exposure increased the incidence of rat 
testicular tumors.  However, inadequate data exist to adequately define a mode of action 
hypothesis for this tumor site (see U.S. EPA (2011), Section 4.8.2.3 for additional discussion 
of the mode of action for TCE-induced testicular tumors). 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=635856
http://hero.epa.gov/index.cfm?action=search.view&reference_id=483064
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
37 

 
  

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

II.B.1. SUMMARY OF RISK ESTIMATES 

II.B.1.1.  Oral Slope Factor –  

The oral slope factor, calculated from adult exposure, is equivalent to the risk (as a fraction, 
i.e., 0.01 here) divided by the LED01, the 95% lower bound on the exposure associated with an 
1% extra cancer risk, and represents an upper bound risk estimate for continuous lifetime 
exposure without consideration of increased early-life susceptibility due to TCE’s mutagenic 
mode of action for kidney tumors.  A 1% extra risk level is used for the determination of the 
POD for low-exposure extrapolation because the exposure-response analysis is based on 
epidemiologic data, which normally demonstrate lower cancer response rates than rodent 
bioassays; an LED10 is not calculated because it would involve an upward extrapolation for 
these data. 

Adult-based oral slope factor - 4.6 × 10-2 per mg/kg/day (rounded to one significant 
figure = 5 × 10-2 per mg/kg/day) 

Adult-based LED01, lower 95% bound on exposure at 1% extra risk – 0.21 mg/kg/day* 
Adult-based ED01, central estimate of exposure at 1% extra risk – 0.46 mg/kg/day** 

The slope of the linear extrapolation from the central estimate ED01 is  
0.01/(0.46 mg/kg/day) = 0.022 per mg/kg/day. 

The slope factor for TCE should not be used with exposures exceeding 10 mg/kg/day, 
because above this level, the route-to-route extrapolation relationship is no longer linear. 
Additionally, it is recommended that the application of ADAFs to (the kidney cancer 
component of) this slope factor be considered when assessing cancer risks to individuals 
exposed in early life (i.e., <16 years old), as discussed below (U.S. EPA (2011), Section 
5.2.3.3.2).  

*The oral slope factor estimate for TCE is actually calculated from route-to-route 
extrapolation of the inhalation unit risk estimate for kidney cancer with a factor of 5 applied to 
include NHL and liver cancer risks (Section II.B.1.3, below; U.S. EPA (2011), Section 
5.2.2.3).  The LED01 can be back-calculated, in abbreviated form, as follows:  total cancer 
LED01 = kidney cancer LEC01 in ppm / 1.70 ppm/(mg/kg/day) / 5 = 1.82 ppm / 1.70 
ppm/(mg/kg/day) / 5 =  0.21 mg/kg/day.  
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** The ED01 can be back-calculated as in the above footnote but using the kidney cancer EC01 
in place of the LEC01; thus, ED01 = 3.87 ppm / 1.70 ppm/(mg/kg/day) / 5 =  0.46 mg/kg/day. 

EPA has concluded, by a weight-of-evidence evaluation, that TCE is carcinogenic by a 
mutagenic mode of action for induction of kidney tumors.  According to the Supplemental 
Guidance for Assessing Susceptibility from Early-Life Exposure to Carcinogens 
(Supplemental Guidance) (U.S. EPA, 2005a), those exposed to carcinogens with a mutagenic 
mode of action are assumed to have increased early-life susceptibility.  Data for TCE are not 
sufficient to develop separate risk estimates for childhood exposure.  The oral slope factor of 
4.6 × 10-2 per mg/kg/day, calculated from data from adult exposure, does not reflect presumed 
increased early-life susceptibility to kidney tumors for this chemical.  Generally, the 
application of ADAFs is recommended when assessing cancer risks for a carcinogen with a 
mutagenic mode of action.  However, as illustrated in the detailed example calculation for oral 
drinking water exposures to TCE in Section 5.2.3.3.2 of the Toxicological Review of 
Trichloroethylene (U.S. EPA, 2011) (see related Excel spreadsheet), because the ADAF 
adjustment applies only to the kidney cancer component of the total cancer risk estimate, the 
impact of the adjustment on full lifetime risk is minimal and the adjustment might reasonably 
be omitted, given the greater complexity of the ADAF calculations for TCE.  Nonetheless, for 
exposure scenarios with increasing proportions of exposure during early life, the impact of the 
ADAF adjustment becomes more pronounced and the importance of applying the ADAFs 
increases. 

Risk Assessment Considerations:  The Supplemental Guidance establishes ADAFs for three 
specific age groups.  The current ADAFs and their age groupings are 10 for <2 years, 3 for 2–
<16 years, and 1 for ≥16 years (U.S. EPA, 2005a).  The 10- and 3-fold adjustments in slope 
factor are to be combined with age-specific exposure estimates when estimating kidney cancer 
risks from early life (<16 years age) exposure to TCE.  These ADAFs and their age groups 
were derived from the 2005 Supplemental Guidance, and they may be revised over time.  The 
most current information on the application of ADAFs for cancer risk assessment can be found 
at www.epa.gov/cancerguidelines/.  In estimating risk, EPA recommends using age-specific 
values for both exposure and cancer potency; for TCE, age-specific values for cancer potency 
for kidney tumors are calculated using the appropriate ADAFs.  A cancer risk is derived for 
each age group, including adjusted kidney cancer potency values and unadjusted potency 
values for liver cancer and NHL, and these are summed across age groups to obtain the total 
risk for the exposure period of interest (see Section 6 of the Supplemental Guidance and 
Section 5.2.3.3.2 of the Toxicological Review of Trichloroethylene).  A full lifetime oral 
potency value is not presented here because it is dependent on age-specific drinking water 
consumption rates; see the example calculation in 5.2.3.3.2 (U.S. EPA, 2011) and related 
Excel spreadsheet for the derivation of a lifetime potency estimate based on some standard 
assumptions about drinking water consumption. 
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II.B.1.2.  Drinking Water Concentrations at Specified Risk Levels 

Since TCE is carcinogenic by a mutagenic mode of action for kidney tumors and increased 
susceptibility to kidney tumors is assumed for early-life exposures (<16 years of age), the unit 
risk and concentrations at specified risk levels will change based on the age of the individuals 
in the exposed group.  A detailed example application of ADAFs for oral drinking water 
exposures is provided in Section 5.2.3.3.2 of the Toxicological Review of Trichloroethylene 
(U.S. EPA, 2011) and related Excel spreadsheet. The results of that example for a lifetime 
exposure (ages 0-70) are as follows: 

Risk Level Lower Bound on Concentration Estimate* 

E-4 (1 in 10,000) 50 µg/L 

E-5 (1 in 100,000) 5 µg/L 

E-6 (1 in 1,000,000) 0.5 µg/L 

* Assumes exposure from age 0-70 years with age-specific 90th percentile water consumption 
rates, rounded to one significant figure (for details, see Section 5.2.3.3.2 of the Toxicological 
Review of Trichloroethylene(U.S. EPA, 2011) and related Excel spreadsheet. 

However, as a general matter, risk assessors should use the oral slope factor and current EPA 
guidance to assess risk based on site-specific populations and exposure conditions.  The most 
current information on the application of ADAFs for cancer risk assessment can be found at 
www.epa.gov/cancerguidelines/.   

II.B.1.3. Modeling Approach and Extrapolation Method 

The oral slope factor for TCE cancer risk, without consideration of increased early-life 
susceptibility due to TCE’s mutagenic mode of action for kidney tumors, is derived from 
route-to-route extrapolation of the inhalation unit risk for TCE, using a PBPK model.  As 
discussed in more detail below (Sections II.C.2 and II.C.3), the inhalation unit risk for TCE is 
based on three separate target tissue sites—kidney, lymphoid tissue, and liver.  A linear low-
dose extrapolation approach was used to estimate human carcinogenic risk from TCE 
exposure for kidney cancer due to the mutagenic mode of carcinogenic action.  In the absence 
of a mode of action for the lymphoid and liver cancers associated with exposure to TCE, a 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=758648
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=758648
http://www.epa.gov/cancerguidelines/


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
40 

 
  

linear low-dose extrapolation approach was used to estimate human carcinogenic risk for these 
target sites.  Because different internal dose metrics are preferred for each target tissue site, a 
separate route-to-route extrapolation was performed for each site-specific unit risk estimate, as 
shown in the Table below.  The approach taken is to apply the human PBPK model in the low-
dose range, where external and internal doses are linearly related, to derive a conversion that is 
the ratio of internal dose per mg/kg/day to internal dose per ppm.  The expected value of the 
population mean for this conversion factor (in ppm per mg/kg/day) was used to extrapolate 
each inhalation unit risk in units of risk per ppm to an oral slope factor in units of risk per 
mg/kg/day.   

Route-to-route extrapolation of site-specific inhalation unit risks to oral slope factors 

  Kidney NHL Liver 

Inhalation unit risk (risk per 
ppm) 

5.49 × 10−3 1.10 × 10−2 5.49 × 10−3 

Dose-metric ABioactDCVCBW34 TotMetabBW34 AMetLiv1BW34 

 ppm per mg/kg/day 1.70 1.97 2.82 

 Oral slope factor (risk  
 per mg/kg/day) 

9.33 × 10−3 2.16 × 10−2 1.55 × 10−2 

When one sums the oral slope factor estimates for the three individual cancer types, the 
resulting total cancer oral slope factor estimate is 4.64 × 10−2 per mg/kg/day.  In the case of 
the oral route extrapolated results, the ratio of the risk estimate for the three cancer types 
combined to the risk estimate for kidney cancer alone is 5.  This value differs from the factor 
of 4 used for the total cancer inhalation unit risk estimate (see II.C.2, below) because of 
differences in the relative values of the dose-metrics used for the different cancer types when 
the route-to-route extrapolation is performed. 

II.B.2. DOSE-RESPONSE DATA 

See Section II.C.2, below. 
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II.B.3. ADDITIONAL COMMENTS 

As discussed above, the weight of evidence supports a mutagenic mode of action for TCE 
kidney carcinogenicity.  Generally, in the absence of chemical-specific data to evaluate 
differences in susceptibility, increased early-life susceptibility is assumed for carcinogens with 
a mutagenic mode of action and application of the ADAFs to the adult-based unit risk 
estimate, in accordance with the Supplemental Guidance (U.S. EPA, 2005a), is 
recommended.  However, as illustrated in the example calculation in Section 5.2.3.3.2 of the 
Toxicological Review of Trichloroethylene (U.S. EPA, 2011), because the ADAF adjustment 
applies only to the kidney cancer component of the total cancer risk estimate, the impact of the 
adjustment on full lifetime risk is minimal and the adjustment might reasonably be omitted, 
given the greater complexity of the ADAF calculations for TCE.  Nonetheless, for exposure 
scenarios with increasing proportions of exposure during early life, the impact of the ADAF 
adjustment becomes more pronounced and the importance of applying the ADAFs 
increases.  Please consult the example in Section 5.2.3.3.2 (U.S. EPA, 2011) when applying 
the ADAFs for oral TCE exposures. 

The adult-based oral slope factor estimate presented in II.B.1.1 (4.6 × 10-2 per mg/kg/day) is 
for total cancer incidence, reflecting the incidence risks for kidney cancer (renal cell 
carcinoma), NHL, and liver cancer. The adult-based oral slope factor estimates for the separate 
cancer types were 9 × 10-3 per mg/kg/day for renal cell carcinoma, 2 × 10-2 per mg/kg/day for 
NHL, and 2 × 10-2 per mg/kg/day for liver cancer.  

II.B.4. DISCUSSION OF CONFIDENCE 

The oral slope factor estimate is based on good-quality human data, thus avoiding 
uncertainties inherent in interspecies extrapolation.  Uncertainties with respect to the 
inhalation unit risk, from which the oral slope factor was derived via route-to-route 
extrapolation, are discussed in Section II.C.4, below.  In general, uncertainty in PBPK model-
based route-to-route extrapolation is relatively low (Chiu, 2006; Chiu and White, 2006).  In 
this particular case, extrapolation using different dose metrics yielded expected population 
mean risks within about a twofold range, and, for any particular dose metric, the 95% CI for 
the extrapolated population mean risks for each site spanned a range of no more than about 
threefold. 

This oral slope factor estimate is further supported by estimates from multiple rodent 
bioassays, the most sensitive of which range from 3 × 10-2 to 3 × 10-1 per mg/kg/day.  From 
the oral bioassays selected for analysis (U.S. EPA, 2011, Section 5.2.1.1), and using the 
preferred PBPK model-based dose metrics, the oral unit risk estimate for the most sensitive 
sex/species is 3 × 10-1 per mg/kg/day, based on kidney tumors in male Osborne-Mendel rats 
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(NTP, 1988).  The oral unit risk estimate for testicular tumors in male Marshall rats (NTP, 
1988) is somewhat lower at 7 × 10-2 per mg/kg/day.  The next most sensitive sex/species 
result from the oral studies is for male mouse liver tumors (NCI, 1976), with an oral unit risk 
estimate of 3 × 10-2 per mg/kg/day.  In addition, the 90% CIs for male Osborne-Mendel rat 
kidney tumors (NTP, 1988), male F344 rat kidney tumors (NTP, 1990b), and male Marshall 
rat testicular tumors (NTP, 1988), derived from the quantitative analysis of PBPK model 
uncertainty, all included the estimate based on human data of 5 × 10-2 per mg/kg/day, while 
the upper 95% confidence bound for male mouse liver tumors from NCI (1976) was slightly 
below this value at 4 × 10-2 per mg/kg/day.  Furthermore, PBPK model-based route-to-route 
extrapolation of the most sensitive endpoint from the inhalation bioassays, male rat kidney 
tumors from Maltoni et al. (1986), leads to an oral unit risk estimate of 1 × 10-1 per 
mg/kg/day, with the preferred estimate based on human data falling within the route-to-route 
extrapolation of the 90% CI.  Finally, for all of these estimates, the ratios of BMDs to the 
BMDLs did not exceed a value of 3, indicating that the uncertainties in the dose-response 
modeling for determining the POD in the observable range are small.   

Therefore, although there are uncertainties in these various estimates [U.S. EPA (2011), 
Sections 5.2.1.4, 5.2.2.1.3, 5.2.2.2, and 5.2.2.3], confidence in the oral slope factor estimate of 
5 × 10-2 per mg/kg/day, resulting from PBPK model-based route-to-route extrapolation of the 
inhalation unit risk estimate based on the human kidney cancer risks reported in Charbotel et 
al. (2006) and adjusted for potential risk for cancers at multiple sites (U.S. EPA, 2011), is 
further increased by the similarity of this estimate to estimates based on multiple rodent data 
sets. 

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

II.C.1. SUMMARY OF RISK ESTIMATES 

II.C.1.1.  Inhalation Unit Risk –  

The inhalation unit risk, calculated from adult exposure, is equivalent to the risk (as a fraction, 
i.e., 0.01 here) divided by the LEC01, the 95% lower bound on the exposure associated with an 
1% extra cancer risk, and represents an upper bound risk estimate for continuous lifetime 
exposure without consideration of increased early-life susceptibility due to TCE’s mutagenic 
mode of action for kidney tumors.  A 1% extra risk level is used for the determination of the 
POD for low-exposure extrapolation because the exposure-response analysis is based on 
epidemiologic data, which normally demonstrate lower cancer response rates than rodent 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75178
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=87574
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75178
http://hero.epa.gov/index.cfm?action=search.view&reference_id=196223
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729633
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
43 

 
  

bioassays; an LEC10 is not calculated because it would involve an upward extrapolation for 
these data.  

Adult-based unit risk estimate - 4.1 × 10-6 per µg/m3 (rounded to one significant figure = 
4 × 10-6 per µg/m3) 

Adult-based LEC01, lower 95% bound on exposure at 1% extra risk – 2.4 mg/m3 * 
Adult-based EC01, central estimate of exposure at 1% extra risk – 5.2 mg/m3 ** 

The slope of the linear extrapolation from the central estimate EC01 is  
0.01 / (5.2 mg/m3) = 1.9 × 10-6 per µg/m3 

Additionally, it is recommended that the application of ADAFs to (the kidney cancer 
component of) this unit risk estimate be considered when assessing cancer risks to 
individuals exposed in early life (i.e., <16 years old), as discussed below (U.S. EPA 
(2011), Section 5.2.3.3.1). 

*The inhalation unit risk estimate for TCE is calculated from the inhalation unit risk estimate 
for kidney cancer with a factor of 4 applied to include NHL and liver cancer risks (Section 
II.C.2, below; U.S. EPA (2011), Section 5.2.2.2).  The LEC01 can be back-calculated, in 
abbreviated form, as follows:  total cancer LEC01 = kidney cancer LEC01/ 4 = 1.82 ppm / 4 
=  0.455 ppm × (5.374 mg/m3)/ppm = 2.4 mg/m3. 
 
**The EC01 can be back-calculated as in the above footnote but using the kidney cancer EC01 
in place of the LEC01; thus, EC01 = 3.87 ppm / 4 =  0.968 ppm  × (5.374 mg/m3)/ppm = 5.2 
mg/m3. 

EPA has concluded, by a weight–of-evidence evaluation, that TCE is carcinogenic by a 
mutagenic mode of action for induction of kidney tumors.  According to the Supplemental 
Guidance (U.S. EPA, 2005a), those exposed to carcinogens with a mutagenic mode of action 
are assumed to have increased early-life susceptibility.  Data for TCE are not sufficient to 
develop separate risk estimates for childhood exposure.  The inhalation unit risk of 4.1 × 10-6 
per µg/m3, calculated from data from adult exposure, does not reflect presumed increased 
early-life susceptibility to kidney tumors for this chemical.  Generally, the application of 
ADAFs is recommended when assessing cancer risks for carcinogens with a mutagenic mode 
of action.  However, as illustrated in the detailed example calculation for inhalation exposures 
to TCE in Section 5.2.3.3.1 of the Toxicological Review of Trichloroethylene (U.S. EPA, 2011 
and related Excel spreadsheet). because the ADAF adjustment applies only to the kidney 
cancer component of the total cancer risk estimate, the impact of the adjustment on full 
lifetime risk is minimal and the adjustment might reasonably be omitted, given the greater 
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complexity of the ADAF calculations for TCE.  Nonetheless, for exposure scenarios with 
increasing proportions of exposure during early life, the impact of the ADAF adjustment 
becomes more pronounced and the importance of applying the ADAFs increases. 

Risk Assessment Considerations:  The Supplemental Guidance establishes ADAFs for three 
specific age groups.  The current ADAFs and their age groupings are 10 for <2 years, 3 for 2–
<16 years, and 1 for ≥16 years (U.S. EPA, 2005a).  The 10- and 3-fold adjustments in slope 
factor are to be combined with age-specific exposure estimates when estimating kidney cancer 
risks from early life (<16 years age) exposure to TCE.  These ADAFs and their age groups 
were derived from the 2005 Supplemental Guidance, and they may be revised over time.  The 
most current information on the application of ADAFs for cancer risk assessment can be found 
at www.epa.gov/cancerguidelines/.  In estimating risk, EPA recommends using age-specific 
values for both exposure and cancer potency; for TCE, age-specific values for cancer potency 
for kidney tumors are calculated using the appropriate ADAFs.  A cancer risk is derived for 
each age group, including adjusted kidney cancer potency values and unadjusted potency 
values for liver cancer and NHL, and these are summed across age groups to obtain the total 
risk for the exposure period of interest (see Section 6 of the Supplemental Guidance and 
Section 5.2.3.3.1 of the Toxicological Review of Trichloroethylene).  For full lifetime exposure 
to a constant exposure level, the ADAF-adjusted unit risk estimate for TCE is 4.8 × 10-6 per 
µg/m3 (U.S. EPA (2011), Section 5.2.3.3.1 and related Excel spreadsheet). 

II.C.1.2.  Air Concentrations at Specified Risk Levels 

Since TCE is carcinogenic by a mutagenic mode of action for kidney tumors and increased 
susceptibility to kidney tumors is assumed for early-life exposures (<16 years of age), the 
concentrations at specified risk levels will change based on the age of the individuals in the 
exposed group.  A detailed example application of ADAFs for TCE inhalation exposures is 
provided in Section 5.2.3.3.1 of the Toxicological Review of Trichloroethylene (U.S. EPA, 
2011).  The results of that example for a lifetime exposure (ages 0-70) are as follows: 

Risk Level Lower Bound on Concentration Estimate* 

E-4 (1 in 10,000) 20 µg/m3 

E-5 (1 in 100,000) 2 µg/m3 

E-6 (1 in 1,000,000) 0.2 µg/m3 
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*Assumes exposure from age 0-70 years, rounded to one significant figure (for details, see 
Section 5.2.3.3.2 of the Toxicological Review of Trichloroethylene (U.S. EPA, 2011) and 
related Excel spreadsheet). 

However, as a general matter, risk assessors should use the unit risk estimate and current EPA 
guidance to assess risk based on site-specific populations and exposure conditions.  The most 
current information on the application of ADAFs for cancer risk assessment can be found at 
www.epa.gov/cancerguidelines/.   

II.C.1.3.  Exposure-Response Model and Extrapolation Method 

A weighted linear regression model was used to model the exposure-response data on kidney 
cancer (renal cell carcinoma) incidence to obtain a slope estimate (regression coefficient) for 
the RR of renal cell carcinoma versus cumulative exposure.  The regression coefficient was 
used in a lifetable analysis to estimate the LEC01, which was used as the POD for linear 
extrapolation to generate the unit risk estimate.  Because there is evidence from human (and 
rodent) studies for increased risks of NHL and liver cancer, the inhalation unit risk estimate 
derived from human data for renal cell carcinoma incidence was adjusted to account for 
potential increased risk of those cancer types.  To make this adjustment, a factor accounting 
for the relative contributions to the extra risk for cancer incidence from TCE exposure for 
these three cancer types combined versus the extra risk for renal cell carcinoma alone was 
estimated, and this factor was applied to the unit risk estimate for renal cell carcinoma to 
obtain a unit risk estimate for the three cancer types combined (i.e., lifetime extra risk for 
developing any of the three types of cancers).  This factor was based on human surveillance 
data on the background risk of these cancers and human epidemiologic data on the RR of these 
cancers associated with TCE exposure. 

A linear low-dose extrapolation approach was used to estimate human carcinogenic risk from 
TCE exposure for kidney cancer due to the mutagenic mode of carcinogenic action.  In the 
absence of a mode of action for the lymphoid and liver cancers associated with exposure to 
TCE, a linear low-dose extrapolation approach was used to estimate human carcinogenic risk 
for these target sites. 

II.C.2. EXPOSURE-RESPONSE DATA 

For the unit risk of kidney cancer (renal cell carcinoma): Conditional logistic regression 
results for renal cell carcinoma incidence, matching on sex and age, adjusted for tobacco 
smoking and BMI; data from the Charbotel et al. (2006) study in the Arve Valley of France 
(U.S. EPA (2011), Sections 4.4, 5.2.2.1.1, and Appendix B): 
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Cumulative exposure category Mean cumulative exposure 
(ppm × years) 

Adjusted OR (95% CI) 

Nonexposed   1 

Low 62.4 1.62 (0.75, 3.47) 

Medium 253.2 1.15 (0.47, 2.77) 

High 925.0 2.16 (1.02, 4.60) 

OR = odds ratio 

For adjustment of the inhalation unit risk for multiple cancer types: The relative contributions 
to the extra risk for cancer from TCE exposure for multiple cancer types (NHL and liver 
cancer in addition to renal cell carcinoma) was estimated based on two different data sets.  The 
first calculation was based on the results of the meta-analysis of human epidemiologic data for 
the three cancer types (U.S. EPA (2011), Appendix C); the second calculation was based on 
the results of the Raaschou-Nielsen et al. (2003) study, the largest single human epidemiologic 
study by far with RR estimates for all three cancer types. 

  RR Ro Rx Extra risk Ratio to kidney value 

Calculation #1: using RR estimates from the meta-analyses 

Kidney (renal cell carcinoma) 1.27 0.0107 0.01359 0.002920 1 

NHL 1.23 0.0202 0.02485 0.004742 1.62 

Liver (and biliary) cancer 1.29 0.0066 0.008514 0.001927 0.66 

      sum 0.009589 3.28 

Kidney + NHL only     sum 0.007662 2.62 
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  RR Ro Rx Extra risk Ratio to kidney value 

Calculation #2: using RR estimates from Raaschou-Nielsen et al. (2003) 

Kidney (renal cell carcinoma) 1.20 0.0107 0.01284 0.002163 1 

NHL 1.24 0.0202 0.02505 0.004948 2.29 

Liver (and biliary) cancer 1.35 0.0066 0.008910 0.002325 1.07 

      sum 0.009436 4.36 

Kidney + NHL only     sum 0.007111 3.29 

Ro = lifetime risk in an unexposed population (from SEER statistics); Rx = lifetime risk in the 
exposed population = RR × Ro 

Both of these calculations suggest that a factor of 4 (within 25% of either value; and equal to 
the arithmetic or geometric mean, rounded to 1 significant figure) is reasonable for adjusting 
the unit risk estimate based on renal cell carcinoma alone to include the combined risk of renal 
cell carcinoma, NHL, and liver cancer.  This value differs from the factor of 5 used for the 
total cancer oral slope factor estimate (see II.B.1, above) because of differences in the relative 
values of the dose-metrics used for the different cancer types when the route-to-route 
extrapolation is performed. 

II.C.3. ADDITIONAL COMMENTS 

As discussed above, the weight of evidence supports a mutagenic mode of action for TCE 
kidney carcinogenicity.  Generally, in the absence of chemical-specific data to evaluate 
differences in susceptibility, increased early-life susceptibility is assumed for carcinogens with 
a mutagenic mode of action and application of the ADAFs to the adult-based unit risk 
estimate, in accordance with the Supplemental Guidance (U.S. EPA, 2005a), is 
recommended.  However, as illustrated in the example calculation in Section 5.2.3.3.1 of the 
Toxicological Review of Trichloroethylene (U.S. EPA, 2011), because the ADAF adjustment 
applies only to the kidney cancer component of the total cancer risk estimate, the impact of the 
adjustment on full lifetime risk is minimal and the adjustment might reasonably be omitted, 
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given the greater complexity of the ADAF calculations for TCE.  Nonetheless, for exposure 
scenarios with increasing proportions of exposure during early life, the impact of the ADAF 
adjustment becomes more pronounced and the importance of applying the ADAFs 
increases.  Please consult the example in Section 5.2.3.3.1 (U.S. EPA, 2011) when applying 
the ADAFs for inhalation TCE exposures. 

The adult-based unit risk estimate presented in II.C.1.1 (4.1 × 10-6 per µg/m3) is for total 
cancer incidence, reflecting the incidence risks for kidney cancer (renal cell carcinoma), NHL, 
and liver cancer.  The adult-based unit risk estimates for the separate cancer types were 1 × 10-

6 per µg/m3 for renal cell carcinoma, 2 × 10-6 per µg/m3 for NHL, and 1 × 10-6 per µg/m3 for 
liver cancer. 

II.C.4. DISCUSSION OF CONFIDENCE 

Some primary sources of uncertainty in the inhalation unit risk estimates are briefly discussed 
below.  The two major sources of uncertainty in quantitative cancer risk estimates are 
generally interspecies extrapolation and high- to low-dose extrapolation.  The unit risk 
estimate for renal cell carcinoma incidence derived from the Charbotel et al. (2006) results is 
not subject to interspecies uncertainty because it is based on human data.  A major uncertainty 
remains in the extrapolation from occupational exposures to lower environmental 
exposures.  There was some evidence of a contribution to increased renal cell carcinoma risk 
from peak exposures; however, there remained an apparent dose-response relationship for 
renal cell carcinoma risk with increasing cumulative exposure without peaks, and the OR for 
exposure with peaks compared to exposure without peaks was not significantly elevated 
(Charbotel et al., 2006).  Although the actual exposure-response relationship at low exposure 
levels is unknown, the conclusion that a mutagenic mode of action is operative for TCE-
induced kidney tumors supports the linear low-dose extrapolation that was used (U.S. EPA, 
2005b).  The weight of evidence also supports involvement of a cytotoxicity and regenerative 
proliferation mode of action, although not with the extent of support as for a mutagenic mode 
of action (see II.A.4, above). Because any possible involvement of a cytotoxicity mode of 
action would be additional to mutagenicity, the dose-response relationship would nonetheless 
be expected to be linear at low doses. Therefore, the additional involvement of a cytotoxicity 
mode of action does not provide evidence against the use of linear extrapolation from the 
POD. In the absence of a mode of action for NHL and liver cancer associated with exposure to 
TCE, a linear low-dose extrapolation approach was used to estimate human carcinogenic risk 
for these cancer types.  

Another source of uncertainty in the cancer unit risk estimate is the dose-response model used 
to model the study data to estimate the POD.  A weighted linear regression across the 
categorical ORs was used to obtain a slope estimate; use of a linear model in the observable 
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range of the data is often a good general approach for human data because epidemiological 
data are frequently too limited (i.e., imprecise) to clearly identify an alternate model (U.S. 
EPA, 2005b).  The Charbotel et al. (2006) study is a relatively small case-control study, with 
only 86 renal cell carcinoma cases, 37 of which had TCE exposure; thus, the dose-response 
data upon which to specify a model are indeed limited.  In accordance with U.S. EPA’s 
Guidelines for Carcinogen Risk Assessment, the lower bound on the EC01 is used as the POD; 
this acknowledges some of the uncertainty in estimating the POD from the available dose-
response data.  In this case, the statistical uncertainty associated with the EC01 is relatively 
small, as the ratio between the EC01 and the LEC01 for renal cell carcinoma incidence is about 
twofold. 

An important source of uncertainty in the underlying Charbotel et al. (2006) study is the 
retrospective estimation of TCE exposures in the study subjects.  This case-control study was 
conducted in the Arve Valley in France, a region with a high concentration of workshops 
devoted to screw cutting, which involves the use of TCE and other degreasing agents.  Since 
the 1960s, occupational physicians of the region have collected a large quantity of well-
documented measurements, including TCE air concentrations and urinary metabolite levels 
(Fevotte et al., 2006).  The study investigators conducted a comprehensive exposure 
assessment to estimate cumulative TCE exposures for the individual study subjects, using a 
detailed occupational questionnaire with a customized task-exposure matrix for the screw-
cutting workers and a more general occupational questionnaire for workers exposed to TCE in 
other industries (Fevotte et al., 2006).  The exposure assessment even attempted to take dermal 
exposure from hand-dipping practices into account by equating it with an equivalent airborne 
concentration based on biological monitoring data.  Despite the appreciable effort of the 
investigators, considerable uncertainty associated with any retrospective exposure assessment 
is inevitable, and some exposure misclassification is unavoidable.  Such exposure 
misclassification was most likely for the 19 deceased cases and their matched controls, for 
which proxy respondents were used, and for exposures outside the screw-cutting industry (295 
of 1,486 identified job periods involved TCE exposure; 120 of these were not in the screw-
cutting industry). 

Although the exposure estimates from Moore et al. (2010) were not considered to be as 
quantitatively accurate as those of Charbotel et al. (2006), as discussed in U.S. EPA (2011), 
Section 5.2.2, it is worth noting, in the context of uncertainty in the exposure assessment, that 
the exposure estimates in Moore et al. (2010) are substantially lower than those of Charbotel et 
al. (2006) for comparable OR estimates.  For example, for all subjects and high-confidence 
assessments only, respectively, Moore et al. (2010) report OR estimates of 1.19 and 1.77 for 
cumulative exposures <1.58 ppm × years and 2.02 and 2.23 for cumulative exposures 
≥1.58 ppm × years.  Charbotel et al. (2006), on the other hand, reported OR estimates for all 
subjects of 1.62, 1.15, and 2.16 for mean cumulative exposures of 62.4, 253.2, and 925.0 ppm 
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× years, respectively.  If the exposure estimates for Charbotel et al. (2006) are overestimated, 
as suggested by the exposure estimates from Moore et al. (2010), the slope of the linear 
regression model, and hence the unit risk estimate, would be correspondingly underestimated.   

Another source of uncertainty in the Charbotel et al. (2006) study is the possible influence of 
potential confounding or modifying factors.  This study population, with a high prevalence of 
metal-working, also had relatively high prevalences of exposure to petroleum oils, cadmium, 
petroleum solvents, welding fumes, and asbestos (Fevotte et al., 2006).  Other exposures 
assessed included other solvents (including other chlorinated solvents), lead, and ionizing 
radiation.  None of these exposures was found to be significantly associated with renal cell 
carcinoma at a p = 0.05 significance level.  Cutting fluids and other petroleum oils were 
associated with renal cell carcinoma at a p = 0.1 significance level; however, further modeling 
suggested no association with renal cell carcinoma when other significant factors were taken 
into account (Charbotel et al., 2006).  Moreover, a review of other studies suggested that 
potential confounding from cutting fluids and other petroleum oils is of minimal concern (U.S. 
EPA (2011), Section 4.4.2.3).  Nonetheless, a sensitivity analysis was conducted using the OR 
estimates further adjusted for cutting fluids and other petroleum oils from the unpublished 
report by Charbotel et al. (2005), and an essentially identical unit risk estimate of 5.46 × 10-3 
per ppm was obtained.  In addition, the medical questionnaire included familial kidney disease 
and medical history, such as kidney stones, infection, chronic dialysis, hypertension, and use 
of anti-hypertensive drugs, diuretics, and analgesics.  BMI was also calculated, and lifestyle 
information such as smoking habits and coffee consumption was collected.  Univariate 
analyses found high levels of smoking and BMI to be associated with increased odds of renal 
cell carcinoma, and these two variables were included in the conditional logistic 
regressions.  Thus, although impacts of other factors are possible, this study took great pains to 
attempt to account for potential confounding or modifying factors. 

Some other sources of uncertainty associated with the epidemiological data are the dose metric 
and lag period.  As discussed above, there was some evidence of a contribution to increased 
renal cell carcinoma risk from peak TCE exposures; however, there appeared to be an 
independent effect of cumulative exposure without peaks.  Cumulative exposure is considered 
a good measure of total exposure because it integrates exposure (levels) over time.  If there is 
a contributing effect of peak exposures, not already taken into account in the cumulative 
exposure metric, the linear slope may be overestimated to some extent.  Sometimes cancer 
data are modeled with the inclusion of a lag period to discount more recent exposures not 
likely to have contributed to the onset of cancer.  In an unpublished report, Charbotel et al. 
(2005) also present the results of a conditional logistic regression with a 10-year lag period, 
and these results are very similar to the unlagged results reported in their published paper, 
suggesting that the lag period might not be an important factor in this study. 
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Some additional sources of uncertainty are not so much inherent in the exposure-response 
modeling or in the epidemiologic data themselves but, rather, arise in the process of obtaining 
more general Agency risk estimates from the epidemiologic results.  U.S. EPA cancer risk 
estimates are typically derived to represent an upper bound on increased risk of cancer 
incidence for all sites affected by an agent for the general population.  From experimental 
animal studies, this is accomplished by using cancer incidence data and summing across all of 
the cancer sites that demonstrate significantly increased incidences, customarily for the most 
sensitive sex and species, to attempt to be protective of the general human 
population.  However, in estimating comparable risks from the Charbotel et al. (2006) 
epidemiologic data, certain limitations are encountered.  For one thing, these epidemiology 
data represent a geographically limited (Arve Valley, France) and likely not very diverse 
population of working adults.  Thus, there is uncertainty about the applicability of the results 
to a more diverse general population.  Additionally, the Charbotel et al. (2006) study was a 
study of renal cell carcinoma only, and so the risk estimate derived from it does not represent 
all the cancer sites that may be affected by TCE.   

To attempt to account for the potential risk for other cancers associated with TCE exposure, in 
particular NHL and liver cancer, for which there were no exposure-response data available, an 
adjustment factor reflecting the relative potency of TCE across cancer sites was derived, using 
two different approaches.  In both approaches, an underlying assumption in deriving the 
relative potencies is that the relative values of the age-specific background incidence risks for 
the person-years from the epidemiologic studies for each cancer type approximate the relative 
values of the lifetime background incidence risks for those cancer types.  In other words, at 
least on a proportional basis, the lifetime background incidence risks (for the U.S. population) 
for each site approximate the age-specific background incidence risks for the study 
populations.  A further assumption is that the lifetime risk of renal cell carcinoma up to 85 
years is an adequate approximation to the full lifetime risk, which is what was used for the 
other two cancer types.  The first calculation, based on the results of the meta-analyses for the 
three cancer types, has the advantage of being based on a large data set, incorporating data 
from many different studies.  However, this calculation relies on a number of additional 
assumptions.  First, it is assumed that the summary RR estimates from the meta-analyses, 
which are based on different groups of studies, reflect similar overall TCE exposures (i.e., that 
the overall TCE exposures are similar across the different groups of studies that went into the 
different meta-analyses for the three cancer types).  Second, it is assumed that the summary 
RR estimates, which incorporate RR estimates for both mortality and incidence, represent 
good estimates for cancer incidence risk from TCE exposure.  In addition, it is assumed that 
the summary RR for kidney cancer, for which renal cell carcinoma estimates from individual 
studies were used when available, is a good estimate for the overall RR for renal cell 
carcinoma and that the summary RR estimate for NHL, for which different studies used 
different classification schemes, is a good estimate for the overall RR for NHL.  The second 
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calculation, based on the results of the Raaschou-Nielsen et al. (2003) study, the largest single 
study with RR estimates for all three cancer types, has the advantage of having RR estimates 
that are directly comparable.  In addition, the Raaschou-Nielsen et al. (2003) study provided 
data for the precise cancer types of interest for the calculation (i.e., renal cell carcinoma, NHL, 
and liver [and biliary] cancer). 

The fact that the calculations based on two different data sets yielded comparable values for 
the adjustment factor (both within 25% of the selected factor of 4) provides more robust 
support for the use of the factor of 4.  Additional uncertainties pertain to the weight of 
evidence supporting the association of TCE exposure with increased risk of cancer for the 
three cancer types.  As discussed above, it was found that the weight of evidence for kidney 
cancer was sufficient to classify TCE as “carcinogenic to humans.”  It was also concluded that 
there was strong evidence that TCE causes NHL as well, although the evidence for liver 
cancer was more limited.  In addition, the rodent studies demonstrate clear evidence of 
multisite carcinogenicity, with cancer types including those for which associations with TCE 
exposure are observed in human studies, i.e., liver and kidney cancers and NHLs.  Overall, the 
evidence was found to be sufficiently persuasive to support the use of the adjustment factor of 
4 based on these three cancer types.  Alternatively, if one were to use the factor based only on 
the two cancer types with the strongest human evidence (a factor of 3 for kidney cancer and 
NHL is suggested by the two calculations in the table above), the cancer inhalation unit risk 
estimate would be only slightly reduced (25%). 

Finally, there are uncertainties in the application of ADAFs to adjust for potential increased 
early-life susceptibility.  The adjustment is made only for the kidney-cancer component of 
total cancer risk because that is the cancer type for which the weight of evidence was 
sufficient to conclude that TCE-induced carcinogenesis operates through a mutagenic mode of 
action.  However, it may be that TCE operates through a mutagenic mode of action for other 
cancer types as well or that it operates through other modes of action that might also convey 
increased early-life susceptibility.  Additionally, the ADAFs from the 2005 Supplemental 
Guidance are not specific to TCE, and it is uncertain to what extent they reflect increased 
early-life susceptibility to kidney cancer from exposure to TCE, if increased early-life 
susceptibility occurs. 

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

II.D.1. EPA DOCUMENTATION 

Source Document – U.S. EPA (2011) 
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This document has been provided for review to EPA scientists, interagency reviewers from 
other federal agencies and White House offices, and the public, and peer reviewed by 
independent scientists external to EPA.  A summary and EPA’s disposition of the comments 
received from the independent external peer reviewers and from the public is included in 
Appendix I of the Toxicological Review of Trichloroethylene (U.S. EPA, 2011). To review 
this appendix, exit to the toxicological review, Appendix I, Summary Of External Peer 
Review And Public Comments And Disposition (PDF) 

II.D.2. EPA Review 

Agency Completion Date — 09/28/2011 

II.D.3. EPA CONTACTS 

Please contact the IRIS Hotline for all questions concerning this assessment or IRIS, in 
general, at (202) 566-1676 (phone), (202) 566-1749 (fax), or hotline.iris@epa.gov (email 
address). 

 

 
III.  [reserved] 
IV.  [reserved]  
V.  [reserved] 

 
VI.  Bibliography  

Substance Name —Trichloroethylene  
CASRN — 79-01-6 
 

  

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://www.epa.gov/iris/toxreviews/0199tr/Appendix_I_0199tr.pdf%23page=1
http://www.epa.gov/iris/toxreviews/0199tr/Appendix_I_0199tr.pdf%23page=1
http://www.epa.gov/iris/toxreviews/0199tr/Appendix_I_0199tr.pdf%23page=1
mailto:hotline.iris@epa.gov


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
54 

 
  

VI.A.  ORAL RfD REFERENCES 

Johnson, P.; Goldberg, S.; Mays, M.; Dawson, B. (2003). Threshold of trichloroethylene 
contamination in maternal drinking waters affecting fetal heart development in the rat. 
Environ Health Perspect, 111, 289-292. http://www.ncbi.nlm.nih.gov/pubmed/12611656 

Keil, D. E.; Peden-Adams, M. M.; Wallace, S.; Ruiz, P.; Gilkeson, G. S. (2009). Assessment 
of trichloroethylene (TCE) exposure in murine strains genetically-prone and non-prone to 
develop autoimmune disease. J Environ Sci Health A Tox Hazard Subst Environ Eng, 44, 443-
453. http://dx.doi.org/10.1080/10934520902719738 

Kjellstrand, P; Holmquist, B; Mandahl, N; Bjerkemo, M. (1983). Effects of continuous 
trichloroethylene inhalation on different strains of mice. Acta Pharmacol Toxicol 53: 369-374. 
http://dx.doi.org/10.1111/j.1600-0773.1983.tb03437.x. 

NTP. (National Toxicology Program). (1988). Toxicology and carcinogenesis studies of 
trichloroethylene (CAS No. 79-01-6) in four strains of rats (ACI, August, Marshall, 
Osborne-Mendel)(gavage studies).  Research Triangle Park, NC: Public Health Service, 
U.S. Department of Health and Human Services. Retrieved from 
http://ntp.niehs.nih.gov/ntp/htdocs/LTrpts/tr273.pdf (PDF) (303 pp, 12.7M). 

Peden-Adams, M.; Eudaly, J.; Heesemann, L.; Smythe, J.; Miller, J.; Gilkeson, G.; Keil, D. 
(2006). Developmental immunotoxicity of trichloroethylene (TCE): studies in B6C3F1 mice. J 
Environ Sci Health A Tox Hazard Subst Environ Eng, 41, 249-271. 
http://dx.doi.org/10.1080/10934520500455289 

U.S. EPA. (U.S. Environmental Protection Agency). (2002). A review of the reference dose 
and reference concentration processes. (EPA/630/P-02/0002F). Washington, DC: U.S. 
Environmental Protection Agency, Risk Assessment Forum. Retrieved from 
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=51717. 

U.S. EPA. (U.S. Environmental Protection Agency). (2011). Toxicological review of 
Trichloroethylene (CASRN 79-01-6) in support of summary information on the Integrated 
Risk Information System (IRIS). (EPA/635/R-09/011F). Washington, DC: Author. 

Woolhiser, M. R.; Krieger, S. M.; Thomas, J.; Hotchkiss, J. A. (2006). Trichloroethylene 
(TCE): Immunotoxicity potential in CD rats following a 4-week vapor inhalation 
exposure.  Midland, MI. 

 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://www.ncbi.nlm.nih.gov/pubmed/12611656
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://dx.doi.org/10.1080/10934520902719738
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65254
http://dx.doi.org/10.1111/j.1600-0773.1983.tb03437.x
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://ntp.niehs.nih.gov/ntp/htdocs/LT_rpts/tr273.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707381
http://dx.doi.org/10.1080/10934520500455289
http://hero.epa.gov/index.cfm?action=search.view&reference_id=88824
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=51717
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730431


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
55 

 
  

VI.B. INHALATION RfC REFERENCES 

Johnson, P.; Goldberg, S.; Mays, M.; Dawson, B. (2003). Threshold of trichloroethylene 
contamination in maternal drinking waters affecting fetal heart development in the rat. 
Environ Health Perspect, 111, 289-292. http://www.ncbi.nlm.nih.gov/pubmed/12611656 

Keil, D. E.; Peden-Adams, M. M.; Wallace, S.; Ruiz, P.; Gilkeson, G. S. (2009). Assessment 
of trichloroethylene (TCE) exposure in murine strains genetically-prone and non-prone to 
develop autoimmune disease. J Environ Sci Health A Tox Hazard Subst Environ Eng, 44, 443-
453. http://dx.doi.org/10.1080/10934520902719738 

NTP. (National Toxicology Program). (1988). Toxicology and carcinogenesis studies of 
trichloroethylene (CAS No. 79-01-6) in four strains of rats (ACI, August, Marshall, 
Osborne-Mendel)(gavage studies).  Research Triangle Park, NC: Public Health Service, 
U.S. Department of Health and Human Services. Retrieved from 
http://ntp.niehs.nih.gov/ntp/htdocs/LTrpts/tr273.pdf (PDF) (303 pp, 12.7M). 

U.S. EPA. (U.S. Environmental Protection Agency). (1994). Methods for derivation of 
inhalation reference concentrations and application of inhalation dosimetry. (EPA/600/8-
90/066F). Washington, DC: U.S. Environmental Protection Agency, Office of Research and 
Development. Retrieved from http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=71993. 

U.S. EPA. (U.S. Environmental Protection Agency). (2011). Toxicological review of 
Trichloroethylene (CASRN 79-01-6) in support of summary information on the Integrated 
Risk Information System (IRIS). (EPA/635/R-09/011F). Washington, DC: Author. 

 
VI.C. CARCINOGENICITY ASSESSMENT REFERENCES 

Anna, C; Maronpot, R; Pereira, M; Foley, J; Malarkey, D; Anderson, M. (1994). Ras proto-
oncogene activation in dichloroacetic acid-, trichloroethylene- and tetrachloroethylene-
induced liver tumors in B6C3F1 mice. Carcinogenesis 15: 2255-2261. 
http://dx.doi.org/10.1093/carcin/15.10.2255. 
 
Anttila, A; Pukkala, E; Sallmen, M; Hernberg, S; Hemminki, K. (1995). Cancer incidence 
among Finnish workers exposed to halogenated hydrocarbons. J Occup Environ Med 
37: 797-806. 
 
Axelson, O; Seldén, A; Andersson, K; Hogstedt, C. (1994). Updated and expanded Swedish 
cohort study on trichloroethylene and cancer risk. J Occup Med 36: 556-562. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=700526
http://www.ncbi.nlm.nih.gov/pubmed/12611656
http://hero.epa.gov/index.cfm?action=search.view&reference_id=486801
http://dx.doi.org/10.1080/10934520902719738
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://ntp.niehs.nih.gov/ntp/htdocs/LT_rpts/tr273.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=6488
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=71993
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628762
http://dx.doi.org/10.1093/carcin/15.10.2255
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630313
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701067


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
56 

 
  

Boice, J; Cohen, S; Mumma, M; Dupree Ellis, E; Eckerman, K; Leggett, R; Boecker, B; Brill, 
A; Henderson, B. (2006). Mortality among radiation workers at Rocketdyne (Atomics 
International), 1948-1999. Radiat Res 166: 98-115. http://dx.doi.org/10.1667/RR3582.1.  
 
Boice, J, Jr; Marano, D; Fryzek, J; Sadler, C; McLaughlin, J. (1999). Mortality among 
aircraft manufacturing workers. Occup Environ Med 56: 581-597. 
http://dx.doi.org/10.1136/oem.56.9.581. 
 
Brüning, T; Pesch, B; Wiesenhütter, B; Rabstein, S; Lammert, M; Baumüller, A; Bolt, H. 
(2003). Renal cell cancer risk and occupational exposure to trichloroethylene: Results of 
a consecutive case-control study in Arnsberg, Germany. Am J Ind Med 43: 274-285. 
http://dx.doi.org/10.1002/ajim.10185. 
 
Bull, R; Sanchez, I; Nelson, M; Larson, J; Lansing, A. (1990). Liver tumor induction in 
B6C3F1 mice by dichloroacetate and trichloroacetate. Toxicology 63: 341-359. 
http://dx.doi.org/10.1016/0300-483X(90)90195-M. 
 
Bull, R; Orner, G; Cheng, R; Stillwell, L; Stauber, A; Sasser, L; Lingohr, M; Thrall, B. 
(2002). Contribution of dichloroacetate and trichloroacetate to liver tumor induction in 
mice by trichloroethylene. Toxicol Appl Pharmacol 182: 55-65. 
http://dx.doi.org/10.1006/taap.2002.9427. 
 
Charbotel, B; Fevotte, J; Hours, M; Martin, J; Bergeret, A. (2005). 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. http://hal.archives-
ouvertes.fr/docs/00/54/59/80/PDF/charboteloctobre05.pdf (PDF) (97 pp, 851K). 
 
Charbotel, B; Fevotte, J; Hours, M; Martin, J-L; Bergeret, A. (2006). Case-control study on 
renal cell cancer and occupational exposure to trichloroethylene. Part II: 
Epidemiological aspects. Ann Occup Hyg50: 777-787. 
http://dx.doi.org/10.1093/annhyg/mel039. 
 
Chiu, W. (2006). Statistical issues in physiologically based pharmacokinetic modeling. In 
JC Lipscomb & EV Ohanian (Eds.), Toxicokinetics And Risk Assessment (pp. 269). New 
York: Informa Healthcare. 
 
Chiu, W and White, P. (2006). Steady-state solutions to PBPK models and their 
applications to risk assessment I: Route-to-route extrapolation of volatile chemicals. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=729548
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729548
http://dx.doi.org/10.1667/RR3582.1
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699183
http://dx.doi.org/10.1136/oem.56.9.581
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701363
http://hero.epa.gov/index.cfm?action=search.view&reference_id=701363
http://dx.doi.org/10.1002/ajim.10185
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630398
http://dx.doi.org/10.1016/0300-483X(90)90195-M
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628817
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628817
http://dx.doi.org/10.1006/taap.2002.9427
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729978
http://hal.archives-ouvertes.fr/docs/00/54/59/80/PDF/charbotel_octobre_05.pdf
http://hal.archives-ouvertes.fr/docs/00/54/59/80/PDF/charbotel_octobre_05.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729633
http://dx.doi.org/10.1093/annhyg/mel039
http://hero.epa.gov/index.cfm?action=search.view&reference_id=684027
http://hero.epa.gov/index.cfm?action=search.view&reference_id=683934


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
57 

 
  

Risk Anal 26: 769-780. http://dx.doi.org/10.1111/j.1539-6924.2006.00762.x. 
 
Cocco, P; t'Mannetje, A; Fadda, D; Melis, M; Becker, N; de Sanjosé, S; Foretova, L; 
Mareckova, J; Staines, A; Kleefeld, S; Maynadié, M; Nieters, A; Brennan, P; Boffetta, P. 
(2010). Occupational exposure to solvents and risk of lymphoma subtypes: results from 
the Epilymph case-control study. Occup Environ Med 67: 341-347. 
http://dx.doi.org/10.1136/oem.2009.046839. 
 
DeAngelo, A; Daniel, F; Most, B; Olson, G. (1996). The carcinogenicity of dichloroacetic 
acid in the male fischer 344 rat. Toxicology 114: 207-221. http://dx.doi.org/10.1016/S0300-
483X(96)03510-X. 
 
DeAngelo, A; Daniel, F; Most, B; Olson, G. (1997). Failure of monochloroacetic acid and 
trichloroacetic acid administered in the drinking water to produce liver cancer in male 
F344/N rats. J Toxicol Environ Health 52: 425-445. 
 
DeAngelo, A; George, M; House, D. (1999). Hepatocarcinogenicity in the male B6C3F1 
mouse following a lifetime exposure to dichloroacetic acid in the drinking water: Dose-
response determination and modes of action. J Toxicol Environ Health A 58: 485-507. 
 
DeAngelo, A; Daniel, F; Wong, D; George, M. (2008). The induction of hepatocellular 
neoplasia by trichloroacetic acid administered in the drinking water of the male B6C3F1 
mouse. J Toxicol Environ Health A 71: 1056-1068. 
http://dx.doi.org/10.1080/15287390802111952. 
 
Dosemeci, M; Cocco, P; Chow, W-H. (1999). Gender differences in risk of renal cell 
carcinoma and occupational exposures to chlorinated aliphatic hydrocarbons. Am J Ind 
Med 36: 54-59. http://dx.doi.org/10.1002/(SICI)1097-0274(199907)36:1<54::AID-
AJIM8>3.0.CO;2-0. 
 
Fevotte, J; Charbotel, B; Muller-Beauté, P; Martin, J; Hours, M; Bergeret, A. (2006). Case-
control study on renal cell cancer and occupational exposure to trichloroethylene. Part I: 
Exposure assessment. Ann Occup Hyg 50: 765-775. 
http://dx.doi.org/10.1093/annhyg/mel040. 
 
Fukuda, K; Takemoto, K; Tsuruta, H. (1983). Inhalation carcinogenicity of 
trichloroethylene in mice and rats. Ind Health 21: 243-254.  
 
George, M; Moore, T; Kilburn, S; Olson, G; DeAngelo, A. (2000). Carcinogenicity of 

http://dx.doi.org/10.1111/j.1539-6924.2006.00762.x
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729998
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729998
http://dx.doi.org/10.1136/oem.2009.046839
http://hero.epa.gov/index.cfm?action=search.view&reference_id=144574
http://dx.doi.org/10.1016/S0300-483X(96)03510-X
http://dx.doi.org/10.1016/S0300-483X(96)03510-X
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630473
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630476
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630475
http://dx.doi.org/10.1080/15287390802111952
http://hero.epa.gov/index.cfm?action=search.view&reference_id=194813
http://dx.doi.org/10.1002/(SICI)1097-0274(199907)36:1%3c54::AID-AJIM8%3e3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1097-0274(199907)36:1%3c54::AID-AJIM8%3e3.0.CO;2-0
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729415
http://dx.doi.org/10.1093/annhyg/mel040
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75288
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630556


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
58 

 
  

chloral hydrate administered in drinking water to the male F344/N rat and male 
B6C3F1 mouse. Toxicol Pathol 28: 610-618.  
 
Greenland, S; Salvan, A; Wegman, D; Hallock, M; Smith, T. (1994). A case-control study of 
cancer mortality at a transformer-assembly facility. Int Arch Occup Environ Health 66: 
49-54. http://dx.doi.org/10.1007/BF00386579. 
 
Hansen, J; Raaschou-Nielsen, O; Christensen, J; Johansen, I; McLaughlin, J; Lipworth, L; 
Blot, W; Olsen, J. (2001). Cancer incidence among Danish workers exposed to 
trichloroethylene. J Occup Environ Med 43: 133-139. 
 
Hardell, L; Eriksson, M; Degerman, A. (1994). Exposure to phenoxyacetic acids, 
chlorophenols, or organic solvents in relation to histopathology, stage, and anatomical 
localization of non-Hodgkin's lymphoma. Cancer Res 54: 2386-2389. 
 
Henschler, D; Romen, W; Elsaesser, H; Reichert, D; Eder, E; Radwan, Z. (1980). 
Carcinogenicity study of trichloroethylene by longterm inhalation in three animal 
species. Arch Toxicol 43: 237-248. http://dx.doi.org/10.1007/BF00366179. 
 
Henschler, D; Elsässer, H; Romen, W; Eder, E. (1984). Carcinogenicity study of 
trichloroethylene, with and without epoxide stabilizers, in mice. J Cancer Res Clin Oncol 
107: 149-156. http://dx.doi.org/10.1007/BF01032599.  
 
Henschler, D; Vamvakas, S; Lammert, M; Dekant, W; Kraus, B; Thomas, B; Ulm, K. (1995). 
Increased incidence of renal cell tumors in a cohort of cardboard workers exposed to 
trichloroethene. Arch Toxicol 69: 291-299. http://dx.doi.org/10.1007/s002040050173. 
 
Herren-Freund, S; Pereira, M; Khoury, M; Olson, G. (1987). The carcinogenicity of 
trichloroethylene and its metabolites, trichloroacetic acid and dichloroacetic acid, in 
mouse liver. Toxicol Appl Pharmacol 90: 183-189. http://dx.doi.org/10.1016/0041-
008X(87)90325-5.  
 
Hill, A. (1965). The environment and disease: Association or causation? Proc R Soc Med 
58: 295-300.  
 
Ito, Y; Yamanoshita, O; Asaeda, N; Tagawa, Y; Lee, C; Aoyama, T; Ichihara, G; Furuhashi, 
K; Kamijima, M; Gonzalez, F; Nakajima, T. (2007). Di(2-ethylhexyl)phthalate induces 
hepatic tumorigenesis through a peroxisome proliferator-activated receptor alpha-
independent pathway. J Occup Health49: 172-182. 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=202292
http://dx.doi.org/10.1007/BF00386579
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630590
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702305
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65250
http://dx.doi.org/10.1007/BF00366179
http://hero.epa.gov/index.cfm?action=search.view&reference_id=64869
http://dx.doi.org/10.1007/BF01032599
http://hero.epa.gov/index.cfm?action=search.view&reference_id=702381
http://dx.doi.org/10.1007/s002040050173
http://hero.epa.gov/index.cfm?action=search.view&reference_id=628860
http://dx.doi.org/10.1016/0041-008X(87)90325-5
http://dx.doi.org/10.1016/0041-008X(87)90325-5
http://hero.epa.gov/index.cfm?action=search.view&reference_id=71664
http://hero.epa.gov/index.cfm?action=search.view&reference_id=483064
http://hero.epa.gov/index.cfm?action=search.view&reference_id=483064


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
59 

 
  

 
Lan, Q; Zhang, L; Tang, X; Shen, M; Smith, M; Qiu, C; Ge, Y; Ji, Z; Xiong, J; He, J; Reiss, 
B; Hao, Z; Liu, S; Xie, Y; Guo, W; Purdue, M; Galvan, N; Xin, K; Hu, W; Beane Freeman, L; 
Blair, A; Li, L; Rothman, N; Vermeulen, R; Huang, H. (2010). Occupational exposure to 
trichloroethylene is associated with a decline in lymphocyte subsets and soluble CD27 
and CD30 markers. Carcinogenesis 31: 1592-1596. 
http://dx.doi.org/10.1093/carcin/bgq121.  
 
Leakey, J; Seng, J; Allaben, W. (2003). Body weight considerations in the B6C3F1 mouse 
and the use of dietary control to standardize background tumor incidence in chronic 
bioassays. Toxicol Appl Pharmacol 193: 237-265. 
 
Maltoni, C; Lefemine, G; Cotti, G. (1986). Experimental research on trichloroethylene 
carcinogenesis (Vol. 5). Princeton, NJ: Princeton Scientific Publishing. 
 
Maltoni, C; Lefemine, G; Cotti, G; Perino, G. (1988). Long-term carcinogenicity bioassays 
on trichloroethylene administered by inhalation to Sprague-Dawley rats and Swiss and 
B6C3F1 mice. Ann N Y Acad Sci 534: 316-342. 
 
MDPH. (Massachusetts Department of Public Health). (1997). Woburn childhood 
leukemia follow-up study: Volume I: Analyses. Boston, MA: Massachusetts Department 
of Public Health, Bureau of Environmental Health Assessment. 
http://www.mass.gov/Eeohhs2/docs/dph/environmental/investigations/woburncancerleukemia
followupstudy1997.pdf (PDF) (138 pp, 717K).  
 
Miligi, L; Costantini, A; Benvenuti, A; Kriebel, D; Bolejack, V; Tumino, R; Ramazzotti, V; 
Rodella, S; Stagnaro, E; Crosignani, P; Amadori, D; Mirabelli, D; Sommani, L; Belletti, I; 
Troschel, L; Romeo, L; Miceli, G; Tozzi, G; Mendico, I; Vineis, P. (2006). Occupational 
exposure to solvents and the risk of lymphomas. Epidemiology 17: 552-561. 
http://dx.doi.org/10.1097/01.ede.0000231279.30988.4d. 
 
Mirer, F. (2010). New evidence on the health hazards and control of metalworking fluids 
since completion of the OSHA advisory committee report. Am J Ind Med 53: 792-801. 
http://dx.doi.org/10.1002/ajim.20853. 
 
Moore, L; Boffetta, P; Karami, S; Brennan, P; Stewart, P; Hung, R; Zaridze, D; Matveev, V; 
Janout, V; Kollarova, H; Bencko, V; Navratilova, M; Szeszenia-Dabrowska, N; Mates, D; 
Gromiec, J; Holcatova, I; Merino, M; Chanock, S; Chow, W; Rothman, N. (2010). 
Occupational trichloroethylene exposure and renal carcinoma risk: Evidence of genetic 

http://hero.epa.gov/index.cfm?action=search.view&reference_id=736090
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736090
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736090
http://dx.doi.org/10.1093/carcin/bgq121
http://hero.epa.gov/index.cfm?action=search.view&reference_id=196288
http://hero.epa.gov/index.cfm?action=search.view&reference_id=196223
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65264
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724814
http://www.mass.gov/Eeohhs2/docs/dph/environmental/investigations/woburn_cancer_leukemia_follow_up_study_1997.pdf
http://www.mass.gov/Eeohhs2/docs/dph/environmental/investigations/woburn_cancer_leukemia_follow_up_study_1997.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630788
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630788
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630788
http://dx.doi.org/10.1097/01.ede.0000231279.30988.4d
http://hero.epa.gov/index.cfm?action=search.view&reference_id=730178
http://dx.doi.org/10.1002/ajim.20853
http://hero.epa.gov/index.cfm?action=search.view&reference_id=679709
http://hero.epa.gov/index.cfm?action=search.view&reference_id=679709
http://hero.epa.gov/index.cfm?action=search.view&reference_id=679709


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
60 

 
  

susceptibility by reductive metabolism gene variants. Cancer Res 70: 6527-6536. 
http://dx.doi.org/10.1158/0008-5472.CAN-09-4167. 
Morgan, R; Kelsh, M; Zhao, K; Heringer, S. (1998). Mortality of aerospace workers 
exposed to trichloroethylene. Epidemiology 9: 424-431.  
 
NCI. (National Institutes of Health, National Cancer Institute). (1976). Carcinogenesis 
bioassay of trichloroethylene. (NCI-CG-TR-2). In Technical Report Series. Bethesda, 
MD: U.S. Department of Health, Education, and Welfare, Public Health Service, 
National Institutes of Health. http://ntp.niehs.nih.gov/ntp/htdocs/LTrpts/tr002.pdf (PDF) 
(225 pp, 8.8M).  
 
NIOSH. (National Institute for Occupational Safety and Health). (1998). Criteria for a 
recommended standard: Occupational exposure to metalworking fluids. (98-102).  pp. 
242. Atlanta, GA: U.S. Department of Health and Human Services, Public Health 
Service, Centers for Disease Control and Prevention, National Institute for Occupational 
Safety and Health. http://www.cdc.gov/niosh/98-102.html.  
 
Nordström, M; Hardell, L; Magnuson, A; Hagberg, H; Rask-Andersen, A. (1998). 
Occupational exposures, animal exposure and smoking as risk factors for hairy cell 
leukaemia evaluated in a case-control study. Br J Cancer 77: 2048-2052. 
 
NRC. (National Research Council). (2006). Assessing the human health risks of 
trichloroethylene: Key scientific issues. Washington, DC: The National Academies Press. 
http://nae.edu/nae/naepcms.nsf/weblinks/MKEZ-6SSHPD?OpenDocument. 
 
NTP. (National Toxicology Program). (1988). Toxicology and carcinogenesis studies of 
trichloroethylene (CAS No. 79-01-6) in four strains of rats (ACI, August, Marshall, 
Osborne-Mendel) (gavage studies). Research Triangle Park, NC: U.S. Department of 
Health and Human Services, Public Health Service, National Institutes of Health. 
http://ntp.niehs.nih.gov/ntp/htdocs/LTrpts/tr273.pdf (PDF) (303 pp, 12.7M).  
 
NTP. (National Toxicology Program). (1990a). Toxicology and carcinogenesis studies of 
d-limonene (CAS NO. 5989-27-5) in F344/N rats and B6C3F1 mice (gavage studies). 
(PB90231416). Research Triangle Park, NC: U.S. Department of Health and Human 
Services, Public Health Service, National Institutes of Health. 
http://ntp.niehs.nih.gov/ntp/htdocs/LTrpts/tr347.pdf (PDF) (167 pp, 7.1M).  
 
NTP. (National Toxicology Program). (1990b). Carcinogenesis studies of 
trichloroethylene (without epichlorohydrin) (CAS No. 79-01-6) in F344/N rats and 

http://dx.doi.org/10.1158/0008-5472.CAN-09-4167
http://hero.epa.gov/index.cfm?action=search.view&reference_id=646937
http://hero.epa.gov/index.cfm?action=search.view&reference_id=75178
http://ntp.niehs.nih.gov/ntp/htdocs/LT_rpts/tr002.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729977
http://www.cdc.gov/niosh/98-102.html
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729570
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630831
http://nae.edu/nae/naepcms.nsf/weblinks/MKEZ-6SSHPD?OpenDocument
http://hero.epa.gov/index.cfm?action=search.view&reference_id=65268
http://ntp.niehs.nih.gov/ntp/htdocs/LT_rpts/tr273.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630841
http://ntp.niehs.nih.gov/ntp/htdocs/LT_rpts/tr347.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=87574


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
61 

 
  

B6C3F1 mice (gavage studies). In Technical Report Series. Research Triangle Park, NC: 
U.S. Department of Health and Human Services, Public Health Service, National 
Institutes of Health. http://ntp.niehs.nih.gov/ntp/htdocs/LTrpts/tr243.pdf (PDF) (176 pp, 
6M). 
Persson, B and Fredrikson, M. (1999). Some risk factors for non-Hodgkin's lymphoma. Int 
J Occup Med Environ Health 12: 135-142.  
 
Pesch, B; Haerting, J; Ranft, U; Klimpel, A; Oelschlägel, B; Schill, W. (2000). Occupational 
risk factors for renal cell carcinoma: Agent-specific results from a case-control study in 
Germany. Int J Epidemiol 29: 1014-1024. http://dx.doi.org/10.1093/ije/29.6.1014.  
 
Purdue, M; Bakke, B; Stewart, P; De Roos, A; Schenk, M; Lynch, C; Bernstein, L; Morton, L; 
Cerhan, J; Severson, R; Cozen, W; Davis, S; Rothman, N; Hartge, P; Colt, J. (2011). A case-
control study of occupational exposure to trichloroethylene and non-Hodgkin 
lymphoma. Environ Health Perspect 119: 232-238. http://dx.doi.org/10.1289/ehp.1002106.  
 
Raaschou-Nielsen, O; Hansen, J; McLaughlin, J; Kolstad, H; Christensen, J; Tarone, R; 
Olsen, J. (2003). Cancer risk among workers at Danish companies using 
trichloroethylene: A cohort study. Am J Epidemiol 158: 1182-1192. 
 
Radican, L; Blair, A; Stewart, P; Wartenberg, D. (2008). Mortality of aircraft maintenance 
workers exposed to trichloroethylene and other hydrocarbons and chemicals: Extended 
follow-up. J Occup Environ Med 50: 1306-1319. 
http://dx.doi.org/10.1097/JOM.0b013e3181845f7f. 
 
Richmond, R; Carter, J; Carter, H; Daniel, F; DeAngelo, A. (1995). Immunohistochemical 
analysis of dichloroacetic acid (DCA)-induced hepatocarcinogenesis in male Fischer 
(F344) rats. Cancer Lett 92: 67-76. http://dx.doi.org/10.1016/0304-3835(94)03756-9. 
 
Siemiatycki, J (Ed.). (1991). Risk factors for cancer in the workplace. Boca Raton, FL: 
CRC Press. 
 
U.S. EPA. (U.S. Environmental Protection Agency). (1994). Methods for derivation of 
inhalation reference concentrations and application of inhalation dosimetry. 
(EPA/600/8-90/066F).  pp. 409. Research Triangle Park, NC: U.S. Environmental 
Protection Agency, Office of Research and Development, Office of Health and 
Environmental Assessment, Environmental Criteria and Assessment Office. 
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=71993. 
 

http://ntp.niehs.nih.gov/ntp/htdocs/LT_rpts/tr243.pdf
http://hero.epa.gov/index.cfm?action=search.view&reference_id=729578
http://hero.epa.gov/index.cfm?action=search.view&reference_id=85973
http://dx.doi.org/10.1093/ije/29.6.1014
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699921
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699921
http://dx.doi.org/10.1289/ehp.1002106
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=707487
http://hero.epa.gov/index.cfm?action=search.view&reference_id=699234
http://dx.doi.org/10.1097/JOM.0b013e3181845f7f
http://hero.epa.gov/index.cfm?action=search.view&reference_id=630920
http://dx.doi.org/10.1016/0304-3835(94)03756-9
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157954
http://hero.epa.gov/index.cfm?action=search.view&reference_id=6488
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=71993


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
62 

 
  

U.S. EPA. (U.S. Environmental Protection Agency). (2002). A review of the reference 
dose and reference concentration processes. (EPA/630/P-02/0002F).  pp. 192. 
Washington, DC: U.S. Environmental Protection Agency, Risk Assessment Forum. 
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=51717. 
U.S. EPA. (U.S. Environmental Protection Agency). (2005a). Supplemental guidance for 
assessing susceptibility from early-life exposure to carcinogens. (EPA/630/R-
03/003F).  pp. 126. Washington, DC: U.S. Environmental Protection Agency, Risk 
Assessment Forum. http://www.epa.gov/cancerguidelines/guidelines-carcinogen-
supplement.htm. 
 
U.S. EPA. (U.S. Environmental Protection Agency). (2005b). Guidelines for carcinogen 
risk assessment. (EPA/630/P-03/001F).  pp. 166. Washington, DC: U.S. Environmental 
Protection Agency, Risk Assessment Forum. http://www.epa.gov/cancerguidelines/.  
 
U.S. EPA. (U.S. Environmental Protection Agency). (2011). Toxicological review of 
Trichloroethylene (CASRN 79-01-6) in support of summary information on the 
Integrated Risk Information System (IRIS). (EPA/635/R-09/011F). Washington, DC. 
 
Vamvakas, S; Brüning, T; Thomasson, B; Lammert, M; Baumüller, A; Bolt, H; Dekant, W; 
Birner, G; Henschler, D; Ulm, K. (1998). Renal cell cancer correlated with occupational 
exposure to trichloroethene. J Cancer Res Clin Oncol 124: 374-382. 
http://dx.doi.org/10.1007/s004320050186. 
 
Van Duuren, B; Goldschmidt, B; Loewengart, G; Smith, A; Melchionne, S; Seidman, I; Roth, 
D. (1979). Carcinogenicity of halogenated olefinic and aliphatic hydrocarbons in mice. J 
Natl Cancer Inst 63: 1433-1439. 
 
Wang, R; Zhang, Y; Lan, Q; Holford, T; Leaderer, B; Zahm, S; Boyle, P; Dosemeci, M; 
Rothman, N; Zhu, Y; Qin, Q; Zheng, T. (2009). Occupational exposure to solvents and risk 
of non-Hodgkin lymphoma in Connecticut women. Am J Epidemiol 169: 176-185. 
http://dx.doi.org/10.1093/aje/kwn300.  
 
Yang, Q; Ito, S; Gonzalez, F. (2007). Hepatocyte-restricted constitutive activation of 
PPAR alpha induces hepatoproliferation but not hepatocarcinogenesis. Carcinogenesis 
28: 1171-1177. http://dx.doi.org/10.1093/carcin/bgm046. 
 
Zhao, Y; Krishnadasan, A; Kennedy, N; Morgenstern, H; Ritz, B. (2005). Estimated effects 
of solvents and mineral oils on cancer incidence and mortality in a cohort of aerospace 
workers. Am J Ind Med 48: 249-258. http://dx.doi.org/10.1002/ajim.20216.  

http://hero.epa.gov/index.cfm?action=search.view&reference_id=88824
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=51717
http://hero.epa.gov/index.cfm?action=search.view&reference_id=88823
http://www.epa.gov/cancerguidelines/guidelines-carcinogen-supplement.htm
http://www.epa.gov/cancerguidelines/guidelines-carcinogen-supplement.htm
http://hero.epa.gov/index.cfm?action=search.view&reference_id=86237
http://www.epa.gov/cancerguidelines/
http://hero.epa.gov/index.cfm?action=search.view&reference_id=736089
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724290
http://hero.epa.gov/index.cfm?action=search.view&reference_id=724290
http://dx.doi.org/10.1007/s004320050186
http://hero.epa.gov/index.cfm?action=search.view&reference_id=94473
http://hero.epa.gov/index.cfm?action=search.view&reference_id=94473
http://hero.epa.gov/index.cfm?action=search.view&reference_id=626703
http://hero.epa.gov/index.cfm?action=search.view&reference_id=626703
http://dx.doi.org/10.1093/aje/kwn300
http://hero.epa.gov/index.cfm?action=search.view&reference_id=635856
http://dx.doi.org/10.1093/carcin/bgm046
http://hero.epa.gov/index.cfm?action=search.view&reference_id=708570
http://dx.doi.org/10.1002/ajim.20216


Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
63 

 
  

 

 
  



Integrated Risk Information System (IRIS)   U.S. Environmental Protection Agency 
Chemical Assessment Summary  National Center for Environmental Assessment 

 
 

  
64 

 
  

VII.  Revision History 

Substance Name —Trichloroethylene  
CASRN — 79-01-6 
File First On-Line 03/31/1987 

Date Section Description 

03/31/1987  II. Cancer assessment added. 

07/01/1989 II.  Cancer assessment withdrawn. 

09/28/2011 I., II., VI.  RfD, RfC, and Cancer assessment added.  

 
 

VIII.  Synonyms 

Substance Name —Trichloroethylene  
CASRN — 79-01-6 
Section VIII. Last Revised — 09/28/2011 

• ACETYLENE TRICHLORIDE 
• AI3-00052 
• ALGYLEN 
• ANAMENTH 
• BENZINOL 
• Caswell No 876 
• CECOLENE 
• CHLORILEN 
• 1-CHLORO-2,2-DICHLOROETHYLENE 
• Chlorylea, Chorylen, CirCosolv, Crawhaspol, Dow-Tri, Dukeron, Per-A-Clor, Triad, 

Trial, TRI-Plus M, Vitran 
• DENSINFLUAT 
• 1,1-Dichloro-2-chloroethylene 
• Pesticide Code: 081202 
• EPA Pesticide Chemical Code 081202 
• ETHENE, TRICHLORO- 
• ETHINYL TRICHLORIDE 
• ETHYLENE TRICHLORIDE 
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• ETHYLENE, TRICHLORO- 
• FLECK-FLIP 
• FLOCK FLIP 
• FLUATE 
• GERMALGENE 
• LANADIN 
• LETHURIN 
• NARCOGEN 
• NARKOSOID 
• NCI-C04546 
• NIALK 
• NSC 389 
• PERM-A-CHLOR 
• PETZINOL 
• PHILEX 
• THRETHYLEN 
• THRETHYLENE 
• TRETHYLENE 
• TRI 
• TRIASOL 
• Trichloraethen (German) 
• Trichloraethylen, tri (German) 
• TRICHLORAN 
• TRICHLOREN 
• Trichlorethene (French) 
• TRICHLORETHYLENE 
• Trichlorethylene, tri (French) 
• TRICHLOROETHENE 
• 1,1,2-TRICHLOROETHYLENE 
• TRICLENE 
• Tricloretene (Italian) 
• Tricloroetilene (Italian) 
• Trielin 
• Trielina (Italian) 
• TRIKLONE 
• TRILENE 
• TRIMAR 
• TRI-PLUS 
• VESTROL 


