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1.0 Introduction
The MassDEP Office of Research and Standards (ORS) identifies toxicity values for use by MassDEP programs. When toxicity values are unavailable from peer reviewed sources, and human exposure to the chemical is potentially significant in the Commonwealth, ORS derives toxicity values. ORS derived an interim unit risk for tetrachloroethylene (perchloroethylene; PCE also known as Perc) in 2008 (MassDEP 2008a) for use until USEPA’s final unit risk was available and could be evaluated by ORS.
This document describes the process ORS undertook to evaluate the cancer toxicity value for PCE derived by USEPA in 2012, and to identify cancer toxicity values for use by MassDEP programs. The MassDEP Health Effects Advisory Committee (the Advisory Committee) provided critical input and evaluation during this process, convening four times over the course of the evaluation.
The next section briefly summarizes the derivation history of PCE cancer toxicity values, i.e., unit risk for inhalation exposures and cancer slope factor for oral exposures, by MassDEP and USEPA. The sections that follow describe ORS’s evaluation of key issues underlying the derivation of the PCE cancer toxicity values, including:
· animal bioassay observation of mononuclear cell leukemia in rats
· validity for quantitative estimation of risk
· relevance to humans,
· extrapolation of animal exposure concentration to equivalent human exposure concentration, i.e., appropriate model and dose metric, and,
· dose-response modeling.
2.0 Background
Tetrachloroethylene is a frequent contaminant in groundwater and soil in Massachusetts. Because of its volatility, PCE in soil and groundwater beneath buildings can potentially reach significant indoor air concentrations.
In the absence of an inhalation unit risk (UR) value derived by USEPA, MassDEP derived an inhalation unit risk value for PCE of 5x10-5 per ug/m3 in 1990. This value was based on mouse liver tumor data following oral exposure from a bioassay conducted by the National Cancer Institute (NCI 1977) (MassDEP 1990).
In 2007, after reviewing the latest cancer assessments for PCE, MassDEP derived an updated inhalation unit risk of 1x10-5 per ug/m3 based on mononuclear cell leukemia (MCL) and supported by the liver tumor data (MassDEP 2008a). This value relied on two inhalation bioassays of rats and mice conducted by the National Toxicology Program (NTP 1986) and the Japanese Industrial Safety Association (JISA 1993) as well as newer methods and data for extrapolating across species. The observed tumor types and response levels were consistent in the species tested across the bioassays conducted by both groups.
USEPA released a draft PCE Toxicological Review in June 2008. In their draft, USEPA concluded that PCE caused mononuclear cell leukemia and liver tumors. They developed unit risks from both the rat MCL and mouse liver tumor data sets (JISA 1993; NTP 1986). The unit risks presented in the USEPA 2008 draft ranging from 2x10-6 to 2x10-5 per ug/m3 were consistent with those derived by MassDEP (2008a).
The USEPA 2008 draft assessment was subsequently peer reviewed by a panel of the National Research Council of the National Academies. In their February 2010 review of USEPA’s cancer assessment, the NRC review committee could not reach consensus on whether the MCL endpoint should be used for quantitative estimates of risk:
The committee was unable to reach consensus on the selection of the critical cancer end point. The majority of members judged that the uncertainties associated with MCL (particularly the high background incidence, uncertainty about the dose-response relationship, and poor understanding of mode of action) were too great to support using MCL data rather than data on hepatic or renal cancer for determining quantitative estimates of risk. These members judged that the use of the MCL data could only be justified if it is EPA’s policy to choose the most conservative unit risk when considering a range of options, but that such justification should be distinguished as a policy decision and not a scientific one. They believe that a more scientifically defensible approach would be to use the data set with the least uncertainty, rather than the data set that yields the most conservative estimate of risk. In their estimation, the hepatic cancer data would have the least uncertainty associated with it, followed by kidney cancer and MCL.
Other members judged that the MCL data should be used for cancer risk estimation. Their opinions were based on the observation that reproducible, statistically significant increases in MCL in male and female rats above the background incidence of MCL were found, and that MCL was the cancer end point with the highest magnitude of response. These members believe that use of the most sensitive response to quantify cancer risk decreases the uncertainty associated with potential differences in metabolism and susceptibility to tetrachloroethylene across exposed populations. They concluded that additional statistical analyses of the dose-response data and the addition of supporting mechanistic information identified by the committee would strengthen existing support for MCL in the draft assessment. (NRC 2010, pp. 101, 102)
Subsequent to the 2010 NRC review, the USEPA 2011 Interagency Science Discussion draft provided further discussion and assessment of the MCL endpoint and ultimately continued to use the MCL data as the basis for the cancer risk estimate. During the interagency review process OMB (2011) challenged USEPA to better support use of the MCL data in light of the NRC (2010) conclusions.
USEPA published their revised final Toxicological Review for Tetrachloroethylene on IRIS in February 2012 with updated cancer risk values and non-cancer toxicity values. The newly released unit risk, 3x10-7 per ug/m3, was based on liver tumors and was more than an order of magnitude lower (i.e., less stringent) than the unit risk in the USEPA 2008 draft. USEPA (2012a) also presented a unit risk calculated from the MCL data, reporting a unit risk of 1x10-5 per ug/m3. Table 1 presents the inhalation unit risks published by USEPA and MassDEP along with the tumor type and data set serving as the basis for each value.

The primary change from the 2008 to 2012 value is that USEPA discounted the MCL data, citing the recommendations of the NAS Committee (2010), and used the liver tumor data for derivation of a unit risk. Additionally USEPA used a new physiologic based pharmacokinetic (PBPK) model for extrapolating from animals to humans (USEPA 2012a).
Table 1.  Tetrachloroethylene Inhalation Unit Risk Values from MassDEP and USEPA
	
	Unit Risk
(per ug/m3)
	Tumor Type
	Data Set

	MassDEP 1990
	5.52 x 10-5
	Liver
	Mouse – male and female
(NCI 1977)a

	MassDEP 2008a
	1 x 10-5
	MCLb, supported by Liver
	Rat – male
(NTP 1986 and JISA 1993)

	USEPA 2008
(draft)
	2 x 10-6 to 
2 x 10-5
	MCL
	Rat - male
(JISA 1993)

	USEPA 2011
(IASD)c
	1 x 10-5
	MCL
	Rat - male and female
(JISA 1993)

	USEPA 2012a
	3 x 10-7
	Liver tumors
(NRC 2010 majority view)
	Mouse - male
(JISA 1993)

	USEPA 2012ad
	1 x 10-5
	MCL
(NRC 2010 minority view)
	Rat - male and female
(JISA 1993)


aThe NCI study used oral gavage exposure, both the NTP and JISA studies used inhalation exposure.
bMCL – mononuclear cell leukemia.
cIASD – Interagency science discussion draft.
dUSEPA alternate value.
Following release of the USEPA Toxicological Review of PCE (2012a), MassDEP received comments from stakeholders supporting USEPA’s selection of liver tumors as the basis for the IRIS PCE unit risk as well as the lower unit risk value resulting from this selection.
Because the difference in the cancer risk values is large and views about whether MCL observed in animals is relevant to humans vary, MassDEP reviewed NRC (2010) and USEPA (2012a) documents to better understand the basis of the varying decisions. 
3.0 Mononuclear cell leukemia (MCL)
Mononuclear cell leukemia (MCL; also known as large granular lymphocytic leukemia) is a common tumor of aging F344 rats (Stromberg 1985, Ishmael and Dugard 2006, Thomas et al. 2007). The question of whether the bioassay data for MCL should be used to derive cancer risk values for PCE was the focus of the first meeting MassDEP Health Effects Advisory Committee on PCE on March 19, 2012. 
The discussion consisted of two components, 1) evaluating strength of the animal bioassay data for determining treatment related response (internal validity), and 2) evaluating the evidence supporting the relevance of MCL to humans (external validity).
Animal bioassay validity
Much of the NRC (2010) committee discussion focused on analyses of the limitations of the NTP (1986) data set. However, the unit risks derived by USEPA (2008, 2011, 2012a) and MassDEP (2008a) relied predominantly on the JISA (1993) dataset. In light of the concerns raised by the NRC (2010) committee, we reevaluated the internal validity of the animal bioassay data from the NTP (1986) and JISA (1993) studies in terms of background rates, timing of tumor onset, severity of response, and strength of the dose-response relationship.
Background tumor rates
The background tumor rates for the rat MCL have been identified as a concern for interpreting this endpoint (NRC 2010, Thomas et al. 2007, Haseman et al. 1998, NTP 1986). The high and variable background rate for MCL in unexposed F344 rats could make it difficult to determine whether the observed tumors were associated with exposure to a chemical or just part of the normal variability. 
To evaluate this concern, the MCL tumor rates in the bioassay concurrent controls were compared to rates in historical controls for inhalation bioassays conducted in the same lab as well as historical controls available for the NTP and JISA bioassays. Liver tumor background rates were included for comparison because this was the endpoint recommended by the NRC committee majority (NRC 2010).

As shown in Tables 2 and 3, the background tumor rates for both rat MCL and mouse liver tumors, respectively, are elevated, with NTP (1986) bioassay background rates for MCL and liver tumors higher than the comparable JISA (1993) bioassay background rates. Tumor background rates were higher in male than female animals for both tumor types in both bioassays. 

Table 2.  Mononuclear Cell Leukemia (MCL) Incidence in Rats – Percent of Animals with Tumors in Historical Control, Concurrent Control and Treated Animals
	NTP
	JISA

	Dose Group 
	Male (%)
	Female (%)
	Dose Group 
	Male (%)
	Female (%)

	NTP Historic Control 1984-~1991a
	57.5
	37.3
	
	
	

	NTP Historical Controlb
	29 + 12
	19 + 7
	
	
	

	Bioassay Lab Historical Controlb
	47 + 15
	29 + 6
	Bioassay Lab Historical Controlc
	13.8
(6.0 – 22)
	15.2
(8.0 – 20)

	PCE Study Controld
	56
	36
	PCE Study Controld
	22
	20

	
	---
	---
	PCE 50 ppm
	28
	34

	PCE 200 ppm
	77
	58
	PCE 200 ppm
	44
	32

	PCE 400 ppm
	74
	60
	
	---
	---

	
	---
	---
	PCE 600 ppm
	54
	38

	Tumor Response Rate Above Same Study Control Background MCL Rate (%)

	
	---
	---
	PCE 50 ppm
	6
	14

	PCE 200 ppm
	21
	22
	PCE 200 ppm
	22
	12

	PCE 400 ppm
	18
	24
	
	---
	---

	
	---
	---
	PCE 600 ppm
	32
	18


a Haseman et al. (1998), Table 1.  Inhalation studies only (n=18 studies).
b NTP (1986) TR 311, Table 12, page 41. Route of exposure and time period not indicated. Mean + Standard deviation.
c JISA (1993), page 57.  Inhalation studies only (n=11 studies). Mean and range (min. – max.)
d USEPA (2012a), Table 5-15.
For both the NTP (1986) and JISA (1993) studies, the background rate of MCL in the same study control group was greater than or equivalent to the historical control rates for the same lab, same sex. Thus, the controls in both studies did not exhibit anomalously low MCL, which could, had it occurred, lead to false positive responses in the treatment groups. In contrast, the liver tumor rate in control mice in the NTP study was lower than the historical control data. Historical control data for liver tumors from the JISA laboratory were not presented in a manner permitting comparison to study control data.

For both tumors, the responses of the treated groups were above the concurrent control rates, shown in the lower section of Tables 2 and 3 as change from study control. MCL responses were also above historical control rates. The background tumor rates for liver were higher than those for MCL, except for the male rats from the NTP study.

Thus, the background response rates do not provide a basis for excluding the observed MCL responses from further quantitative evaluation.

Table 3.  Liver (Carcinoma or Adenoma) Tumor Incidence in Mice – Percent of Animals with Tumors in Historical Control, Concurrent Control and Treated Animals
	NTP
	JISA

	Dose Group 
	Male (%)
	Female (%)
	Dose Group 
	Male (%)
	Female (%)

	Historic Control
Adenomaa
	24.6
(4-48)
	14.2
(2-40)
	Historic Control
Adenomab
	20.5
(10-31)
	4
(2-6)

	Historic Control Carcinoma
	21.1
(9-34)
	13.8
(0-38)
	Historic Control Carcinoma
	23.4
(10-37)
	3.1
(0-8)

	Historic Control Carcinoma or adenoma
	42.1
(11-70)
	25.2
(3-54)
	Historic Control c
	23.4
	4

	PCE Study Control (1986)d
	35
	9
	PCE Study Control (1993)d
	28
	6

	
	
	
	PCE 10 ppm
	43
	6

	
	
	
	PCE 50 ppm
	40
	15

	PCE 100 ppm
	70
	40
	
	
	

	PCE 200 ppm
	82
	79
	
	
	

	
	
	
	PCE 250 ppm
	82
	67

	Tumor Response Rate Above Same Study Control Background MCL Rate

	
	
	
	PCE 10 ppm
	15
	0

	
	
	
	PCE 50 ppm
	12
	9

	PCE 100 ppm
	35
	31
	
	
	

	PCE 200 ppm
	47
	70
	
	
	

	
	
	
	PCE 250 ppm
	54
	61


a Haseman et al. (1998), Table 2. Inhalation studies only (n=21 studies).
b JISA (1993). Inhalation studies only (n=9 studies)
c Tumor incidence data for study data was presented as tumor incidence for hepatocellular adenoma or carcinoma (i.e., an animal could have one or both). Historical control data was presented for hepatocellular adenoma and carcinoma separately. The greater of either the adenoma or carcinoma incidence was used to estimate the historical control hepatocellular adenoma or carcinoma tumor incidence.  However, this is likely to underestimate the combined incidence.
d USEPA (2012a), Table 5-13 provided tumor incidence NTP (1986) and JISA (1993) for hepatocellular adenoma or carcinoma.
Onset and severity
Mononuclear cell leukemia was observed earlier and was more severe in animals exposed to PCE. As shown in Table 4, treated male and female rats in the JISA (1993) study and female rats in the NTP (1986) study were observed to have MCL at least 20 weeks before MCL was observed in control animals.
Table 4.  Week of Bioassay When MCL First Observed in F344 Rats
	NTP 1986
	
	JISA 1993

	
	Malea
	Femaleb
	
	
	Malec
	Femaled

	Control
	66
	96
	
	Control
	104
	100

	---
	---
	---
	
	50 ppm
	81
	66

	200 ppm
	53
	60
	
	200 ppm
	70
	74

	400 ppm
	68
	76
	
	---
	---
	---

	---
	---
	---
	
	600 ppm
	81
	70


aExtrapolated from Figure 5 (NTP 1986)
bDeduced from Table 26 and text (NTP 1986, p 59)
cAppendix O-1, page 2 (JISA 1993)
dAppendix O-2, page 6 (JISA 1993)
Severity of MCL is graded by the bioassay study pathologist using well defined criteria. The NTP study used three categories for grading MCL while the JISA study used five categories, with severity increasing with increasing stage number. The cause of death for all animals with stage 3 and 4 MCL in the JISA (1993) bioassay was leukemia; no animals with stage 0-2 MCL died from leukemia. Results for NTP 1986 and JISA 1993 are presented in Tables A-2 and A-3, respectively in Appendix A.
A greater fraction of the MCLs observed in the treated animal groups was assigned to a more severe stage; illustrated in Figure 1 for the JISA bioassay. The proportion of animals with higher severity grades increased with increasing exposure concentration in the male and female rats in 
Figure 1.  Total and Advanced Stage MCL - Dose Response for Male and Female Rats (JISA 1993)
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Figure 1.  Percent of animals with MCL in each treatment group. Total MCL includes all stages of MCL severity. Advanced MCL includes MCL that were noted as more severe than the first stage (stage 0), including MCL in stages 1-4.
the NTP bioassay and in the male rats in the JISA bioassay. Likewise the proportion of animals that died from MCL was increased in a dose dependent manner (not shown).
Responses that occur sooner in treated groups compared to untreated groups and are more severe in treated animals provide support that the observed responses are related to PCE exposure, rather than a nonspecific background response.
These data provide additional evidence for PCE exposure causing the MCL observed in rats.
F344 rat strain
Some comments received by MassDEP (http://mcpregreform.wordpress.com/2012/02/23/pce-toxicity-value-review/) expressed concern about using results derived from the F344/N rat strain in light of NTP’s decision to begin using a different strain of rats for most bioassays. NTP discontinued using the F344/N rat strain for 2-year cancer bioassays in 2009 (King-Herbert 2012). This decision was made because of the high background rates of MCL and testicular interstitial cell tumors, as well as decreased fertility, sporadic seizure activity, and chylothorax
 occurring specifically in the NTP colony of F344/N rats (King-Herbert and Thayer 2006). Other F344/N colonies maintained separately from the NTP colony by the same animal provider did not have the same issues (King-Hebert and Thayer 2006). Of note, the workgroup recommending that NTP change rat strains did not recommend that studies currently in progress be stopped although they noted that the high background rates decreased the ability to detect chemically induced effects (King-Herbert and Thayer 2006). 
The F344/DuCrj rat colony used in the JISA (1993) bioassay was maintained in Japan and is a completely separate colony from that maintained for NTP. As discussed previously, the JISA F344 rat colony has lower concurrent and historical background rates for MCL than the NTP colony. It is notable that the MCL results observed in the F344/N and F344/DuCrj rats were replicated in two bioassays that were conducted in different labs, during different time periods.
Statistical significance of tumor dose-response
The strength of the MCL dose-response function was among the concerns raised by NRC (2010) about inclusion of MCL as an endpoint relevant for humans. Therefore we more closely evaluated the statistical significance of the dose-response trend for rat MCL and, for comparison, the mouse liver tumors.
Trend tests were used to evaluate the presence of dose-response relationships between PCE exposure and incidence of tumors. By convention, the results of such tests are usually considered significant if p≤0.05 (i.e., less than or equal to 5% probability that the results are due to chance).  
For MCL, a tumor that kills the animals shortly after it appears, trend tests were conducted on bioassay results that were adjusted for the early death of the animals. Statistically significant (p≤0.05) dose-response trends were observed for MCL incidence in male rats in the NTP (1986) bioassay and in male and female rats in the JISA (1993) bioassay. The MCL incidence for female rats in the NTP (1986) bioassay fell just short of a significant trend with a p value of 0.053. Male rats from both the NTP and JISA bioassays had significant dose-response trends of increasing MCL response with increasing exposure concentration significant at p≤0.005. Appendix B presents the full results of the statistical analyses for both MCL and liver tumors.
Thomas et al. (2007), evaluated dose response trends for MCL for 500 chemicals tested by NTP. Of the 34 chemicals with possible association with MCL, PCE was one of only five chemicals tested with statistically significant dose response trends in both male and female rats (i.e., for females, the p-value was rounded to 0.05, from 0.053) (Thomas et al. 2007).
Conclusion
The mononuclear cell leukemia observed in F344 rats demonstrates internal validity. It is reproducible in two bioassays conducted in different laboratories on different animal colonies during different time periods (NTP 1986, JISA 1993); it occurs earlier in treated animals; is more severe as dose increases; and it has a statistically significant increase in response above background as dose increases in both male and female rats with the male dose response trends from both bioassays meeting more stringent statistical criteria.
Relevance to human health
Concerns were raised by the majority, but not all, of the NRC 2010 committee and others that the rat MCL endpoint may not be relevant for evaluating the potential cancer risk for humans exposed to PCE. Issues noted by the NRC include the lack of a corresponding tumor in humans, unknown mode of action of MCL, and that the MCL is a common tumor in aging rats, but not other rodents (NRC 2010). Because of these concerns the scientific information available on effects observed in human and animal biological systems thought to be related to MCL, mode of action of MCL, and tumor type concordance was reviewed. Note that MassDEP typically assumes that endpoints identified as relevant in animal testing are relevant to humans unless there are compelling data to support a different conclusion.
A literature search of the PubMed database was conducted
 to identify studies published after the USEPA toxicological review literature cut-off date, estimated as January 2011, that address these issues. Six epidemiologic studies evaluating cancer were published since publication of the PCE Toxicological Review in early 2012 (Christensen et al. 2013; Lipworth et al. 2013; Ruder et al. 2013; Vizcaya et al. 2013; Vlaanderen et al. 2013, 2014). As noted by Guyton et al. (2014), these studies add support to the cancer sites indentified in USEPA (2012a), i.e., bladder cancer, non-Hodgkin lymphoma and multiple myeloma. Studies providing insights on the biological mechanisms of PCE cancer induction were not identified.
Section 4.6.2.2.2 (copied in its entirety in Appendix C) of the final PCE Toxicological Review (USEPA 2012a) reviewed the pathobiology of MCL, also known as large granular lymphocytic (LGL) leukemia, and the mechanisms by which PCE may contribute to disease development and/or progression. This information is briefly summarized in the following paragraphs.
Rat MCL progresses rapidly, with death usually occurring within 2 weeks of onset (Thomas et al. 2007). Its gross pathology is characterized by splenomegaly with progressive infiltration of lymphocytes into the spleen, liver, lungs and bone marrow. It appears to require the splenic environment (Moloney and King 1973). Rat MCL has been shown to be heterogeneous in cell phenotype and function, with researchers concluding that MCL represents a heterogeneous group of leukemias (Stromberg et al. 1983, Ward and Reynolds 1983, USEPA 2012a).
Rat MCL has been compared to human LGL leukemia. Similar characteristics between rat MCL and a type of human LGL T-cell leukemia, NK-cell leukemia (NK-LGL), have been described (Stromberg 1985, Thomas et al. 2007). These characteristics include similar pathology with involvement of the spleen, and infiltration of the liver and bone marrow; acute clinical course; and hematology with anemia, increased LGL, and decreased platelets. Markers of cell phenotype have been characterized in human NK-LGL, but studies of rat MCL to date have not used comparable contemporary markers, limiting the ability to draw conclusions. The similarity between rat MCL and human NK-LGL is supported in a study using the F344 rat MCL as a model for human NK-cell leukemia, which observed similar cellular responses for rat MCL and NK-LGL cells collected from patients (Liao et al. 2011). Thomas et al. (2007) concluded that the similarities between rat MCL and human NK-LGL finding invalidate claims of no human counterpart while noting that the underlying biology may be different. No new evidence was identified to further address this issue.
Evidence for the effects of PCE exposure on the immunologic and hematologic systems in humans and animals was summarized in the final PCE Toxicological Review (USEPA 2012a) in Section 4.6.3 (copied in its entirety in Appendix C) and is briefly summarized in the following paragraphs. In a strong study evaluating the immunologic and hematologic effects of PCE is in humans, Emara et al. (2010) evaluated 40 male dry cleaning workers and age and smoking matched controls. Dry-cleaning workers exposed for a mean duration of 7 years to a mean exposure level of < 140 ppm had statistically significant decreases in red blood cell number and hemoglobin levels and increases in total white cell and lymphocyte counts. The immunologic measures included increased T-lymphocytes and natural killer cell subpopulations, IgE, and interleukin-4 levels (Emara et al. 2010, USEPA 2012a). Other studies of the immunologic and hematologic effects from PCE exposure in adults and children were limited in their ability to provide information due to methodological constraints.
Several studies have also observed adverse effects of PCE exposure on the hematologic system of mice (USEPA 2012a). Female mice exposed beginning 2 weeks of age until 7 weeks to 0.05 or 0.1 mg/kg per day PCE in drinking water (Marth 1987, Marth et al. 1985a, 1985b, 1989) had reversible hemolytic anemia and the most sensitive organ evaluated was the spleen. Female mice exposed to 135 ppm (7.5 weeks) or 270 ppm (11.5 weeks) PCE for 6 hours/day by inhalation (Seidel et al. 1992) had reversible decreases in lymphocyte/monocyte, neutrophil and red blood cell counts and decreased erythrocyte colony forming units. Male mice exposed to a very high dose of PCE (3000 mg/kg/day) by sesame oil gavage for 15 days (Ebrahim et al. 2001) had decreased red blood cell counts, hemoglobin, hematocrit and platelet counts, and increased white blood cell counts.
The biological mechanisms underlying the development of spontaneous MCL in rats are unknown (Thomas et al. 2007). Likewise, the mode of action giving rise to increased incidence, severity and earlier onset of rat MCL following exposure to PCE is also unknown. The evidence does, however, indicate that hematologic and immunologic changes in people and animals exposed to PCE may occur at relatively low doses. Immunosupression and immunomodulation have been associated with development of lymphomas in humans (Eastmond et al. 1997, 2014) and it is plausible that PCE exposure could impact immunological pathways in ways that could give rise to leukemias and lymphomas in animals and people.
Human LGL leukemia is a rare clonal lymphoproliferative neoplasm derived from either T-cell or natural killer cell lineages (Sokol and Loughran 2006). While LGL is rare in humans, it is one of many lymphopoietic neoplasms that fall under the non-Hodgkin’s lymphoma classification (IARC 2008). For chemicals known to cause leukemias and lymphomas in humans, rats and mice develop different types of leukemia and lymphoma. This lack of tumor type concordance may be due to fundamental differences in hematopoietic and immune surveillance (USEPA 2012b; Eastmond 1997, 2014) and further supports the relevance of the MCL endpoint to cancer risk in humans.
Advisory Committee recommendation
The MassDEP Health Effects Advisory Committee unanimously supported the use of the MCL data in rats as the quantitative basis of the MassDEP unit risk for PCE. The concerns raised by the NRC committee majority were not considered sufficient by our advisory committee to conclude that MCL was not relevant to humans.
4.0 Dose Extrapolation
All of the endpoints available for estimating quantitative cancer risk from exposure to PCE were observed in animal studies, while the endpoint of interest is the cancer risk for humans. Therefore the animal exposure needs to be extrapolated to human equivalent exposure in order to estimate the risk for humans. 
The amount of chemical available to interact with the physiologic target (i.e., internal dose at the active site) depends on absorption at the portal of entry, distribution within the body, metabolism, and excretion of the chemical and metabolites. The rates of these processes can be estimated using a physiologically based pharmacokinetic (PBPK) model when sufficient data are available.
Different endpoints, e.g., MCL, liver tumors, may arise through different biological processes or modes of action. Hypotheses about mode(s) of action including metabolites and sites of action eliciting specific endpoints/responses, can suggest dose metrics that may be more relevant to some endpoints than others. The mode(s) of action underlying the observed responses to PCE are not well known. However, metabolites of PCE, rather than the parent molecule, are thought to be the active moieties and different metabolites may be responsible for effects observed in different organ systems.  
PBPK model
Several PBPK models have been developed to quantitatively characterize the absorption, distribution, metabolism and excretion processes for PCE. The models described by Reitz et al. (1996), Bois et al. (1996), and Rao and Brown (1993) were available when the MassDEP (2008a) PCE unit risk was derived and were used to derive a range of draft values by USEPA (2008). However, each model has different underlying assumptions and limitations and yielded different estimates. In the face of this uncertainty ORS decided to use simple Michaelis-Menten equations and parameters estimated by sources similar to those used in the available PBPK models to derive the MassDEP 2008 PCE value (MassDEP 2008a). Without identifying a preferred model, USEPA (2008) provided estimates from each of the three models.
In response to concerns raised by NRC (2010) about inconsistencies across these earlier models, Chiu and Ginsberg (2011) developed a harmonized PBPK model (“PBPK model”). The Chiu and Ginsberg PBPK model improved on the earlier models by taking into account all available data in mice, rats and humans within a single model and adding the ability to assess glutathione conjugation of PCE in addition to oxidative metabolism. The PBPK model was used for extrapolation by USEPA for the final PCE values (USEPA 2012a).
The structure of the PBPK model permits estimates of internal dose for a number of dose metrics representing different assumptions about the site(s) of metabolism, e.g., liver, lung, kidney; different metabolism pathway, e.g., oxidative metabolism, glutathione (GSH) conjugation; and moiety(s), e.g., trichloroacetic acid (TCA), dichloroacetic acid (DCA), S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC), thought to be responsible for the observed effects (Chiu and Ginsberg 2011). The main dose metrics estimated by the PBPK model include concentration of PCE in blood, total oxidative metabolism, total GSH metabolism, and total metabolism estimated as the sum of total oxidative and GSH metabolism (Chiu and Ginsberg 2011). Instead of point estimates, the harmonized PBPK model produces a distribution of posterior estimates for each dose metric, presented as the overall maximum likelihood estimate (MLE), minimum and maximum values (Chiu and Ginsberg 2011).
The PBPK model separates the extrapolation from animals to humans into two parts,
1. Extrapolation from the administered dose in the animal bioassay to a human internal dose, and,
2. Extrapolation from the human internal dose to an external environmental concentration associated with the internal dose.
Internal doses were estimated by the PBPK model from the administered exposure concentration in terms of human internal dose assuming that the animal and human internal doses are equivalent on a BW¾ basis; they are animal species and body weight dependent (Chiu and Ginsberg 2011). Dr. Chiu provided MassDEP with the estimated human internal dose for eight dose metrics for each exposure concentration used in the JISA (1993) rat and mouse bioassays (Chiu 2012).
The extrapolation from human internal dose to the associated environmental concentration was operationalized using dose metric conversion factors (DMCF) estimated by the PBPK model (Chiu and Ginsberg 2011). DMCF are independent of the animal bioassay data set, accounting for human metabolism only. The DMCF estimated for each dose metric were provided by Dr. Chiu (2012). 
Although the new PBPK model improves upon the previous models, there remains an incomplete understanding of the active moiety(s), the site(s) of metabolism, extent of interindividual variability in human metabolism, as well as limited data to estimate parameters for some dose metrics (Chiu and Ginsberg 2011). These factors contribute uncertainty to the estimates of dose for a particular dose metric as well as uncertainty in selecting a single dose metric for estimating risk.
At the request of the Advisory Committee, ORS evaluated the strengths and weaknesses of several dose metrics for the MCL endpoint (Section 4.2). In addition, to better understand the quantitative contributors to the changes in the risk estimates following application of the harmonized PBPK model, ORS compared the results of the USEPA (2012a) assessment with the USEPA (2008) and MassDEP (2008a) assessments. The results of this evaluation are presented in Appendix D.
Dose Metrics
The two dose metrics considered most relevant to the MCL endpoint are PCE area under the curve (PCE AUC) and total metabolized dose.
The concentration of PCE in the blood (PCE AUC) is well estimated by the PBPK model for the mouse, rat and human. However, the carcinogenic mechanism of action is considered to depend on metabolism of PCE to active moieties. Estimation of PCE AUC relies primarily on the biochemical parameter, blood-air partition coefficient, and the physiologic parameters, cardiac output, and alveolar ventilation rate; all well characterized parameters (Chiu and Ginsberg 2011). PCE AUC is mostly controlled by the amount of inhaled PCE that is exhaled unmetabolized, i.e., >80-95% depending on species, and is not sensitive to differences in metabolism across species as shown in Table 5 (PCE AUC blood) by the very similar posterior modes and narrow range of the inhalation prediction estimates for PCE AUC from the PBPK model. Chiu and Ginsberg (2011) consider this dose metric the most reliably estimated by the PBPK model with the prediction range of less than 20% for all three species and calibration and evaluation errors of roughly 2-fold each. They also note that the predictions from PCE AUC are generally consistent with equivalent administered concentration (ppm in air) leading to equivalent internal concentrations across species (Chiu and Ginsberg 2011). USEPA (2012a) selected PCE AUC as the dose metric for estimating cancer risk based on the MCL. 
Table 5.  Comparison of Metabolism Across Species: Inhalation Prediction Estimates from the Harmonized PBPK Modela
	
	Fraction removed by exhaled breath
(% of intake)
	PCE AUC (blood)
(mg-l/h/day/ppm)
	Fraction Oxidized
(% of intake)
	Fraction GSH
(% of intake) 

	Mouse
	>80
	2.4 (<10%)b
	12 (<40%)
	0.02 (~60-fold)

	Rat
	>95
	2.3 (<10%)
	3.9 (<20%)
	0.2 (<30%)

	Human
	>90
	2.0 (<20%)
	0.98 (<1.5-fold)
	9.4 (~3000-fold)


a Excerpted from Table 10 Chiu and Ginsberg (2011). Predictions evaluated in rodents at 10 ppm in air by inhalation and in humans at 0.01 ppm in air by inhalation.
b Values are presented as the posterior mode with the prediction range in parentheses.
Total metabolized dose estimates the metabolites arising from both the oxidative and glutathione (GSH) conjugation metabolism pathways. This dose metric therefore may be more directly related to PCE’s carcinogenic mechanism of action. Computationally, the total metabolism dose metric is the sum of the metabolites from the oxidative and the GSH conjugation pathways (Chiu and Ginsberg 2011). Both metabolism pathways are primarily driven by the same biochemical and the physiologic parameters as the PCE AUC dose metric with contributions from additional parameters for each pathway. Exhaled breath is estimated to be responsible for 80-95% of the removal of PCE from inhalation exposure therefore 5-20% of the inhaled PCE exposure is estimated to be available for metabolism depending on species (Chiu and Ginsberg 2011).
Estimation of the oxidation pathway relies primarily on liver oxidative clearance, size of the liver and to a lesser extent kidney oxidation and liver GSH conjugation; while estimation of the GSH pathway relies primarily on liver GSH conjugation. Chiu and Ginsberg (2011) consider the GSH metabolism dose metric to have the most variability and/or uncertainty of those estimated by the PBPK model with an estimated 3000-fold prediction range for humans. For rats there is less uncertainty in GSH metabolism, estimated to be <30-fold; this pathway is the smallest contributor to the disposition of PCE in rats.
As discussed in Chiu and Ginsberg (2011), intra- and inter-individual variability in GSH metabolism was observed in the human data available for calibration of the human PBPK model. Although the particular GSH isoform(s) responsible for PCE metabolism is(are) not known, human GSH metabolism has known polymorphisms that contribute to human population variability in metabolism and response (Josephy 2010). The predicted mode of GSH metabolism was both under- and over-estimated by the PBPK model (Chiu and Ginsberg 2011) suggesting that the model was not biased in one direction or the other. 
There are strengths and weaknesses associated with both dose metrics for estimating exposure that is biologically relevant for PCE (summarized in Table 6). PCE AUC is reliably estimated but does not quantitatively account for differences in metabolism across species, illustrated by the correlation of PCE AUC with administered concentration and similarity of the estimate across species (Chiu and Ginsberg 2011). Total metabolism accounts for known metabolism differences across rats and humans, and oxidative and GSH metabolism are reliably estimated for rats, but estimates of human GSH metabolism span a range of ~3000-fold, which likely reflects a combination of true variability in GST metabolic capacity in the human population as well as data uncertainties. 
Table 6.  Dose Metrics for MCL: Strengths and Weaknesses
	
	Pros
	Cons

	PCE Area Under the Curve in Blood
	· Reliably estimated in rats and humans.
· Considered a good proximal estimate of dose by some.
	· Does not explicitly consider the production of metabolites that are likely to be responsible for the tumorogenic response.

	Total Metabolized Dose
	· Best represents the amount of active moieties available to induce a tumorogenic response.
· Evidence suggests that humans have greater metabolic capacity via GSH pathway than rodents.
	· Limited data to support PBPK parameter estimates for glutathione metabolism.
· Parameter estimates span 3000-fold. This may be due to real human variability and/or experimental variability.


After taking the strengths and weaknesses of both dose metrics into consideration, total metabolized dose was selected over PCE AUC as the dose metric for extrapolating from rats to humans for the MCL endpoint. 
The ability to explicitly include estimates of the availability of the active moieties that are considered most likely to be involved in the carcinogenic response was considered more important for estimating human risk than the model reliability of the less specific PCE AUC dose metric. While the GSH metabolism parameter estimate does have a wide range (~3000x), some portion of that range is likely due to true human variability in response and thus should not be disregarded until there is more data to understand the uncertainty.
Use of total metabolized dose from the PBPK model is consistent with the dose extrapolation approach used in previous assessments by MassDEP. In 2008, MassDEP used an estimate of total metabolized dose based on Michaelis–Menten kinetics for the animal to human internal dose extrapolation and an estimate of the fraction PCE metabolized in humans to estimate the corresponding environmental concentration (MassDEP 2008a).
Advisory Committee Recommendation
Committee members unanimously agreed that the harmonized PBPK model of Chiu and Ginsberg (2011) should be used for estimating cancer risk.
Committee members expressed different views about the best dose metric for MCL, i.e., PCE AUC or total metabolized dose, for extrapolating to humans from animal exposure concentrations. Members concluded that both dose metrics had merit, while acknowledging the limitations of each.
Both dose metrics were carried forward for the derivation of the unit risk. Total metabolized dose was selected by MassDEP as the preferred dose metric. All Committee members ultimately indicated that MassDEP’s selection was well supported.  
5.0 Derivation of unit risk
Unit risk values were derived using the same process used by USEPA in their 2012 Toxicological Review. Where for each endpoint and study population,
· the animal exposure concentration was adjusted to continuous exposure, 
· the dose metric specific animal internal dose was estimated using the harmonized PBPK model,
· the benchmark dose lower confidence interval (BMDL) was estimated using USEPA Benchmark dose software (BMD),
· the unit risk was calculated from the BMDL in units of human internal daily dose, 
· the human internal daily dose was converted to human environmental exposure concentration using dose metric conversion factors derived from the PBPK model and the selected dose metric, and
· the unit risk was adjusted to micrograms PCE in air/m3 per day.
Decisions made by USEPA and MassDEP during the process of deriving inhalation unit risks for PCE for the MCL endpoint are illustrated in Figure 2. An oral cancer slope factor is derived using the same process. The next sections describe this process for the MCL endpoint.
5.0 Dataset
The JISA (1993) data for MCL were selected for dose response analysis over the NTP (1986) data because the JISA study had an additional dose group, three treated groups vs. two in the NTP study; the lowest dose in the JISA (1993) study of 50 ppm was the lowest dose tested in either study; and the background rate of MCL was lower in the JISA (1993) study. Figure 3 shows the male and female data as percent of group with MCL from the NTP (1986) and JISA (1993) bioassays.
Tumor incidence data for rat MCL (JISA 1993) were those used by USEPA in 2012 and 2008, and MassDEP in 2008. Data are “survival- adjusted” by omitting “animals dying before the first appearance of the tumor of interest but not later than 52 weeks” (USEPA 2012a, page 5-47). Data are provided in tabular form in Appendix A, Table A-1. 
Figure 2.  Decision Process to Arrive at Tetrachloroethylene Cancer Toxicity Values (Unit Risks)
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Figure 2.  An illustration of the decisions made by MassDEP (bold) and USEPA during the process of deriving cancer toxicity values for tetrachloroethylene. The process begins by identifying the tumor endpoint and associated species, then continues with selection of available bioassays and animal group(s), identification of the animal to human quantitative extrapolation method and dose response model. The decisions determine the estimated unit risk value.
Sex

The male rat MCL dose response trend was stronger than for females, as shown in Figure 3 and in the statistical trend analysis by sex in Appendix B, Table B-2 for the JISA (1993) bioassay. However, the JISA (1993) male and female MCL data sets were not statistically distinguishable by Chi2 analysis conducted by USEPA (2012a). Therefore, we used the combined male and female MCL data set to estimate the unit risk value for MCL; as did USEPA (2012a).

Dose metrics

The total metabolism dose metric was selected as the preferred dose metric for MCL as discussed in Section 4.2. To permit comparison with the analysis by USEPA (2012a) the PCE AUC dose metric was also included.

Metabolized dose is estimated on a body weight basis. Female animals weigh less than males, thus the same applied concentration does not yield the same internal dose for males and females. To address this we considered two approaches for modeling the combined male and female data using the total metabolized dose metric, 1) modeling the male and female data separately and combining later in the process, i.e., using the geometric mean of the male and female unit risks; and, 2) pooling the control male and female data and modeling six treated groups with the male and female responses at each sex specific dose.  
Figure 3.  Tetrachloroethylene Mononuclear Cell Leukemia (MCL) Dose Response of NTP (1986) and JISA (1993) Bioassays
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Figure 3.  Percent of rats with MCL in each treatment group; triangle - NTP male, circle – NTP female, square – JISA male, and diamond – JISA female.
Applying the PCE AUC in blood dose metric is the same for the males and females because it is independent of body weight.  
The internal doses estimated using the total metabolism and PCE AUC dose metrics are presented with the analyses in Section 5.5. The estimated internal doses for rats were provided by Dr. Chiu (2012). 
The extrapolation from the estimated human internal dose to the external environmental concentration that would be needed to achieve that internal dose was calculated using the DMCF resulting from the harmonized PBPK model (Chiu and Ginsberg 2011), presented in Table 7 for the dose metrics in this analysis. 
The harmonized PBPK model (Chiu and Ginsberg 2011) yields a distribution of posterior estimates. The mode of the posterior distribution, presented as the “overall” value in Table 7, was used as the DMCF for this analysis.
Table 7.  Dose Metric Conversion Factors (DMCF) from the Harmonized PBPK Model for Extrapolation from Human Internal Dose to Human External Concentrationa
	Maximum Likelihood Estimate

(MLE)
	Total metabolism (mg/kg0.75/d per ppm or per mg/kg/d)
	Total oxidative metabolism (mg/kg0.75/d per ppm or per mg/kg/d)
	Total GSH metabolism (mg/kg0.75/d per ppm or per mg/kg/d)b
	PCE AUC in blood (mg-hr/l/d per ppm or per mg/kg/d)

	Overallc
	0.473
	0.0448
	0.428
	2.03

	Minimum
	0.042
	0.0420
	0.00019
	2.01

	Maximum
	0.4842
	0.0457
	0.44029
	2.36


a Provided by Chiu (2012). Values for inhalation adjusted for continuous exposure.
b Total GSH includes both low and high GSH metabolism (Chiu and Ginsberg 2011).
c Overall MLE is the mode of the posterior distribution and the value used in the calculations.
Dose response models
The points of departure (POD) used to derive the unit risks were calculated for the metabolized dose and PCE AUC dose metrics, using eight dose-response models available in the USEPA Benchmark Dose software (version 2.2)
.  A benchmark response of 10% was used for all dose-response models. The lower confidence limit (BMDL10) of the dose associated with 10% response (BMD10) was used as the POD. Model fits were evaluated using Akaike’s Information Criterion (AIC), standardized residuals, p-values and visual inspection of the dose-response plots using guidance provided by USEPA (2012c).
All dose response models used provided an acceptable fit to the male rat MCL data set using total metabolized dose as the dose metric (Appendix E, Table 1). Based on the lowest AIC, the LogLogistic model provided the best fit by a small margin, while the multistage model provided the best fit based on the smallest standardized residual. 
The multistage model was selected as the dose response model for the total metabolism dose metric. This decision was consistent with the hypothesis that the metabolites of PCE are the active moieties in the carcinogenic process and multiple “hits” are needed for the process to result in cancer. It is also consistent with USEPA cancer guidelines (2005) and fit the data well. The BMDLs for the male and female combined and female data sets using the total metabolism dose metric were estimated using the multistage model.
USEPA (2012a) selected the Hill dose response model for the PCE AUC dose metric, based on the concept of the Hill model addressing Michaelis-Menten saturable metabolism kinetic processes on the parent PCE molecule. The Hill model was used to replicate USEPA’s analysis and to model the male and female data sets individually.
Outputs for all BMD analyses are presented in Appendix E.
Derivation of cancer risk values
Units risks based on MCL in rats were estimated using two dose metrics, total metabolized dose and PCE AUC, modeling tumor responses from male and female rats combined, and male and female rats separately. As shown step-by-step in Table 8, the BMDLs from the dose response models were converted into unit risks in human internal dose units, and then converted to unit risk in terms of external concentration using the DMCF from the PBPK model.
The unit risks for six combinations of dose metrics and data are shown in Table 9 along with the corresponding indoor air concentrations assuming 30 year residential exposure at a 1 in 100,000 cancer risk level. The highest unit risk, 1x10-5 per ug/m3, was estimated from the PCE AUC male and female combined data set and was the alternative unit risk value included in the USEPA Toxicological Review for PCE (2012a). The lowest unit risk, 2x10-6 per ug/m3, is five-fold lower and was estimated from total metabolism female data set.
The unit risks estimated using the total metabolism dose metric and the two methods for combining the male and female data sets were essentially the same, 3.09x10-6 and 3.37x10-6, both rounding to 3x10-6, whether using the combined dataset modeled as one control and six treated groups or the geometric mean of the independently estimated male and female unit risks, respectively.
USEPA (2012a) derived the oral slope factor from the inhalation animal bioassays because the only oral bioassay available had significant limitations. We agree with USEPA’s decision.
The oral slope factor was calculated from the same unit risk in terms of human internal dose used for calculating the inhalation unit risk, as illustrated in Table 10. The DMCF to extrapolate from internal dose to a dose in mg/kg/day was estimated from the PBPK model assuming ingestion exposure yielding an oral cancer slope factor of 2x10-2 per mg/kg-day.
Table 8.  Step by Step Process of the Derivation of Unit Risks for Rat MCL based on JISA (1993) Bioassay Data and Selected Dose Metrics from Chiu (2012)
	Extrapolation Steps
	Quantitative Estimates for Each Step

	Administered concentration (Continuous exposure equivalent)(ppm)
	50  (9)
200  (36)
600  (108)

	Extrapolation From Administered Concentration to Human Internal Dose

	Metabolism Metric
	PCE AUC in Blooda
(mg-hour/L/day)
Hill Dose-Response Model
	Total Metabolism
(mg/kg3/4-d)
Multistage Dose-Response Model

	Gender
	Male & Femalea
	Male
	Female
	Male & Femaleb
	Male
	Female

	Human internal dose (converted within PBPK model using BW3/4)c
	20
81
247
	20
81
247
	20
81
248
	1.49 & 1.36
5.3 & 4.93
12.55 & 11.71
	1.49
5.3
12.55
	1.36
4.93
11.71

	POD Human internal dosed
BMD10
BMDL10
	17.4
3.0
	19.41
4.946
	3.9
failed
	3.356
2.261
	2.32
1.53
	6.07
2.8

	Unit Risk per(internal dose metric in column)e
	0.0333
	0.0202
	---
	0.0442
	0.0654
	0.0357

	Extrapolation From Human Internal Dose to Human External Concentration

	Dose Metric Conversion Factor (DMCF)f
	2.03
	0.473

	Unit risk 
(x 10-3 per ppm)g
	6.8x10-2
	4.1x10-2
	---
	2.1x10-1
	3.1x10-2
	1.7x10-2

	Unit Risk per (ug/m3)h
	9.98x10-6
	6.05x10-6
	---
	3.09x10-6
	4.56x10-6
	2.49x10-6


a The PCE AUC human equivalent internal dose calculated by the PBPK model was the same in both sexes at the two lower doses. At the high dose, the male was 247 mg-hr/l/d and the female 248 mg-hr/l/d. The male and female tumor numbers were added together at each dose level such that n=100. The high dose of 247 mg-hr/l/d was used in the dose response analysis.
b The Total Metabolism human equivalent internal dose calculated by the PBPK model was different for the males and females at each dose level, due to differences in body size. The combined dose response analysis was conducted using the male and female tumors added together for the control with n=100, with the sex specific human equivalent internal dose and tumor number at each dose level with n=50 for each sex/internal dose combination.
c Human internal dose metrics provided by Chiu (2012).
d BMC10 and BMCL10 derived using USEPA BMD software (version 2.2). BMD models run by MassDEP.
e Unit risk per internal dose metric is calculated as the BMD response rate (0.1) divided by BMDL10.
f Dose metric conversion factor specific to the dose metric in column in units “dose metric” per ppm. DMCF factors provided in Table 6.
g  Unit risk per ppm is calculated as the unit risk per internal dose metric multiplied by the unit specific DMCF.
h Conversion factor 1 ppm = 6.78 mg/m3. Unit risk per ppm divided by 6780 ug/m3 = unit risk per ug/m3.
Table 9.  Summary of Unit Risk Values Calculated for Tetrachloroethylene
	
	
	Unit Risk (per ug/m3)

	Dose Metric
	Dose-Response
Model
	Male
	Female
	Male and Female
(Geometric Mean)
	Male and Female (combined data set)

	PCE AUC
	Hill
	6.05 x 10-6
(4) a
	No Fit
(ND)
	---

	9.98 x 10-6
(2)

	Total Metabolism
	Multistage
	4.56 x 10-6
(5)
	2.49 x 10-6
(10)
	3.37 x 10-6
(8)
	3.09 x 10-6
(8)


ND = not determined
a Values in brackets are corresponding acceptable indoor air concentration in ug/m3 calculated using the unit risk rounded to 1 significant figure. The acceptable air concentrations in brackets are at a risk level of 1X10-5 and assume 30 years of residential exposure out of a 70 year lifetime. The MassDEP waste site cleanup program has estimated 4 ug/m3 as a typical indoor air background concentration for PCE (MassDEP 2008b).
Table 10.  Derivation of an Oral Cancer Slope Factor for Tetrachloroethylene
	
	MCL - Male and Female Rat Data
Total Metabolism Dose Metric
Multistage Dose Response Model

	Extrapolation Steps
	Inhalation Unit Risk
	Oral Slope Factor

	Unit Risk per Total Metabolism dose metric (mg/kg3/4-d) (0.1/BMDL10)a
	0.0442
	0.0442

	Extrapolation Human Internal Concentration to Human External Concentration

	PBPK factorb –Dose Metric Conversion Factor (DMCF) for specific exposure route
	PBPK factor (DMCFppm)
0.473
	PBPK factor (DMCFmg/kg/day)
0.563

	Unit risk or slope factor per external dose (Dose metric-specific risk (UR or SF)*PBPK factor DMCF)
	2.12 x 10-2 per ppm
	2.49 x 10-2 per mg/kg-day

	Convert to units used in Risk Assessment and rounded to 1 sig. fig.
	3 x 10-6 per ug/m3
	2 x 10-2 per mg/kg-day


a Unit risk in terms of human internal dose calculated using total metabolized dose. See Table 8 for derivation.
a DMCF provided by Chiu (2012).

Advisory Committee Recommendation

The advisory committee concluded that all of the unit risks reported in Table 9 are scientifically supported. The advisory committee supported MassDEP’s selection of an inhalation unit risk of 3x10-6 per ug/m3 based on the male and female combined MCL data set (JISA 1993), extrapolated using the total metabolism dose metric. 

6.0 Conclusion
Based on the assessment discussed above MassDEP has derived an inhalation unit risk and oral cancer slope factor based on incidence of MCL in male and female rats in the JISA (1993) bioassay.  The cancer risk values were derived using the total metabolized PCE dose from the Chiu and Ginsberg (2011) PBPK model to extrapolate the animal exposure to human exposure and a multistage dose response model.
MassDEP has adopted an inhalation unit risk value of 3 x 10-6 per ug/m3 and an oral cancer slope factor of 2 x 10-2 per mg/kg-day.
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� Chylothorax - lymphatic fluid(or chyle) in the pleural space.


� Last reviewed on June 16, 2014.


� Eight dose-response models were evaluated for model fit, Michaelis-Menten (Hill model with slope fixed at 1 in BMD software), Multistage (restricted to 1 polynomial based on USEPA (2012a) analysis), Gamma, Weilbull, Probit, LogProbit, Logistic and LogLogistic.  
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