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Executive Summary
The US Environmental Protection Agency (US EPA) extensively evaluated the available data on the noncarcinogenic toxicity of TCE and identified immunotoxicity (observed in developing and adult mice supported by human studies) and congenital cardiac defects (observed in rats and supported by human and avian data) as the most sensitive endpoints. The US EPA’s Science Advisory Board (SAB) recommended that the US EPA base its reference dose and reference concentration (RfD/RfC) values on these critical effects. The current TCE RfD and RfC derived using these critical endpoints are 0.0005 mg/kg/day and 2 µg/m3, respectively. The overall confidence in the final RfD and RfC is rated high by the US EPA. The human and animal studies of TCE and immune-related effects provide strong evidence for the role of TCE in autoimmune diseases and in a specific type of generalized hypersensitivity syndrome. The critical study and the overall database on TCE-induced congenital cardiac defects (CCDs) have been criticized by some stake holders. The main issues raised by the critiques on TCE-induced CCD include:  (1) the apparent lack of a clearly defined dose-response relationship in the critical study, (2) the use of historical control values versus concurrent control values in the study, and (3) and the lack of strong supporting scientific evidence for TCE-induced CCDs. Additional criticisms have also been made and these are discussed. 
Although the critical study reporting CCDs has limitations, multiple studies in mammalian and avian models suggest that TCE or one or more of its metabolites (trichloroacetic acid and dichloroacetic acid) can cause cardiac teratogenesis. The avian studies are the most convincing, while oral and inhalation rodent studies have had mixed results suggesting either methodological (route of exposure, duration of exposure, analytical techniques), or strain differences.  A two-to three-fold increase in risk of congenital heart defects was found in multiple animal studies, and the most frequently found defects in the animal studies have also been reported in human populations exposed to TCE and other solvents (defects of the interventricular septae and the valves). In addition, mechanistic support is provided by studies in avian and mammalian cells demonstrating altered processes that are critical to normal valve and septum formation.  The NAS TCE review document stated that the combined animal and human evidence generates the greatest level of plausibility for TCE-induced congenital cardiac defects compared to many observed developmental adverse outcomes in other studies. However, the NAS recommended further low dose studies to replicate the effects observed in the critical study.  Until such studies are conducted, ORS concurs with US EPA that the current available weight of the scientific evidence on TCE-induced congenital cardiac toxicity is sufficient to warrant concern and the critical study is a reasonable basis for developing toxicity numbers.

Introduction 

The Massachusetts Department Environmental Protection’s (MassDEP’s) Office of Research and Standards (ORS) updates toxicity values and exposure limits for use in the Department’s programs, including standards applicable to hazardous waste sites, ambient air and drinking water for various chemicals, to reflect current science. In light of new scientific data and assessments by US EPA, MassDEP has reviewed the TCE toxicity values. The US EPA published its extensive toxicity review document and the Agency’s official cancer and noncancer toxicity numbers for TCE in its Integrated Risk Information System (IRIS) in 2011. The IRIS inhalation and oral noncancer and cancer risk numbers for TCE include a:
(1) chronic oral RfD of 0.0005 mg/kg/day,

(2) chronic inhalation RfC of 2 µg/m3,
(3) cancer oral slope factor of 5 x 10-2/mg/kg/day, and   

(4) cancer  inhalation unit risk value of 5 x 10-6 /µg/m3 

Both the cancer and the noncancer toxicity values issued by US EPA under the IRIS program are generally derived for chronic exposures (up to a lifetime). Toxicity values may also be derived for acute (≤ 24 hours), short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of lifetime) exposure durations, all of which are based on an assumption of continuous exposure throughout the duration specified. Unless noted otherwise, the RfD and RfC are derived for chronic exposure duration (US EPA 2011).
The current US EPA RfC and RfD were developed following an extensive review of the available human and animal toxicity data. The RfC is based on two noncancer toxicological endpoints reported in rodent drinking water studies: (i) decreased thymus weights in adult mice exposed for 30 weeks (chronic exposure duration (Keil et al. 2009); and (ii) increased fetal cardiac malformations in rats exposed only during gestation (short-term exposure duration) (Johnson et al. 2003). A candidate RfC of 3 µg/m3 based on toxic nephropathy (NTP 1988) supports the current RfC. The current RfD is also based on the above two critical endpoints plus a third endpoint showing decreased plaque forming cells (PFCs) and increased delayed type hypersensitivity in mice. In this study, mice were exposed to TCE in drinking water  in utero and in breast milk and in drinking water up to 3 or 8 weeks of age (subchronic exposure duration) (Peden-Adams et al., 2006).  Two other candidate RfDs, 0.0008 mg/kg/day for increased kidney weight in rats (Woolhiser et al., 2006), and 0.0003 mg/kg/day for increased toxic nephropathy in rats (NTP 1988) support the current RfD.
What is unique about the TCE noncancer toxicity values is that the numbers are derived from studies representing various exposure duration scenarios.  Although the US EPA (2011) TCE toxicity review documents have not clearly defined the application of the RfC and RfD for short-term exposure risk assessment, two separate US EPA regional offices, the Office of Solid Waste and Emergency Response (OSWER), Region 3, Region 9, have used the RfC to calculate response action levels (RALs) of 27 and 15 µg/m3, respectively, for commercial/business sites (Sullivan 2012). In a document released on December 13/2012, US EPA Region 10, Office of Environmental Assessment, recommended: (1) a chronic indoor air concentration of 8.8 µg/m3, representing a hazard quotient of 1.0, for a commercial/industrial setting;  (2) a short-term exposure criterion of 8.41 µg/m3,  when women of reproductive age may be present at any time in a commercial/industrial setting , representing  a hazard quotient of 1.0; and (3) a residential air criterion of  2.0 µg/m3 to protect against fetal cardiac malformations, averaged over 21 days, representing a hazard quotient of 1.0 ( US EPA, Region 10, 2012).   The Agency for Toxic Substances and Disease Registry (ATSDR) has also relied on the RfC to evaluate shorter term exposures risks to TCE at a site in MA.  RALs are typically used to define areas, contaminants, and/or conditions that may warrant an emergency or time-critical removal action at Superfund sites.  The development of these RALs triggered criticism from the Department of Defense (Sullivan, 2012),  some industry groups (Exponent and Geosyntec Consultants 2012), and the Alliance of Risk Assessment (ARA, Inside EPA,  August 22, 2012), questioning: (1) the use of a chronic RfC for acute exposure scenarios, (2) the validity of the critical study on fetal cardiac malformation and the overall strength of the weight of the scientific evidence supporting it, (3) the appropriateness the RfC and RfD derivation process and, (4) the inconsistency of the values derived by the two US EPA regional offices. The New York State Department of Health (NYS DOH 2006) has also expressed concerns regarding the critical study and the California Environmental Protection (CA EPA) did not use the Johnson et al. 2003 study in its 2009 Public Health Goal for TCE in drinking water due to concerns regarding the study dose response and inconsistency with findings of other labs. CA EPA more recently relied on the US EPA toxicity assessment in its decision to list TCE as a reproductive toxin under the State’s Proposition 65. US EPA Head Quarters has reportedly been working on national guidance regarding short-term exposures to TCE. As it is currently unclear when, or whether, such guidance will be issued, MassDEP has elected to address the issue.
This review is intended to reassess the available data presented in the US EPA (2011), the NAS (2006), NYS DOH (2006) documents, and the published literature on TCE-induced fetal cardiac toxicity to determine if the TCE RfC and RfD based on CCD as an endpoint are appropriate and can possibly be useful for short-term exposure duration risk assessment. 
Overall Characterization of TCE Toxicokinetics and Health Hazard (US EPA 2011, ATSDR 1997, NYS DOH 2006) 
Exposures to TCE may occur via the oral, dermal, and inhalation routes. Due to its high lipophilicity and high blood:gas partition coefficient, absorption of TCE from the respiratory tract and gastrointestinal system  is rapid and extensive in both animals and humans. Studies in animals indicate that exposure vehicle may impact the time-course of absorption: oily vehicles may delay absorption as the high solubility of TCE in oil may slow diffusion from the gastrointestinal tract into the blood stream. Once absorbed, trichloroethylene is distributed rapidly to various tissues. Fat tissue is an important storage compartment for TCE and accumulation of TCE in fat is believed to markedly influence TCE toxicokinetics.  TCE crosses the placenta and it is detected in breast milk. 

Metabolism is mainly in the liver and occurs fairly rapidly. Oxidation by cytochrome P-450 and conjugation with glutathione are the primary metabolic pathways. TCE metabolism in humans and laboratory animals is qualitatively similar. Most TCE metabolites found in experimental animals have also been detected in humans; however, rodents have a higher capacity to oxidatively metabolize TCE than the typical human. Chloral hydrate (CH), dichloroacetic acid (DCA), and trichloroacetic acid (TCA) are the primary toxic metabolites produced by the P-450 pathway and have been associated with liver and lung toxicity in rats and mice. TCA and DCA are also implicated in congenital cardiac toxicity in rodents and in avian species. Metabolites produced through the glutathione conjugation pathway are believed to be toxic in particular to the kidney. Metabolic products are excreted primarily in the urine, and unabsorbed or unmetabolized trichloroethylene and some volatile metabolites are exhaled in the breath.
Based on the available human epidemiologic data and experimental and mechanistic studies, it is concluded that TCE can potentially cause carcinogenic and noncarcinogenic effects in various organs in humans and animals. The noncancer toxicity target sites include the central nervous system, kidney, liver, immune system, male reproductive system, and developing fetus.  US EPA (2011) established an elaborate screening process (Figure A-1) to reduce the number of studies/endpoints to those that would best inform the selection of the critical endpoints that would ultimately serve as the bases for the RfC and RfD derivation. This screening process led to the identification of three critical studies: (1) Johnson et al. (2003) (developmental study on congenital cardiac defect in rats); (2) Peden-Adams et al. (2006) (developmental immunotoxicity study in mice that were exposed in utero and postnatally); and (3) Kiel et al. (2009) (immunotoxicity study in adult mice).  All three studies were selected as critical studies to base either the final RfC and RfD on. Based on various reviewed documents, the available human and animal studies of TCE and immune-related effects provide strong evidence for a role of TCE in autoimmune diseases and in a specific type of generalized immune effect and are not reviewed further by ORS.   The following sections summarize the available human and animal data relating to TCE-associated CCDs.   
Human studies 
Inhalation  
Reports suggesting associations between occupational TCE exposure and CCDs have not been identified. Some human studies showing an association between environmental TCE exposures and CCDs are summarized below. Data from inhalation and oral human exposures studies are also summarized in Tables A-1 and A-2.
Yauck et al. (2004) completed a case-control study and reported that the risk of congenital heart defects was about 3-fold greater among the offspring of older mothers (≥38 years old) residing within 1.3 miles of a TCE emitting facility (exposed OR = 6.2, 95% CI = 2.6–14.5) than among the offspring of other older mothers not residing within 1.3 miles of such a facility (non-exposed OR = 1.9, 95% CI = 1.1–3.5). Due to questions raised by critics (Scialli and Gibb, 2005) about summing all congenital effects together Yauck and McCarver (2005) further restricted analyses  to only those cases with atrial septal defects, ventriculoseptal defects, and atrioventricular canals (all conditions characterized by a similar etiology), and found that TCE exposure and older age were still associated with a greater OR for congenital heart defects (OR = 7.1, 95% CI = 2.7−18.7) than older age alone (OR = 2.1, 95% CI = 1.1−4.1). Limitations of this study include a lack of specific TCE exposure information and the small numbers of older women with children with congenital heart defects (n = 8).  
The New York State Department of Health, in conjunction with ATSDR, began an evaluation of health outcomes among residents living in areas of Endicott, New York, where soil vapor contamination with volatile organic compounds was identified. The preliminary studies found an association of TCE exposure from indoor air and congenital cardiac defects (ATSDR, 2006, 2008). The results of these ongoing studies were recently published by Forand et al. (2012).  The investigators identified two exposure areas based on environmental sampling data: one area was primarily contaminated with TCE, and the other with PCE.  TCE was the predominant contaminant in soil vapor in the TCE contaminated area. Data from all indoor air sampling showed TCE levels ranging from 0.18 to 140 µg/m3. In the area with the highest contaminant levels (the core area), the median indoor air level of TCE was 16 µg/m3. The US background indoor air concentrations for TCE is reported to range from the reporting limit to 1.1 µg/m3, with the 95th percentile ranging from 0.6 to 3.3 µg/m3. Eighty one percent of the indoor air levels in the core area in Endicott were > 0.6 µg/m3, and 67% were > 3.3 µg/m3.  In the TCE-contaminated area, adjusted rate ratios (RRs) were significantly elevated for cardiac defects in exposed offspring (RR = 2.15; 95% CI: 1.27, 3.62; n = 15). The strengths of this study include the use of well documented environmental and health outcome data, and statewide, individual-level birth data from the New York State Vital Statistics records. The use of individual-level birth data enabled analytic control for other risk factors, including the sex of the baby; maternal age, race, and education; parity; and adequacy of prenatal care. In addition, the use of a large population as a comparison population provided sufficient power to detect small associations between exposure and rare outcome.  A major limitation of this study is that exposure at the individual level was not measured. Another limitation is the small size of the study population. This study was not reported in the NYS DOH (2006) document. It is possible that the ATSDR Endicott study results may not  been available at the time of the NYS DOH (2006) publication. 
A possible association between maternal exposure to organic solvents (mostly degreasing agents)  during pregnancy and CDDs was investigated in 2310 CCD cases and 2801 controls in the Baltimore-Washington infant study.  Detailed  retrospective interviews provided information on the frequency, place, timing and type of maternal solvent exposures. Most solvent exposures occurred in the home, and were more frequent in mothers having children with CCD (4.1% ) than among controls  (2.5%), odds ratio (OR) = 1.6 (99% confidence interval = 1.1 - 2.4).  Specifity of diagnosis and the type of solvent exposure increased risk estimates. For all solvents, the OR for left sided obstructive lesions was 2.5 (1.3​​ - 4.7), but  for degreasing solvents (solvent type not specified, it could be TCE since it is predominantly used as a degreasing agent), the OR was 8.0 (2.0 - 31.7) for left sided lesions and 12.5 (1.6 -100) for aortic stenosis.  Adjustment for other environmental risk factors and family history of CCDs did not significantly alter these associations (Loffredo et al. 1991).  Limited conclusions can be drawn from this study because it was published as an abstract, the actual identity of the degreasing agent(s) is not specified, and individual exposure levels were not measured.
Oral 
Goldberg et al., (1990) studied a community in Tucson Valley, Arizona and found an increased prevalence of CCDs in children with exposure of either parent during the first trimester of pregnancy to well water contaminated with TCE. The wells were contaminated with TCE (range = 6 - 239 ppb), along with dichloroethylene (DCE) (5 - 10% of TCE levels) and chromium (level and form not specified). Residence in the contaminated drinking water area during the first trimester of pregnancy was associated with a statistically significant increased prevalence of CCD (6.8 per 1000 live births) compared to residence elsewhere in the Tucson Valley (2.64 per 1000 live births) (p < 0.001). The most commonly occurring defects among cases were noted as being ventricular septal defects (39%), pulmonary valve stenosis (11%), atrial septal defects (7%), and aortic valve stenosis (6%).  Bove et al. (2002) reanalyzed the Goldberg et al. (1990) study and also found a positive association. They calculated a prevalence ratio of 2.6 (95% CI = 2.0 -3.4) for cardiac defects among residents with first trimester TCE exposure before well closure compared to residents with no exposure from wells containing TCE over the same time period. The weakness in this study is that no individual consumption or exposure information was provided, but exposure was defined as parental residence in the drinking water contaminated area for at least 1 month before and during the first trimester (during cardiac organogenesis). 

Bove et al. (1995); Bove (1996) evaluated all live births (n = 80,938) and fetal deaths (n = 594) in residents of 75 towns in New Jersey during 1985–1988 possibly exposed to solvents in drinking water. Exposures were based on monthly estimates of specified chlorinated solvent and trihalomethane levels in tap water available from water companies serving the towns included in the study. The drinking water contained multiple trihalomethanes, an average of 55 ppb TCE, along with tetrachloroethylene, 1,1,1-trichloroethane, carbon tetrachloride, 1,2-dichloroethane, and benzene. A slight increase was seen in major cardiac defects (TCE >10 ppb: OR: 1.24, 50% CI: 0.75–1.94), including ventricular septal defects (TCE >5 ppb: OR: 1.30, 95% CI: 0.88 - 1.87). Limitations in this study include exposure to multiple contaminants in the water and individual exposures were not measured.
A residential study of individuals living near the Rocky Mountain Arsenal in Colorado examined reproductive outcomes in 75 men and 71 women exposed to TCE in drinking water (ATSDR, 2001). TCE exposure was classified as high (>10.0 ppb), medium (≥5.0–<10.0 ppb), and low (<5.0 ppb). The risk was elevated for the nine birth defects observed (OR: 5.87, 95% CI: 0.59–58.81), including one nervous system defect, one heart defect, and one incidence of cerebral palsy. This study, like the other epidemiological studies reported previously, suffers from lack of sufficient study subjects and poor exposure characterization.  

Other epidemiological studies (ATSDR 1998; Lagakos et al., 1986; MDPH/CDC/MHRI 1994), did not find associations between TCE exposure and CCDs.
Lagakos et al. (1986) studied the birth outcomes in East Woburn, Massachusetts, that were served between 1964 and 1979 by wells contaminated with trichloroethylene (267 ppb) and tetrachloroethylene (21 ppb). A health survey of 5,010 residents of Woburn (about 50% of the population) reported that, among the five cases of cardiovascular anomalies identified, there was no significant association with TCE (Lagakos et al., 1986), but due to the small number of cases, an absence of effect cannot be certainly established.
The Massachusetts Department of Public Health (MDPH/CDC/MHRI 1994) studied the same population in Woburn and evaluated the prevalence of structural birth defects retrospectively and prospectively. Over 4,500 hospital records were reviewed for the retrospective study, and over 11,000 for the prospective study. The study found increased prevalence of many other structural anomalies but not CCDs. However, ascertainment methods increased the possibility of a type II error (failure to reject a false null hypothesis) for many birth defects, particularly congenital heart disease (NAS 2006).
ATSDR (1998) studied developmental outcomes at the US Marine Corps Base at Camp Lejeune, North Carolina, where drinking water was contaminated with chlorinated volatile organic solvents including TCE. Concentrations of TCE ranged from 8 to 1,400 ppb. No cardiac anomaly or any other structural birth defect was reported in this study. Limitations to the ATSDR (1998) study include lack of proper exposure assessment and the possibility of exposure misclassification, unexposed mothers being included in the “exposed” population. Such exposure misclassification would decrease the power to detect a difference and lead to a bias toward the null (NAS, 2006).
Although the individual human studies have limitations, considered together, they provide suggestive evidence for an association between TCE exposure and CCDs. These studies have linked TCE exposures to cardiac defects involving valvular and septal structures.  There are also studies that did not show increased rates of CCD in exposed people. All these studies suffer from the typical limitations of epidemiology including potential exposure misclassification, confounding and limited statistical power to detect effects. Although the epidemiology is insufficient to conclude whether TCE does or does not cause CCD in humans the positive associations reported in several studies are a cause of concern and do not support discounting the animal and mechanistic data discussed below. 
Animal Studies 
A number of avian and mammalian studies to further explore causality and underlying mechanisms of TCE induced fetal cardiac toxicity have been conducted. The avian model is used for descriptions and mechanistic studies of heart development and teratogenesis (as well as for other organ system development) because of the conservation of developmental stages and perturbations across vertebrates, including birds and mammals. The avian model also enables investigators to see and access developing structures like the heart in ovo and in vitro (NAS 2006). Studies conducted using the avian and mammalian models are discussed below.

Avian
In laboratory animal models, avian studies were the first to identify adverse effects of TCE exposure on cardiac development, and the findings in this model have been confirmed in several studies.  Loeber et al. (1988) reported that chick embryos exposed to 2–28 µg TCE/g body weight at several stages of cardiac development produced more than three times as many heart malformations as untreated embryos. The observed cardiac defects included septal defects, conotruncal abnormalities, atrioventricular canal defects, hypoplastic ventricle, and abnormalities in cardiac muscle. 
Goldberg et al., (1992) injected fertilized eggs on day 3 of incubation with dichloroethylene (DCE) at a concentration of 5, 20, or 25 µmol (dose of 150, 600, or 750 pmol/egg). DCE and TCE share a common metabolite, dichloroacetic acid (DCA). The authors observed significant increases in cardiac anomalies including atrial and ventricular septal defects, malformations of all valves, and great vessel abnormalities in the treated groups.

Drake et al. (2006b) injected fertilized chicken eggs with 0.4 - 400 ppb TCE per egg during the period of cardiac valvuloseptal morphogenesis and found increased hypercellularity of progenitor cells of the valves and septa.  Similar outcomes were observed in embryos when the metabolites of TCE, TCA or TCOH (trichloroethanol), were administered during the critical window of avian heart development. The effects of TCA were more severe than for TCE (Drake 2006a). Drake et al. concluded that the chick embryo is extremely vulnerable when TCE exposure occurs during valvuloseptal morphogenesis. 

Rufer et al. (2008) exposed chick embryos during valvuloseptal morphogenesis to a single TCE level (mean egg concentration 0.4 - 4000 ppb) applied at a single developmental time point. They observed increased embryo mortality and cardiac defects in hatched chicks. The authors concluded that TCE is a cardiac teratogen for chick embryos and identified early valvuloseptal morphogenesis as a critical window for TCE teratogenicty.
Mammalian 
Studies conducted in avian models reported increased incidences of heart defects in chick embryos treated with TCE or its metabolites, and these defects were observed in the septa and valves of the heart.  Various in vivo mammalian studies were conducted to investigate if the effects observed in the avian models could be replicated in mammalian models, and these studies are discussed below. Summaries of all the reviewed animal studies are also presented in Tables A-3, A-4, A-5 and A-6.
Direct Uteral Infusion 

Dawson et al. (1990) continuously delivered saline solutions of TCE (0, 15 or 1500 ppm) or DCE (1.5 or 150 ppm) into gravid uteri of Sprague-Dawley rats on gestation days (GDS) 7 - 22. Hearts were examined using the strict protocol established in this laboratory that included blind study requirements. Individual hearts were dissected and evaluated using a light microscope with an attached TV camera and monitor. This allowed excellent visualization and manipulation. Initially, the heart was examined for any gross morphologic abnormalities from both dorsal and ventral aspects. The heart was then examined in a step by step protocol, which was detailed in the study and by Dawson et al. (1993). This method allowed visualization of the atrial septum, aortic and pulmonary vessels, semi-lunar and atrioventricular valves and the ventricular septum.  This thorough fetal heart examination technique was developed by the Dawson et al. group. Cardiac malformations were observed in 3% of control fetuses, 9% of the 15-ppm TCE fetuses (p = 0.18), and 14% of the 1,500-ppm TCE fetuses. (p = 0.03), 12% of the 1.5-ppm DCE (p= 0.054) and 21% of the 150-ppm DCE (p= 0.001). With a 100-fold increase in dose (for both TCE and DCE treated groups) a small increase in the percentage of defects was observed resulting in a shallow dose-response curve. A variety of cardiac defects (great artery defects, atrial septal defects, pulmonary valve defects, aortic valve defects, etc.) were detected with no particular combination of defect or syndrome predominating. 

Oral 
The direct intrauterine treatment results lead Dawson et al. (1993) to further examine the congenital cardiac effects of TCE using the more conventional oral exposure route. Sprague-Dawley rats (about 10/group) were treated with TCE (1.5 or 1100 ppm) in drinking water before conception only, during the full duration of pregnancy only, or both before and during pregnancy. Other groups were treated with dichloroethylene (DCE) (0.15 or 110 ppm) before conception only or both before and during pregnancy. Controls were administered tap water. All fetal hearts were evaluated as described previously by Dawson et al. (1990).  No cardiac anomalies were observed in animals exposed to TCE or DCE before conception.  In animals exposed before and during pregnancy, the percentage of cardiac defects in TCE-treated groups ranged from 8% to 9 %, and was statistically significant at TCE concentrations of  1.5  (p = 0.03) and 1100 ppm (p < 0.005) as compared to the control incidence of 3%.  In animals exposed during pregnancy only, effects were significant only at 1100 ppm (p = 0.01). In animals exposed to DCE both before and during pregnancy, cardiac malformations were observed in 11.6% of the 0.15-ppm DCE fetuses (p = 0.008), and 13% of the 110-ppm DCE fetuses. (p = 0.001). Similarly to the Dawson et al. (1990) study, the dose-response for both chemicals was rather shallow and several types of heart defects were found with no particular combination of defect or syndrome predominating.

Johnson et al. (2003) (the critical study used by the US EPA to derive the candidate RfC and RfD) treated pregnant Sprague-Dawley rats (9-12/group) with 2.5 ppb, 250 ppb throughout gestation (22 days). However, Johnson et al. (2003) also reported data from the two higher concentrations (1.5 and 1100 ppm) first reported in Dawson et al. (1993) (See previous section). The authors calculated doses of 0.0045, 0.048, 0.216 or 219 mg/kg/d corresponding to administered TCE concentration of 2.5 ppb, 250 ppb, 1.5 ppm, or 1100 ppm respectively 
The study used historical control data (that have been documented over several years) from the same laboratory. The cardiac dissection and examination techniques used in this study were similar to those used by Dawson et al. (1990, 1993). Results were reported both on a fetal basis (i.e., percentage of fetuses with heart defects) and on a litter basis (percentage of litters with at least one fetus with a heart defect). The results of this study showed that the percentages of abnormal hearts were 0 , 4.5% (p =0.04), 5% (p=0.14), and 10.5% (p <0 .001) at concentrations of 2.5 ppb, 250 ppb,1.5 ppm and 1100 ppm, respectively, with historical controls having 2.1% abnormal hearts. The proportions of litters with at least one fetus having a heart defect were 0%, 44% (p = 0.05), 38.5% (p = 0.08), and 67.7% (p < 0.001) among rats exposed to 2.5 ppb 250 ppb, 1.5 ppm, or 1100 ppm throughout gestation, respectively (Figures 1 and 2 ). The proportion of affected litters was 16% in a group of historical controls. The NOAEL identified in the study is 2.5 ppb (0.0045 mg/kg/d).  
Figure 1. Dose-Response Pattern for Treated and Control Fetus Groups
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Figure 2. Dose-Response Pattern for Treated and Control Litter Groups

[image: image2.png]Percentage of Ltters with

Abnormal Hearts

80

70

60

50

40

30

20

10

a4
38’
1
T 0 T T T
0 2.5ppb 250 ppb 1.5ppm 1100 ppm
0=55) (n=12) =9 (=13 (n=9)
(p=0.05) (p=0.08) (p <0.001)

TCF Concentration




. *Compared to Control, p = 0.08, **Compared to Control, p = 0.05, ***Compared to Control, p <0.001; 2.5 ppb  = 0.00045 mg/kg/day; 250 ppb = 0.048 mg/kg/day; 1.5 ppm 0.218 mg/kg/d; and 1100 ppm = 128.52 mg/kg/day.

Fisher et al. (2001) evaluated fetal heart defects in Sprague-Dawley derived CD® rats exposed to 500 mg/kg/day TCE or 300 mg/kg/d dichloroethylene (DCE) or TCA via soybean oil gavage on gestation days 6–15. Fetal hearts were examined and dissected using the Johnson et al. (2003) method with slight modification in the staining technique. Unexposed control rats were given soybean oil alone or water alone, respectively. The results showed no difference between TCE treated (60%, 12/20) and unexposed control (52%, 13/25, soybean oil) rats when the litter is used as a unit (Table A-6). However, the relatively high background rate of fetal heart defects in the comparison control group (52% in soybean oil) may have diminished the ability of the study to detect a TCE effect. They also found no difference in congenital cardiac anomaly between controls and DCE and TCA treated groups (Table A-6). The authors suggested that the slight differences in the heart dissection technique (i.e., the use of staining procedure), the use of a different rat strain, and the use of a different experimental protocol, particularly in regard to dosing method (oil gavage versus drinking water), and duration of exposure (during organogenesis versus entire pregnancy) could be responsible for the divergent results between their study and that of Johnson et al. (2003).  It is interesting to note that CCD in water controls was 3% (when the fetus was used as a unit) which is similar to water controls observed in the Dawson et al. (1990, 1993) studies using the fetus as a unit. Dawson et al. did not report the data on litters to determine the percent of affected litters.
Johnson et al. (1998a, b) treated pregnant Sprague-Dawley rats (8 - 20 rats per group) from GD1 until GD22 with DCE and various other metabolites of TCE (trichloroacetic acid (TCAA, 292 mg/kg/d), monochloroacetic acid (MCAA, 193 mg/kg/d), trichloroethanol (TCEth, 153 mg/kg/d), carboxy methylcystine (CMC, 58 mg/kg/d), trichloroacetaldehyde (TCAld, 151 mg/kg/d), dichloroacetaldehyde (DCAld, 21 mg/kg/d), and dichlorovinyl cystine (DCVC, 6 mg/kg/d)  in drinking water to determine the proximate metabolite(s) involved with fetal cardiac toxicity. Gross fetal cardiac examinations and microdissections were conducted as described in Dawson et al. (1990, 1993).  Fetuses of rats receiving TCA (291 mg/kg/d) (2,730 ppm) were the only group that demonstrated a significant increase in cardiac defects (10.53%) compared with controls (2.15%) on a per fetus basis (p = 0.0001, Fischer’s exact test), and on a per litter basis (p = 0.0004, Wilcoxon and (p = 0.0015, exact permutation tests). In the study by Dawson et al. (1993), TCE at 129 mg/kg/d (which is about half the concentration of TCA in this study) caused similar significant increases (10.5 %, p = 0.01) in CDD suggesting that the parent compound may be slightly more potent than the metabolite. However, a better comparison of the toxicity of the two compounds on the fetal heart could be made if dose-response studies are conducted at lower doses using each compound.  It is unclear whether the responses in both cases leveled off at the two high doses (129 mg/kg/d (TCE) and 291 mg/kg/d (TCA)) tested. TCA exposure was also associated with an increased number of implantation and resorption sites (p < 0.05) over controls. These effects were not observed in the rats treated with 1100 ppm TCE. It is not clear if higher levels of TCE in drinking water could cause such effects. Johnson et al. (1998a,b) concluded that their study supports the hypothesis that not only TCE but a metabolic breakdown product may cause selective cardiac teratogenesis in a mammalian model. The authors also pointed out that the low number of cardiac defects found in the other metabolite groups does not preclude the cardiac teratogenicity of these metabolites, but rather demonstrates that an increase could not be detected at the power level they used.
Smith et al. (1989) dosed Long-Evans rats with 0, 330, 800, 1200, and 1800 mg/kg/d TCA on GD6 –GD15.  Soft tissue anomalies in fetuses were examined using free hand razor-blade sectioning (Wilson, 1965). Significant (p < 0.05) congenital cardiac anomaly (5% at the low dose (300 mg/kg/d) and 95% at the highest dose 1800 mg/kg/d) ) was detected in fetuses of all treatment groups. The most common cardiac malformations observed were levocardia (extremely left sided heart) at ≥330 mg/kg-day and interventricular septal defect at ≥ 800 mg/kg-day.

Smith et al. (1992) performed two separate studies, where groups of about 20 rats each were treated by oral intubation with 0, 900, 1,400, 1,900, or 2,400 (first study) and 0,14,140, and 400 (second study) mg/kg/day DCA (calculated as the free acid) on days 6-15 of gestation. Distilled water was used as the vehicle control.  Soft tissue anomalies in fetuses were examined using free hand razor-blade sectioning (Wilson, 1965). This method of cardiac dissection is less sensitive than the dissection method used by Dawson et al. (1993) and Johnson et al. (2003). Cardiovascular anomalies were significantly increased (p < 0.05) at doses of 400 mg/kg/d and higher.  For DCA, levocardia was observed at ≥900 mg/kg-day, interventricular septal defect was observed at ≥1,400 mg/kg-day, and a defect between the ascending aorta and right ventricle was observed in all treated groups (i.e., ≥14 mg/kg-day, although the authors appeared to discount the single fetal finding at the lowest dose tested).
In a series of three studies, groups of 7-10 Long-Evans rats were treated (oral intubation) with 1,900 mg/kg of DCA on days 6-8, 9-11, or 12-15; with 2,400 mg/kg/d on days 10,11,12, or 13; and with 3,500 mg/kg/d on days 9,10,11,12, or 13, in an attempt to determine the most sensitive period and further characterize the heart defect. In a fourth study, six dams were treated with 1,900 mg/kg/d of DCA days 6-15 of pregnancy. No heart malformations were seen in the groups treated with 1,900 mgkg DCA days 6-8 but were significantly (p < 0.05) increased in the group treated on days 9-11 and 12-15, with the higher incidence occurring on days 12-15. Single doses of 2,400 mg/kg/d DCA given on days 10, 11, 12, or 13  resulted in significant (p < 0.05)  increase in CCD but at a much lower incidence compared to rats treated with 1900 mg/kg/d. The observed effects occurred only on days 10 and 12. The high dose of DCA (3,500 mg/kg/d) did not increase the incidence of heart defects than observed in the two lower doses, but showed that dosing on day 9 as well as on days 10 and 12 would produce significant (p < 0.05) defects. The defects seen in all cases were characterized as high interventricular septal defects (H-IVSD). 
Inhalation 
Several inhalation studies conducted in various species and strains of rodents, which were intermittently (6-7 hours/day, and sometimes only 5 times/week) exposed to TCE did not report congenital cardiac defects. The inhalation studies are briefly summarized below. 
Dorfmueller et al. (1979) exposed groups of female Long-Evans hooded rats before mating only, during pregnancy only (6 hours a day, 5 days a week), and throughout pre-mating, mating, and pregnancy to 1,800 ± 200 ppm TCE (6 hours a day, 7 days a week). No congenital heart defects were detected in this study. The authors used dissection and examination techniques (free hand razor sectioning) which are known to have a limited ability to detect heart defects (Claudio et al., 1999; Tyl and Marr, 2006; Sterz and Lehmann, 1985).
Schwetz et al. (1975), treated pregnant Sprague-Dawley rats and Swiss Webster mice (30 - 40 dams/group) with TCE via inhalation at a concentration level of 300 ppm (for 7 hours/day on GDs 6 - 15). They reported no soft tissue anomaly in animals exposed to TCE. No cardiac anomaly was explicitly described in the paper. As stated previously the examination technique they used, free hand razor sectioning, has a limited ability to detect heart defects if they did in fact examine the fetal heart.

Hardin et al. (1981) reported the results observed in Sprague-Dawley rats and New Zealand white rabbits exposed via inhalation to various chemicals including TCE. Exposure concentrations of 0 or 500 ppm (1395 mg/kg/day) TCE were administered for 6 - 7 hours/day, on GDs 1 - 19 (rats) or 1 - 24 (rabbits), and cesarean sections were conducted on GDs 21 or 30, respectively. These authors also used free-hand razor-blade sectioning for internal examination of visceral tissues. For TCE gross visible or internal (visceral) malformation was reported to be negative. It is not clear if fetal cardiac tissue was examined. However, the dissection method they employed is known to have limited ability to detect cardiac malformation. 

Healy et al. (1982) did not identify any treatment-related fetal malformations following inhalation exposure of pregnant inbred Wistar rats to 0 or 100 ppm (535 mg/m3) on GDs 8 - 21. No cardiac anomaly was reported, however, the incidence of total litter loss was significantly increased (p < 0.05). No description of the cardiac dissection method was provided.  
A more recent developmental study by Dow Chemical Company that was reported in 2001 (Dow Chemical Company 2001) was published by Carney et al. in 2006. Rats were exposed to 0, 50, 150 or 600 ppm TCE (140, 419 or 1675 mg/kg/d), respectively) for 6 hrs/day, seven days/week, on gestation days 6 - 20. Maternal necropsies were performed on GD 20 and approximately one half of the fetuses were examined for visceral alterations, including the heart, using the fresh in situ examination (‘‘Staple’s’’) technique. The authors stated that the technique they used is a fresh in situ technique involving a systematic necropsy of the fresh fetus requiring minimum equipment and time. The examination can be done immediately following cesarean section. No cardiac malformations were identified in treated fetuses. The notable differences between this study and those of Johnson and colleagues (Dawson et al., 1993; Johnson et al., 1998a, b; 2003) include: routes of exposure, heart dissection techniques, rat strains, experimental exposure periods (during organogenesis versus entire pregnancy). 

Taken together, available animal inhalation studies do not provide any evidence that inhaled TCE is a developmental cardiac toxicant in laboratory rodents. However, it is not understood why TCE related CCD was not detected in the inhalation studies compared to its observance in several drinking water studies.   These differences may well relate to the noted differences in experimental protocols (especially, continuous drinking water exposure as opposed intermittent inhalation exposure method) and the use of potentially less sensitive dissection techniques in many of the inhalation studies. The human studies report associations between environmental levels of TCE and CCD related to both ingestion and inhalation exposures. 
Mechanistic Studies Using Avian and Mammalian Cells
Interventricular septal and valvular defects are the most frequently detected abnormalities in animals that are exposed to TCE or its metabolites and are the most frequent type associated with TCE exposure in human. Progenitors of the valves and septa are formed by an epithelial-mesenchymal cell transformation of endothelial cells in the atrioventricular (AV) canal and outflow tract areas of the heart. Avian and mammalian studies discussed below are designed to study if TCE perturbs these processes, which would help elucidate the underlying mechanisms of TCE toxicity in the developing heart. 
Mishima et al. (2006) treated chick embryo cultures with 10 - 80 ppm TCE during critical cardiac developmental stages. TCE increased embryo mortality and a variety of gross malformations in a dose-dependent fashion. Examination of the hearts of the embryos revealed that TCE treatment significantly reduced the number of mesenchymal cells in both the superior and inferior atrioventricular (AV) cushions at 80 ppm. The endocardial cushions are a subset of cells found in the developing heart tube that will give rise to the heart's valves and septa critical to the proper formation of a four-chambered heart.
Hoffman et al. (2004, as cited in NAS 2006) exposed a whole chick embryo explant culture to TCE concentrations of 0, 10, 40, or 80 ppm, TCE (80 ppm) caused a reduction of total cells of the atrioventricular cushion (58.3% of the control value) and an altered distribution of mesenchymal cells within the cushion. The authors also tested trichloroacetic acid in their whole embryo explant systems, and it too altered the distribution of cells in the endocardial cushions (Hoffman et al. 2004 as cited in NAS 2006)). 
Collier et al. (2003) studied the effects of trichloroethylene, dichloroethylene, and trichloroacetic acid on gene expression in rat embryos during cardiac development. They found up-regulated transcripts including genes associated with stress response and homeostasis.
Down-regulated sequences appear to be associated with cellular housekeeping, cell adhesion, and developmental processes. 

Ou et al. (2003) treated proliferating bovine coronary endothelial cells culture with TCE at 0-100 μM and then stimulated the culture with calcium ionophore A23187 to determine changes in endothelial cells and endothelial nitric oxide synthase, nitric oxide, and superoxide anion generation. Trichloroethylene decreased concentrations of heat shock protein associated with endothelial nitric oxide synthase by 46.7% and inhibited vascular endothelial growth-factor-stimulated endothelial cell proliferation by 12% to 35%. The findings indicated that TCE altered endothelial and endothelial nitric oxide synthase function impairing vascular endothelial growth-factor-stimulated endothelial proliferation. Such changes in endothelial function play an important role in the development of heart defects.
Boyer et al. (2000) exposed an in vitro chick-atrioventricular canal culture to 50 - 250 ppm TCE. TCE affected several elements of epithelial-mesenchymal cell transformation which is the primordial step in valve and septum formation. The authors concluded that TCE may cause cardiac valvular and septal malformations by inhibiting endothelial separation and early events of mesenchymal cell transformation in the heart.

Hunter et al. (1996) used CD-1 mouse conceptuses (GD 9; 3 - 6 somites) culture to evaluate the developmental cardiotoxicity of the TCE metabolites DCA and TCA. DCA levels assessed were 0-14,680 μM; TCA levels used were 0 – 5,000 μM.  Both TCA and DCA caused cardiac defects at  ≥ 3,000 and ≥ 7,339 μM, respectively. The observed heart defects for TCA included incomplete looping, a reduction in the length of the heart beyond the bulboventricular fold, and a marked reduction in the caliber of the heart tube lumen.

In summary, mechanistic studies conducted in avian and mammalian test models indicate  that TCE and its metabolites can interfere in the early stages of cardiac valve and septum formation. 
Overall Conclusions Regarding the Weight of the Evidence.
Several human studies (oral and inhalation) provide suggestive evidence that children born to mothers exposed to TCE during pregnancy may exhibit an increased rate of congenital heart malformations. Specific septal and valve anomalies are the most frequently observed cardiac defects in humans reported to be associated with TCE exposure. Several animal models (avian and orally exposed rodent models ) show similar types of septal and valvular defects following exposure to TCE and its metabolites. Additionally, TCE and its metabolites have been demonstrated in a number of studies to affect mechanisms involved in normal heart organogenesis. Taken together, the data reviewed above is consistent with a causal relationship between exposure to TCE and its metabolites and CCD in the offspring of exposed mothers. 
Dose-Response Assessment and Derivation of RfD and RfC Values
The US EPA stated that individual animal data were kindly provided by Dr. Johnson, and stated that Cochran-Armitage trend tests performed using number of fetuses and number of litters indicated significant increases in CCD response with dose (with or without including the highest dose) (US EPA 2011). The data reported by the authors also showed that the percentages of fetuses or litters with heart abnormality were significantly increased at the highest and medium dose levels (Figures 1 and 2). The data based on number of fetuses (Figure 1) were used for dose response analysis by US EPA (2011).  Based on the measures of goodness of fit, the model based on dropping the high dose was preferred and a benchmark dose analysis using the nested log-logistic model was performed either using the applied or internal dose metrics calculated using the rat PBPK model or the applied dose in the study.  The internal dose metrics point of departure (idPOD) and the applied dose POD were then determined at a 1% benchmark response (BMR) level. The 1% BMR level was selected because CCD is considered a serious effect that can cause mortality. The preferred internal dose-metric was the total amount of oxidative metabolism of TCE scaled by the ¾ power of body weight (TotOxMetabBW3/4). This dose-metric was considered reasonable because several studies reported that prenatal exposure to the TCE oxidative metabolites TCA or DCA also induced heart malformations, suggesting that oxidative metabolism is involved in TCE-induced heart malformations. However, there are inadequate data across species to quantify the dosimetry of DCA, and it is also unclear if other products of TCE oxidative metabolism are involved. Therefore, TotOxMetabBW3/4 was selected as the primary dose-metric (US EPA 2011). 
 Separately, the human PBPK model was run for a range of continuous exposures from 10-1 to 2 × 103 mg/kg/day or ppm to obtain the relationship between human exposure and internal dose for the same dose-metric used for the rodent. The human equivalent dose or concentration (HEC99 or HED99) corresponding to the idPOD was then derived by interpolation. The HEC99 or HED99 is the concentration or dose below which a sensitive individual would likely not experience adverse effects, as the overall 99th percentile of the combined uncertainty and variability distribution was used for deriving the HEC99 and HED99 (Figure A-2). The use of HEC99 or HED99 replaces the pharmacokinetic components of the uncertainty factors (UFs) for animal to human extrapolation (UFA) and for human variability (UFH).   A composite UF of 10 (3 to account for animal and human pharmacodynamic differences, and 3 to account for human toxicodynamic differences) was applied to the HED99 or HEC99 to derive the RfD or RfC. 

The following tables (Tables 1 and 2) summarize the RfD and RfC derivation processes based on congenital cardiac effects.
Table 1. RfD Derivation Derivation for TCE Using Congenital Cardiac Defects as an Endpoint
	Study
	Oral Dose (mg/kg/d)
	Internal dose metric  POD (idPOD)1
 (TotOxMetabBW 3/4)

(mg/kg¾/d)

	HED992
(mg/kg/d)
	RfD (mg/kg/d) =

HED99  ÷ UF (total)

	Johnson et al. (2003) 

Species  (rat)

Strain (Sprague-Dawely ) 

Exposure: drinking water throughout gestation (GD1-GD22)

Effect: incidence of fetuses with CCD
	0

0.00045 (2.5 ppb)
0.048      (250 ppb)
0.218       (1.5 ppm)
128.5        1100 ppm)
	0.0142 1
	0.0051
	0.0051 ÷ 10

0.00051 

UF (total) = 10

UFA =3

UFH = 3


1idPOD =0.0142 mg TCE metabolized by oxidation/kg¾/d, which is the BMDL from BMD modeling using PBPK model-predicted internal doses, with the highest dose group (1,000-fold higher than next highest dose group) dropped, and pup as unit of analysis, BMR = 1% 

(due to severity of defects, some of which could have been fatal), and a nested Log-logistic model to account for intra-litter correlation.

2 HED99 = 0.0051mg/kg/d (lifetime continuous exposure) derived from combined interspecies, intraspecies, and route-to-route extrapolation using PBPK model. 

3UFA = 3 to account for animal to human pharmacodynamic differences. PBPK model was used to address the pharmacokinetic components of the UFs representing interspecies extrapolation.

3UFH = 3 to account for human variability in pharmacodynamics. The human PBPK model was used to address the pharmacokinetic components of the UFs representing intraspecies extrapolation.
Table 2. RfC Derivation for TCE Using Congenital Cardiac Defect as an Endpoint 
	Study
	Oral Dose (mg/kg/d)
	Internal dose metric  POD (idPOD)1
 (TotOxMetabBW 3/4)
(mg/kg¾/day)
	HEC992
(ppm)
	RfC (ppm) =
HED99  ÷ UF (total)

	Johnson et al. (2003) 

Species  (rat)

Strain (Sprague-Dawely ) 

Exposure: drinking water throughout gestation (GD)-GD22)

Effect: incidence of fetuses with CCD
	0

0.00045  (2.5 ppb)
0.048      (250 ppb)
0.218      (1.5 ppm)
128.5       (1100 ppm)
	0.0142 1
	0.0037
	0.0037 ÷ 10

0.00037 (2 µg/m3)


UF (total) = 10

UFA =3

UFH = 3


1idPOD =0.0142 mg TCE metabolized by oxidation/kg¾/d, 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%  (due to severity of defects, some of which could have been fatal), and a nested Log-logistic model to account for intra-litter correlation.

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

3UFA = 3 to account for animal to human pharmacodynamic differences. PBPK model was used to address the pharmacokinetic components of the UFs representing interspecies extrapolation.

3UFH = 3 to account for human variability in pharmacodynamics. The human PBPK model was used to address the pharmacokinetic components of the UFs representing intraspecies extrapolation.
Discussion
As described previously, the Johnson et al. (2003) study, showing TCE-induced cardiac teratogenesis, and the supporting data have been criticized by various groups. The major issues regarding the study raised by the critics include:
1. the use of historical control data that were accumulated over several years;
2. the reporting of septal defects as anomalies while they may actually have been related to the cardiac examination procedure or possible delays in development;
3. the reporting of positive cardiac teratogenicity only by single group of investigators while several other rodent studies report negative results; 
4. the use of widely spaced dosing regimens and the shallow dose-response curves observed in the study;
5. statistical analysis on per-fetus basis rather than on per-litter basis; 

6. the lack of thorough evaluation of the weight of the scientific evidence by the US EPA (2011) prior to using TCE-induced teratogenicity as an endpoint; 
7. questions and concerns raised by the NYS DOH (2006) on the Dawson et al.(1993) and the Johnson et al. (2003) studies regarding dose rate estimates, maternal body weight, statistical design and missing data. 
8. questions and concerns raised by the Alliance of Risk Assessment (ARA) experts about science policy choices made by US EPA (2011) that appear to be new and more conservative than what is normally used to set RfCs. All the above issues are discussed in the following sections.

(1) Historical Controls: 
An errata published in a 2005 issue of Environmental Health Perspectives regarding the historical control data in the Johnson et al. (2003) study stated that the cardiac teratogenicity study was a continuous study conducted over a long period of time, and the authors compiled the data from the controls of several treatment groups and analyzed the control "sets" comparing the data to each other before being combined (Brogan and Partners, 2005).  This analysis demonstrated that the control values were statistically consistent across and throughout all the treatment groups. In support of the control values observed in the Johnson et al. laboratory, Fisher et al. (2001) found a control heart malformation incidence rate (2.9%) similar to the concurrent control value reported by Dawson et al. (1993) (3%), which is one of the cardiac teratogenicy studies reported by the Johnson et al. group. Fisher et al. used soybean oil and water as dosing vehicles and this comparison pertains to the results of water controls (Table A-6).  While the US EPA (1991) developmental guidance document recommends that precedence should be given to the use of concurrent control data for comparison with treated groups,  it also states that  historical control data can be useful if the data are from the same laboratory and subtle changes over time that may have resulted from genetic alterations in the strain or stock of the species used, changes in environmental conditions both in the breeding colony of the supplier and in the laboratory, and changes in personnel conducting studies and collecting data  are carefully examined. The statistical consistency that Johnson et al. observed in the analysis of the control data collected over time suggests that significant changes in these parameters did not occur. 
(2) Atrial Septal Defects  


It is not clearly explained in the Exponent and Geosyntec Consultants (2012) document why the authors concluded that the atrial and septal defects observed in the cardiac teratogenicty studies could be artifacts of the cardiac examination procedure or possible delays in development. Atrial and ventricular septal defects are the major anomalies observed in animal studies conducted by Johnson et al. (1998a, 1998b); Smith et al. (1989); Smith et al. (1992); Epstein et al. (1992); and Johnson et al. (2003). Similarly to the animal studies, Goldberg et al. (1990); Bove et al. (1995): and Yauck et al. (2004) reported septal defects in humans exposed to TCE and other solvents by inhalation or though ingestion of contaminated water.  

(3) Laboratories Reporting Positive and Negative Results

While it is true that the Johnson et al. group are the only ones that reported associations between TCE exposures and CCDs in rats, Smith et al. (1989, 1992) and  Epstein et al. 1992) performed similar drinking water studies on TCE metabolites, DCA and TCA, in rats and observed CCDs in the exposed animals. An association between TCA and CCD has also been reported by Johnson et al., 1998a, 1998b), which has been replicated by Smith et al. (1989, 1992) and Epstein et al. (1992). However, several other oral and inhalation studies found no CCDs in TCE exposed animals. 

As described previously, a gavage study by Fisher et al. (2001) did not find CCDs in exposed animals, although it used the same heart examination technique and a higher TCE dose than used by Johnson et al. (2003). Observed differences that may partly explain the variable results between the studies include: high background rates of CCDs in concurrent control animals, the use of oil as a vehicle (oil is known to delay absorption) instead of water, the use of gavage bolus dose versus drinking water ad libitum, experimental exposure period (during organogenesis versus entire pregnancy), and the use of a different rat strain. Other reasons that may contribute to the variable results are unknown.  The Fisher et al. (2001) study does not constitute a comparable replication of the Johnson et al. work. The Fisher et al. study is also inconsistent with other oral studies that showed developmental effects other than CDD. These include neonatal deaths (Manson et al., 1984); fetal eye defects (Narotsky and Kavlock, 1995; Narotsky et al., 1995); decreased numbers of myelinated fibers in 21–day old pups and increased activity in 60–day old pups, (Isaacson and Taylor, 1989; Noland-Gerbec et al., 1986; Taylor et al., 1985); decreased body weight in 21–day old pups (NTP, 1985; 1986) and altered open field activity in 45–day old pups (NTP, 1986); and reduced rearing in 60–day old pups (Frederiksson et al., 1993)  

In humans, positive associations between TCE exposure and CCD were observed in studies addressing both inhalation and oral exposures (Goldberg et al. 1990; Bove et al.,1995; Bove et al., 2002); Yauck et al, 2004; Forand et al., 2012).  However, the animal data that showed positive associations between TCE exposure and CCDs were all oral exposure studies (Smith et al.1989, 1992; Dawson et al., 1990, 1993; Epistein et al., 1992; and Johnson et al., 2003).  In contrast, all the available rodent inhalation studies (Schwetz et al., 1975; Dorfmueller et al., 1979; Hardin et al., 1981; Healy et al., 1982; Dow Chemical Company- Carney et al. 2006) showed negative results. 

The  major differences between the inhalation studies and the oral Johnson et al. (2003) study include route of exposure, cardiac dissection and evaluation techniques, intermittent inhalation exposures (6-7 hours/day, sometimes 5 day/week versus drinking water exposure ad libitum), experimental exposure period (during organogenesis versus entire pregnancy), and strain and species differences. The older studies used a heart dissection technique (free hand razor sectioning) which has a limited ability to detect heart defects.  The Dow Chemical Company study used a heart dissection and evaluation technique that was an improvement over the free hand razor dissection method and still found no CCD in treated animals. The question then is, can the consistent lack of TCE-induced CCD in rodents when exposure is through inhalation be explained by methodological differences only? The NYS DOH has also noted that animal studies suggest that oral doses of TCE can cause developmental toxicity, and the data are more consistent than data derived from inhalation studies. Seven oral study groups have reported an association between an indicator of developmental effects in rats or mice and TCE exposure. These include neonatal deaths (Manson et al., 1984), fetal eye defects (Narotsky and Kavlock, 1995; Narotsky et al., 1995); fetal heart defects (Dawson et al., 1993; Johnson et al., 1998a; 2003); decreased numbers of myelinated fibers in 21–day old pups and increased activity in 60–day old pups (Isaacson and Taylor, 1989; Noland-Gerbec et al., 1986; Taylor et al., 1985); decreased body weight in 21–day old pups (NTP, 1985; 1986); altered open field activity in 45–day old pups (NTP, 1986); and, reduced rearing in 60–day old pups (Frederiksson et al., 1993).  As opposed to the all inhalation animal studies, which did not find CCDs in treated animals, only two oral studies did not find effects (Cosby and Dukelow, 1992; Fisher et al., 2001). These differences warrant further investigation.

(4) Shallow Dose-Response Curve
The incidences of heart malformations at trichloroethylene concentrations of 1.5 (0.218

mg/kg/day) and 1,100 ppm (128.52 mg/kg/day) (almost three orders of magnitude greater) in the Johnson et al et al. (2003) study were 5% and 10.5% respectively.  The avian studies show modest increases in CCD as the TCE doses increase, with a declining responses at the highest doses tested (Hardin et al. 2005). This may be because the metabolic system that generates the proximate toxicant or other toxicokinetic parameters may be overwhelmed. Because of the wide dose spacing in the Johnson et al. study, it is hard to determine the true dose-response curve. This issue can only be resolved by additional low dose studies using narrowly spaced dosing regimens.  Although the dose-response curves are shallow over the tested dose range, the observed effects are statistically significant at 250 ppb (0.048 mg/kg/day) and 1100 ppm (128.52 mg/kg/day) (Figures 1 and 2). Although an elevated response was reported, statistical significance was not achieved at 1.5 ppm (0.218 mg/kg/day). Although statistical analyses are important in determining the effects of a particular agent, the biological significance of data is most relevant. Apparent trends with dose may be biologically relevant even though pair-wise comparisons do not indicate a statistically significant effect. This may be true especially for the incidence of malformations or in utero death because of the low power of standard study designs in which a relatively large difference is required to be statistically significant (US EPA, 1991).
(5) Statistical Analysis
The US EPA (1991) developmental guidance recognizes the litter as the experimental unit in most developmental toxicity studies, since fetuses or pups within litters do not respond independently. The statistical analyses used are generally designed to analyze the relevant data based on incidence per litter or the number of litters with a particular endpoint. In agreement with the guidance document, Johnson et al. (2003) have performed statistical analysis using the fetus or the litter as the unit of assessment and found similar statistical results (Figures 1 and 2; See page 14).  Since individual animal data were provided by Dr. Johnson to the  US EPA, the agency also ran Armitage trend tests using number of fetuses and number of litters and found  significant increases in response with dose (with or without including the highest dose). However, it is not clear if US EPA performed pairwise statistical comparisons comparing the treated to the control groups in the two data sets.  US EPA ultimately used frequency of rat fetuses having cardiac defects as the endpoint for the derivation of the RfC. The Agency did not discuss why it chose the fetus as the unit for data analysis instead of the litter, which is recommended in its 1991 guidance document for developmental toxicity risk assessment, especially since the trend analysis gave significant increases in response using the litter data as well. The NYS DOH (2006) found close statistical significance at 0.250 ppm (0.048 mg/kg/day) (p = 0.07), 1.5 ppm (0.218 mg/kg/day) (p = 0.09) and clear statistical significance at 1100 ppm (128.52 mg/kg/day) (p < 0.01) using the litter results. If similar PODs were used with the fetus data, similar toxicity values would be obtained by the NYS DOH (2006) and the US EPA (2011) (see the section on NYS DOH (2006) below).   
(6) Weight of the Scientific Evidence
The US EPA (2011), NAS (2006) and NYS DOH (2006) documents extensively evaluated and interpreted the available human and animal data on TCE and cardiac teratogenicty.  It seems the US EPA’s decision to use the data on congenital cardiac teratogenicy as a basis for the RfC and RfD development was driven by the strength of the overall weight of the scientific evidence even though the critical study has limitations. Discussions regarding the weight of the scientific evidence by the different groups are summarized below. 

US EPA identified fetal heart defects as an important developmental endpoint because congenital heart defects in humans have been associated with TCE exposures in epidemiologic studies of several different human populations (Tables A-1 and A-2). The epidemiological studies, while individually limited, as a whole show relatively consistent increases, some of which were statistically significant in the incidence of cardiac defects in TCE-exposed populations compared to reference groups. In laboratory animal models, several avian studies showed adverse effects of TCE exposure on cardiac development. Additionally, maternal oral exposures of TCE and its metabolites, TCA and DCA during gestation induced cardiac malformations in rat fetuses (Tables A-3 and A-4) in several experiments. Moreover, mechanistic studies, such as treatment-related alterations in endothelial cushion development observed in avian in ovo and in vitro studies, provide a plausible mechanistic basis or mode of action (MOA) for TCE defects in septal and valvular morphogenesis. This supports the plausibility of cardiac defects induced by TCE in humans.  Studies using mammalian hearts and cells provided evidence that suggests TCE alters expression of several genes important to heart development, and thus, provided additional evidence for a plausible MOA for TCE-induced heart defects.

(7) NYS DOH (2006)

The NYS DOH identified several concerns with the Dawson et al. (1993) and Johnson et al. (2003) studies, including possible discrepancies in dose rate estimates and maternal bodyweights, limitations in statistical design and missing control data. 

Dawson et al. (1993) and Johnson et al. (2003) reported results for the same groups of animals exposed to 1.5 ppm and 1100 ppm TCE in drinking water during pregnancy.  Johnson et al. (2003) estimated dose rates of 0.218 and 129 mg/kg/day for the two dose groups, respectively, based on daily intake rates of TCE and average body weights of animals. 
The NYS DOH independently calculated the dose rate to be 0.185 and 68.1 mg/kg/day for the two dose groups, respectively, using the mid-point between initial and final body weights.  This data indicates that  the RfC determined by the US EPA using the higher dose levels could be less conservative than what it would have been if the lower doses estimated by NYS DOH were used.  As summarized in Tables A-7 and A-8both Dawson et al. (1993) and NYS DOH (2006) found statistically significant differences between the treated and control groups only at the highest concentration (1100 ppm), although the p value was lower in the NYS DOH analysis.  The NYS DOH identified the study NOAEL and LOAEL when the litter is the unit of analysis to be 1.5 ppm and 1100 ppm TCE, respectively. The NYS DOH selected the Dawson et al. (1993) study (both during gestation only exposure and prior to pregnancy and during pregnancy exposure data) as a supporting study and calculated air criteria ranging from 11 - 84 µg/m3. The ranges are different because various dose-metrics (applied exposure level (mg/m3); internal dose metrics (peak TCE levels (as mg/L) or AUC TCE (as mg-hour/L) and peak TCA levels (as mg/L) or AUC TCA (as mg-hour/L)) were used in the risk assessment process. The BMR level chosen was 10%, however the NYS DOH did not provide justification for its choice. The 10% BMR is the only value used for all dose-response analyses in the document (when data permit) irrespective of the severity of the observed endpoints. It is interesting to note that if a 1% BMR level was selected by the NYS DOH as a POD (as done by US EPA), the calculated air criteria based on the Dawson et al. (1993) study would range from about 1.1 µg/m3 to 8.3 µg/m3 depending on the  various dose-metrics used. The lowest end of the range is about 2 times lower than the RfC derived, using the Johnson et al. (1993) study, by US EPA (2011). 

Johnson et al. (2003) reported the proportion of fetuses with heart defects among rats exposed to TCE in drinking water at 2.5 ppb and 250 ppb (0.00045 and 0.048 mg/kg/day) along with the proportion of affected fetuses among rats exposed to 1.5 and 1100 ppm (0.218 and 128.5 mg/kg/day) reported earlier by Dawson et al. (1993) (Table A-7). The proportion of affected fetuses in the 250 ppb exposed group was significantly increased over the control value (p = 0.04). However, independent NYS DOH analyses of the data (Table A-8) indicated that the difference in the proportion of affected fetuses between the control and 250 ppb exposed group was not statistically significant (Fisher’s exact test, one-tailed p = 0.13). NYS DOH analyses also showed that the proportions of affected fetuses for the previously reported 1.5 and 1100 ppm (0.218 and 128.5 mg/kg/day) groups were significantly higher than the proportion of affected fetuses in the historical control group (Fisher’s exact test, one tailed p = 0.04 and p < 0.01, respectively). The NYS DOH also found that proportion of affected litters were significantly higher for 1100 ppm (128.5 mg/kg/day) (p < 0.01) and increased for 250 ppb (0.218 mg/kg/day) (p = 0.07), and 1.5 ppm (p = 0.09). Despite the observed trend they observed in the Johnson et al. study using the litter as a unit, the NYS DOH did not consider the Johnson et al. (2003) data set further as data associated with the 2.5 ppb and 250 ppb groups had not been reported by Dawson et al. (1993) previously and data on concurrent controls were not presented. 

In summary, both the US EPA and the NYS DOH were provided with the raw data by the Johnson et al. group. However, the US EPA, while recognizing the limitations of the Johnson et al. (2003) study, found no sufficient reason to dismiss the data, while the NYS DOH rejected the Johnson et al. study based on the fact that the low dose groups (2.5 ppb and 250 ppb groups (0.00045 and 0.048 mg/kg/day)) had not been reported by the group previously and data on concurrent controls were not presented. Instead they chose the Dawson et al. (1993) study as the supporting study. The US EPA defined that CCD is a serious effect that could result in mortality and chose a BMR of 1% as an appropriate POD to use. The NYS DOH chose a 10% BMR, although it acknowledges that CCD is an important developmental endpoint.  

MassDEP also recognizes the methodological limitations of the critical study of Johnson et al. (2003), but like the US EPA and the SAB, believes that the weight of the scientific evidence, including the mechanistic studies, lend sufficient evidence to consider TCE as a cardiac teratogen. We concur with US EPA that the Johnson et al. (2003) study should be considered a reasonable basis for use in the derivation of RfC and RfD values for TCE to protect pregnant women and their fetuses. Further studies using oral and inhalation protocols, in particular to replicate the Johnson et al. work, by the National Toxicology Program, should be conducted.
(8) Alliance of Risk Assessment (ARA) (Inside EPA, August 22, 2012)
In August 2012, The Alliance for Risk Assessment (ARA), a group of environmental consultants and other risk experts agreed to industry request to review US EPA’s new regulatory policies on TCE.
The industry group raised two major concerns and questions about the TCE toxicity values in addition to concerns that it has about the adequacy of the congenital cardiac teratogenicity data. The adequacy of the cardiac teratogencity data was discussed previously. The other two ARA concerns include: (1) the appropriateness of the use of new science policy, including the use of the harmonized PBPK model, for TCE risk assessment without vetting the applicability of such new science policy, and (2) the appropriateness of many of the choices that US EPA made such as the use of the 99th percentiles, or multiple layers of modeling that may add a wide margin of safety leading to a conservative RfC. The ARA suggested that the risk analysis be done using the traditional approach (i.e.  NOAEL/LOAEL adjusted by appropriate uncertainty factors) to see if the process used by the US EPA (2011) added an additional margin of safety beyond what is required. 
Regarding the new science policy issue which seems to mainly include the use of the PBPK modeling, the US EPA and the US Air Force jointly sponsored an integration of the Fisher, Clewell, and Bois modeling efforts to come up with a harmonized PBPK model (US EPA 2011).  As part of this effort, a comprehensive Bayesian PBPK model-based analysis of the population toxicokinetics of TCE and its metabolites in mice, rats, and humans was conducted. The Bayesian analysis provides variance estimates for all model parameters that represent both interindividual variability as well as parameter uncertainty. The NAS (2006) found this harmonized model to be a reasonable extension of the Fisher and Clewell models and concluded that it is the best model available.
To address the second issue that industry raised about the conservativeness of the 99th percentile RfC and RfD values, ORS derived RfDs based on the LOAEL/NOAEL approach and benchmark dose analysis using applied or internal dose-metrics (The US EPA’s preferred approach). The selected BMR level for the applied or internal dose-metric included 1%, 5%, or 10%, and the RfD derivation process using these approaches are discussed in following section. 
Comparative Evaluation of TCE Toxicity Values Derived Using the NOAEL/LOAEL, BMD, or PBPK Model Approach
The NOAEL/LOAEL Based Analysis 
In the Johnson et al. study the TCE doses administered to rats included: 0, 0.00045 mg/kg/d (2.5 ppb), 0.048 mg/kg/d (250 ppb), 0.218 mg/kg/d (1.5 ppm) , and 129 mg/kg/day (1100 ppm). It is hard to determine the NOAEL in this study as a significant elevation in CCD was observed at 0.048 mg/kg/day while the effect at the next higher dose of 0.218 mg/kg/day was not significant (see Figures 1 and 2).  However, no CCD was observed at 0.00045 mg/kg/day (2.5 ppb). If this dose is considered as a NOAEL and adjusted by a total uncertainty factor of 100 (10 for animal to human extrapolation, and 10 to account for human variability) the RfD will be 4.5 x 10-6 mg/kg/day (Figure 3) which is two orders of magnitude lower than the 99th percentile RfD value of 0.0005 mg/kg/day derived using PBPK modeling. Even if the 0.048 mg/kg/day (250 ppb) is considered as the NOAEL as proposed by the NYS DOH using the fetus as a unit (Table A-8, Column 4) and a similar total uncertainty factor of a 100 is applied, the RfD will be 0.00048 mg/kg/day which is close to the current IRIS 99th percentile RfD value of 0.0005 mg/kg/day.
Benchmark Dose Analysis Based on Applied Dose Metric 
The US EPA (2011) used a benchmark dose analysis of the applied dose in the Johnson et al. study and identified POD (BMDL) estimates of 0.021, 0.110, or  0.228 mg/kg/day at 1%, 5%, or 10% BMR level respectively. If a total uncertainty factor of a 100 (10 for animal to human extrapolation, 10 to account for human variability) is applied to each POD (BMDL) determined at 1%, 5%, or 10%, the RfD would be 0.0002, 0.0011, or 0.0023 mg/kg/day respectively (Figure 3). If in fact the study NOAEL is 0.00048 mg/kg/day as reported in the Johnson et al. study, only the RfD based on 1% BMR level (0.0002 mg/kg/day) is slightly below the NOAEL while the other two values are slightly higher than the NOAEL, but all are below the study LOAEL of 0.048 mg/kg/day. The results of this analysis are also tabulated in Table A-9 in Appendix A.
Benchmark Dose Analysis Based on the Preferred Internal Dose Metrics

As described previously, the preferred dose metric for analyzing the TCE-induced risk for CCD is total oxidative metabolism scaled by the ¾ power of body weight (TotOxMetabBW3/4).  The PBPK model based animal median internal dose metric at the 1%, 5%, or 10% BMR level was extrapolated to the 99th percentile human equivalent dose using the human PBPK model. The 99th percentile human equivalent doses at the 1%, 5%, or 10% BMR level were 0.0052, 0.0286, or 0.0572 mg/kg/day, respectively. A composite uncertainty factor of 10 (3 each to account for interspecies and intraspecies pharmacodynamic variability, since pharmacokinetic differences were accounted for by the PBPK model) was applied to the human equivalent POD and the resulting RfDs at the 1%, 5% or 10% BMR level were 0.00052 (current RfD, Table 1), 0.00286, or 0.00572 mg/kg/day, respectively (Figure 3 – grey shaded bars at 1, 5, or 10% response level). The results of this analysis are also tabulated in Table A-9 in Appendix A.
The RfDs based on the NOAEL, the applied dose or internal dose PODs and appropriate uncertainty factors are 4.5 x 10-6 mg/kg/day, 0.0002 mg/kg/day or 0.00052 mg/g/day respectively.   
In summary, the above calculations indicate that the RfD estimated using the PBPK model that accounts for human variability and data uncertainties (sensitive individuals represented by the distribution of an upper percentile of the population i.e., 99th percentile value) could actually be much higher than the RfD derived using the NOAEL approach. ORS concurs with US EPA that the PBPK modeling approach is an appropriate method.
Figure 3.  Reference Doses Based on Different Points of Departure and Dose Metrics
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APPENDIX A- Tables and Figures
Table A-1. Summary of the Developmental Cardiac Toxicity of TCE in Humans Exposed by Inhalation
	Subjects
	Exposure
	Effect
	Reference

	Births to residents of Endicott, New York 1983–2000f 
	Indoor air from soil vapor: 0.18–140 mg/m3
	No increase in total birth defects: 

RR: 1.08, 95% CI: 0.82–1.42 

Increase in total cardiac defects: 

RR: 1.94, 95% CI: 1.21–3.12 

Increase in major cardiac defects: 

RR: 2.52, 95% CI: 1.2–5.29 

Increase in conotruncal heart defects: 

RR: 4.83, 95% CI: 1.81–12.89 
	ATSDR (2008, 2006) 

   Forand et al., 2012

	4,025 infants born with congenital heart defects in Milwaukee, Wisconsin 

1997–1999 
	Maternal residence within 1.32 miles from at least one TCE emissions source
	Increase in congenital heart defects for mothers ≥38 yrs old 

Exposed: OR: 6.2, 95% CI: 2.6–14.5 

Unexposed: OR: 1.9, 95% CI: 1.1–3.5 

No increase in congenital heart defects for exposed mothers <38 yrs old: OR: 0.9, 95% CI: 0.6–1.2 
	Yauck et al. (2004) 



	6,289 pregnancies among women residing at Camp Lejeune, North Carolina 1968–1985 (141 short-term and 31 long-term TCE-exposed, 5,681 unexposed controls)d 
	Tarrawa Terrace:

TCE: 8 ppb

1,2-DCE: 12 ppb

Perchloroethylene: 215 ppb

Hadnot Point:

TCE: 1,400 ppb

1,2-DCE: 407 ppb
	No increase in CCD
	ATSDR (1998)

	2310 CCD cases and 2801 controls  In Baltimore-Washington infant study
	Degreasing solvent exposure Frequency of exposure in cases = 4.1%

Frequency of exposure in controls =2.5
	8 times more likely occurrence of left-sided flow obstruction, and 12 time more occurrence of aortic stenosis in infants of exposed mothers
	Loffredo et al. 1991)


Table A-2. Summary of the Developmental Cardiac Toxicity of TCE in Humans Exposed Through Drinking Water
	Subjects
	Exposure
	Effect
	Reference

	707 children with congenital heart disease in Tucson Valley, Arizona 1969–1987 (246 exposed, 461 unexposed) 
	Wells contaminated with TCE (range: 6–239 ppb), along with DCA and chromium 
	Increase in congenital heart disease 

<1981: OR: ≈3 (p < 0.005) 

>1981: OR: ≈1 

Increased prevalence after maternal exposure during first trimester (p < 0.001, 95% CI: 1.14–4.14) 

>1981: OR ≈ 2.6  95% CI: 2-3.4) 
	Goldberg et al. (1990) 

  Bove et l. 2000

	75 men, 71 women living near Rocky Mountain Arsenal, Colorado 

1981–1986 
	drinking water contaminated  with TCE Low: <5.0 ppb 

Medium: ≥5.0–<10.0 ppb 

High: <10.0 ppb 
	Increase in total birth defects (n = 9), 1 cardiac defect  

OR: 5.87, 95% CI: 0.59–58.81 
	ATSDR (2001)


	81,532 pregnancies among residents of 75 New Jersey towns 

1985–1988 
	Drinking water  containing 55 ppb TCE, along with many other compounds 
	Increase in major cardiac defects: 

>10 ppb: OR: 1.24, 50% CI: 0.75–1.94 

Increase in ventrical septal defects 

>5ppb: OR: 1.30, 95% CI: 0.88–1.87 
	Bove (1996); Bove et al. (1995) 

 

	4,396 pregnancies among residents of Woburn, Massachusetts 

1960–1982 
	Drinking water TCE: 267 μg/L 

Tetrachloroethylene: 21 μg/L 

Chloroform: 12 μg/L 
	No increase in cardiovascular anomalies (n = 5): p = 0.91 
	Lagakos et al. (1986) 

	6,289 pregnancies among women residing at Camp Lejeune, North Carolina 1968–1985 (141 short-term and 31 long-term TCE-exposed, 5,681 unexposed controls)d 
	Drinking water TCE: Tarrawa Terrace: 

TCE: 8 ppb 

1,2-DCE: 12 ppb 

Perchloroethylene: 215 ppb 

Hadnot Point: 

TCE: 1,400 ppb 

1,2-DCE: 407 ppb 
	No increase in CCD


	ATSDR (1998)


Table A-3. Summary of the Developmental Effects after Oral Exposures to TCE in Animals
	Study

Strain

Exposure Levels

Exposure Conditions

	Maternal

Toxicity

	Litter Effects

	Fetal Effects

	Other/Comments


	Dawson et al. (1993); Johnson et al. (1998a; 2003) Sprague-Dawley (n=9–13/group) 0.00045, 0.048, 0.218, 129 mg/kg/day

drinking water GD 1–20


	–


	–

(implantations/litter,

resorptions/litter)

+

(litters w/heart

defects)

	–

(body weight, external

or other anomalies)

+

(fetuses w/heart

defects)

	unique heart dissection

technique; small

number of litters; wide

dose spacing


	Fisher et al. (2001)

Sprague-Dawley CD® (n=20/group) 0, 500 mg/kg/day soybean oil gavage GD 6–15


	–

	–

(full litter resorption,

implantations, litter

size; litters w/heart

defects, 60%)

	–

(body weight; fetuses

with heart defects)

	unique heart dissection

technique; high rate of

fetuses (6.5%) and

litters (52%) with heart

defect(s) in control

litters


	Narotsky and Kavlock (1995); Narotsky

et al. (1995); Barton and Das (1996) Fisher 344 (n=8–21/group) 0–320, 475, 633–1500 mg/kg/day corn oil gavage, GD 6–15

	+

	+

(litters w/whole

resorptions, 8%, fetal

deaths/litter)

	+

pups w/eye defects)

	organ specific

malformation, other

than eye defects,

unknown; poorly

documented



+ Statistically significant effect observed (p<0.05), – effect evaluated but not statistically significant,.

GD - Gestation day.

Table A-4. Summary of the Developmental Effects of Ingested TCE Metabolites in Animals
	Study Parameter

Rat Strain; Exposure Levels;

Exposure Conditions


	Developmental Parameter


	
	Maternal Toxicity
	Litter Effects
	Fetal Effects 
	Other/Comments

	Trichloroacetic  acid (TCA)

	Johnson et al. (1998b)

Sprague-Dawley (n=10–11/group)

0, 291 mg/kg/day

drinking water, GD 1–22

	–
	+

(implantations/ litter;

resorptions/litter)


	+

(fetuses w/heart defect(s))

–

(body weight, external or other

anomalies)


	Unique heart dissection
technique; single dose
soft tissue anomalies

principally in

cardiovascular system;

skeletal anomalies mainly

in the orbit



	Fisher et al. (2001)

Sprague-Dawley CD®

(n=20/group)

0, 300 mg/kg/day

water gavage, GD 6–15


	+

(maternal

bodyweight; uterine

weight)


	-

(full litter resorption,

implantations, litter size; litters w/ fetuses w/ heart defects)


	+

(body weight

–

(fetuses w/heart defects)


	unique heart dissection

technique



	Dichloroacetic acid

	Smith et al. (1992)

Long-Evans (n = about /group

0, 900, 1400, 1900, 2400 or

0, 14, 140, 400 mg/kg/day

oral intubation, GD 6–15


	+


	+

(resorptions/litter)


	+

(fetuses w/heart defect(s), body weight, length; soft tissue anomalies

–

(skeletal anomalies)


	soft tissue anomalies

principally in

cardiovascular system



	Epstein et al. (1992) Long-Evans

0, 1900 mg/kg/day; oral intubation, GD 6–8, 9–11,or 12–15


	–


	unknown


	+

(fetal weight at term exposures on GD 6–8 only; heart defects/litter for exposures on

GD 9–11 or 12–15)


	GD 6 may be before the beginning of organogenesis




	Dichloroacetic acid (DCA) continued

	Fisher et al. (2001)

Sprague-Dawley CD®

(n=20/group)

0, 300 mg/kg/day

water gavage, GD 6–15


	+

(maternal

body weight


	–

(full litter resorption,

implantations, litter size;

litters w/ fetuses w/ heart

defects)


	+
(body weight

–

(fetuses w/heart defects)


	unique heart dissection

technique, single dose



	Trichloroethanol (TCOH)

	Johnson et al. (1998b)

Sprague-Dawley (n=10)

0, 67 mg/kg/day

drinking water, GD 1–21


	–


	–

(implantations/litter;

resorptions/litter)


	–

(fetuses w/heart defects; body

weight, external or other

anomalies)


	unique heart dissection

technique; single dose




+ Statistically significant effect observed (p<0.05).

– Effect evaluated but not statistically significant.

 Unknown - effect not evaluated.

GD - Gestation day.

Table modified and adopted from NYS DOH (2006)

Table A-5. Summary of Developmental Effects of Inhaled TCE in Animals
	Study

Species Strain

Exposure Levels

Exposure Conditions

	Maternal

Toxicity

	Litter Effects

	Fetal Effects

	Other/Comments


	Rats

	Dorfmueller et al. (1979)

Long Evans (n=8 11/group) 0, 9674 mg/m3

6 hrs/day, 2 wks before mating only, GD 1–20 only, 2 wks before mating & GD 1–20
	–


	–

(implantations/litter, litters

w/resorptions (18%), litter

size


	+

(skeletal, soft tissue

anomalies)

–

(body weight)


	anomalies interpreted as

developmental delay; no

microscopic evaluation; 8% control litters w/resorptions



	Healy et al. (1982)

Wistar (n=32/group)

0, 537 mg/m3

4 hrs/day, GD 8–21


	unknown


	+

(litters w/total resorptions,

22%)


	+

(body weight,

skeletal anomalies)


	no microscopic evaluation; 6% control litters w/total

resorptions



	Hardin et al. (1981)

Wistar or Sprague-Dawley (strain, group size not specified) 2687 mg/m3
6–7 hrs/day, GD 1–19
	–


	unknown


	–

(body weight,

external, skeletal, soft

tissue anomalies)

–


	no controls; poorly reported (e.g. basis of conclusions not provided)



	Carney et al. 2006; Dow Chemical Company (2001)

Sprague-Dawley CD® (n=27/group) 0, 269, 806, 3224 mg/m3 6 hrs/day, GD 6–20


	–


	(implantations/litter, litters

w/resorptions (48%), litter

size


	–

(body weight,

external, skeletal soft

anomalies, sex ratio)


	microscopic evaluation; 36% control litters w/resorptions



	Schwetz et al. (1975)

Sprague-Dawley (n=18)
0, 1612 mg/m3
7 hrs/day, GD 6–15


	+

(slight)

	–

(implantations/litter, litters

w/resorptions (44%), litter

size)

	–

(body weight, sex ratio,

body measurements,

gross, soft tissue, or

skeletal anomalies)

	microscopic evaluation; 40% litters w/resorptions




+ Statistically significant effect observed (p<0.05); – Effect evaluated but not statistically significantly affected.

Unknown - Effect not evaluated.; GD - Gestation day; PND - Postnatal day.
Table A-6. Results of the Fisher et al. (2001) Oral TCE Study in Rats 
	Examination          Description
	Treatment Groups

	
	TCE
	TCA
	DCE
	RA**
	Soybean oil
	Water 

	Examination (in situ cardiovascular evaluation and dissection of heart)
	Number of fetuses
	290
	269
	298
	155
	367
	273

	
	% of fetuses with cardiac malformations 
	4.5

(13/290) 
	3.3 

(9/269)
	4.7 

(14/298)
	32.9* (51/155)
	6.5 (24/367)
	3

(8/273)

	
	Number of litters examined 
	29
	19
	20
	12
	25
	19

	
	% of litters with cardiac malformation 
	60

(12/20)
	42

(8/19)
	55

(11/20)
	92*

(11/12)
	52
(13/25)
	37

(7/19)


                                         *Statistically different from control malformation rate (p ≤ 0.05); ** trans retinoic acid which is a positive control for CDD.
Table A-7. Results and Statistical Analysis of the Dawson et al (1993) and the Johnson et al. (2003) Data as Reported by the Authors
	TCE  Water Concentration
	Dawson et al. (1993)a
	Johnson et al. (2005)a

	
	Affected /Total  Fetuses

(Percent Affected)
	Affected/Total Litters (percent  Affected)


	Affected /Total  Fetuses

(Percent Affected)
	Affected/Total Litters (percent  Affected)



	0
	7/238 (≈ 3%) 
	5/20b (25%)
	13/606 (2%)
	9/55 (16%)

	Gestation Exposures Only

	2.5 ppb    (0.00045 mg/kg/d)
	
	
	0/44
	0/12

	250 ppb   (0.048 mg/kg/d)
	
	
	5/110 (4.5%) (p = 0.04)
	4/9 (44%) (p< 0.05)

	1.5 ppm   (0.218 mg/kg/d)
	9/18† (5%) P= 0.21
	5/13c (38%) (P = 0.08)
	9/181 (5%) (p = 0.14)
	5/13 (38%) (p = 0.08)

	1100 ppm (128.52 mg/kg/d)
	11/105 (10%) (p <0.01)
	   6/9 (67%) (p = 0.001)
	11/105 (10%) (P <0.001)
	6/9 (67%) (p<0.001)

	Pre-pregnancy Plus Gestation Exposures



	1.5 ppme   (0.218 mg/kg/d)
	21/256 (8%) (P = 0.03)
	13/27b (48%) (p = 0.09)
	
	

	1100 ppme (128.52 mg/kg/d)
	40/435 (9%) (p < 0.005)
	24/39b (62%) (p < 0.01)
	
	


a Group differences from control assessed using Fisher’s exact test, one-tailed (NYS DOH analysis).

b Control litter-based incidence reported in Johnson et al. (1993) and confirmed by Johnson (2005); unpublished litter-based

incidence data provided by Johnson (2005).

c Reported in Johnson et al. (2003).

† Fetus-based proportion reported as 10/181 in Dawson et al. (1993) which is incorrect (Johnson, 2005).
Bolded text are preferred data for use in dose-response assessment by by US EPA (2011) for the RfC and RfD derivation.

e 2 months pre-mating & gestation.

Table adopted and modified from NYS DOH (2006).
Table A-8. Results and Statistical Analysis of the Dawson et al (1993) and the Johnson et al. (2003) Data as Calculated by the NYS DOH (2006)
	TCE  Water Concentration
	Dawson et al. (1993)a
	Johnson et al. (2005)a

	
	Affected /Total  Fetuses

(Percent Affected)
	Affected/Total Litters (percent  Affected)


	Affected /Total  Fetuses

(Percent Affected)
	Affected/Total Litters (percent  Affected)



	0
	7/232 (3%)
	5/20b (25%)
	13/606 (2%)
	9/55 (16%)

	Gestation Exposures Only

	2.5 ppb    (0.00045 mg/kg/d)
	
	
	0/144
	0/12

	250 ppb   (0.048 mg/kg/d)
	
	
	5/110 (5%) (p = 0.13)
	4/9 (44%) (p=0.07)

	1.5 ppm   (0.218 mg/kg/d)
	9/181† (6%) (P= 0.15)
	5/13c (38%) (P = 0.32)
	9/181 (5%) (p = 0.04)
	5/13 (38%) (p = 0.09)

	1100 ppm (128.52 mg/kg/d)
	11/105 (10%) (p <0.01)
	6/9c (67%) (p = 0.04)
	11/105 (10%) (P <0.01)
	6/9 (67%) (p<0.01)

	Pre-pregnancy Plus Gestation Exposures



	1.5 ppm   (0.218 mg/kg/d)
	22/256 (8%) (P = 0.01)
	13/27b (48%) (p = 0.09)
	
	

	1100 ppm (128.52 mg/kg/d)
	40/435 (9%) (p < 0.01)
	24/39b (62%) (p < 0.01)
	
	


a Group differences from control assessed using Fisher’s exact test, one-tailed (NYS DOH analysis).

b Control litter-based incidence reported in Johnson et al. (1993) and confirmed by Johnson (2005); unpublished litter-based

incidence data provided by Johnson (2005).

c Reported in Johnson et al. (2003).

† Fetus-based proportion reported as 10/181 in Dawson et al. (1993) which is incorrect in (Johnson, et al. 2005).

Bolded text are preferred data for use in dose-response assessment by the NYS DOH.

e 2 months pre-mating & gestation.

Table adopted and modified from NYS DOH (2006).

Table A-9 Benchmark Dose Analysis Based on Applied Dose Metric

	Benchmark response rate
	POD1 (BMDL) (mg/kg/d)
	Total UF applied
	RfD (mg/kg/d)
	RfD (µg/kg/d)
	Magnitude of differences

	1%
	0.021
	100

UFA2 = 10

UFH2 = 10
	0.0002
	0.2
	

	5%
	0.110
	100

UFA2 = 10

UFH2 =10
	0.0011
	1.1
	5.5X

	10%
	0.228
	100

UFA2 = 10

UFH2 =10
	0.0023
	2.3
	11.5X


1POD (BDL) =  point of departure or the lower 95th confidence value of dose
2UFA = an uncertainty factor of 10 applied to account for animal to human differences..
2UFH = an uncertainty factor of 10 applied to account for human variability 
Table A-10 Benchmark Dose Analysis Based on  Preferred Internal Dose Metrics
	Benchmark response rate
	HED991
(mg/kg/d)
	Total UF applied
	RfD (mg/kg/d)
	RfD (µg/kg/d)
	Magnitude of differences

	1%
	0.0052
	10

UFA2 = 3

UFH2 =3
	0.0005
	0.5
	

	5%
	0.0286
	10

UFA2 = 3

UFH2 =3
	0.0029
	2.9
	5.8X

	10%
	0.0572
	10

UFA2 = 3

UFH2 =3
	0.0057
	5.7
	11.4X


1 HEC99 = are values  (lifetime continuous exposure) derived from combined interspecies, intraspecies, 

and route-to-route extrapolation using PBPK model. 

2UFA = 3 to account for animal to human pharmacodynamic differences. PBPK model was used t
o address the pharmacokinetic components of the UFs representing interspecies extrapolation.
2UFH = 3 to account for human variability in pharmacodynamics. The human PBPK model was 
used to address the pharmacokinetic components of the UFs representing intraspecies extrapolation.
[image: image4.emf]
Figure A-1. Flow-chart of the process used to derive the RfD and RfC for noncancer effects (taken from US EPA 2011).
[image: image5.emf]
Figure A-2. Schematic of combined interspecies, intraspecies, and route-to-route extrapolation from a rodent study LOAEL or NOAEL (taken from US EPA 2012)
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