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Abstract

The 2011 EPA trichloroethylene (TCE) IRIS assessment, used developmental cardiac defects 

from a controversial drinking water study in rats (Johnson et al. [51]), along with several 

other studies/endpoints to derive reference values. An updated literature search of TCE-related 

developmental cardiac defects was conducted. Study quality, strengths, and limitations were 

assessed. A putative adverse outcome pathway (AOP) construct was developed to explore key 

events for the most commonly observed cardiac dysmorphologies, particularly those involved 

with epithelial-mesenchymal transition (EMT) of endothelial origin (EndMT); several candidate 

pathways were identified. A hypothesis-driven weight-of-evidence analysis of epidemiological, 

toxicological, in vitro, in ovo, and mechanistic/AOP data concluded that TCE has the potential 

to cause cardiac defects in humans when exposure occurs at sufficient doses during a sensitive 

window of fetal development. The study by Johnson et al. [51] was reaffirmed as suitable for 

hazard characterization and reference value derivation, though acknowledging study limitations 

and uncertainties.
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1. Introduction

Trichloroethylene (TCE), CAS No. 79–01-6, is a volatile chemical and widely used 

chlorinated solvent that is frequently found in ground water and in soil at contaminated 

sites across the U.S. TCE ranks 16th among hazardous substances most commonly 

found at facilities on the federal National Priorities List [4]. At sites where groundwater 

is contaminated and depending upon site-specific circumstances, TCE exposures and 

accompanying human health risks may arise from: (1) movement of TCE vapors from 

subsurface locations into the indoor air of overlying and nearby buildings (i.e., vapor 

intrusion) [5]; and/or (2) use of groundwater as a source of drinking water, process 

water, or irrigation water. A number of health effects have been observed after exposure 

to TCE during development, e.g., decreased fetal survival, impaired growth, alterations 

in immune and nervous system function, and structural defects, including ocular and 

cardiac malformations [16]. Here we report on a focused review of the published literature, 

conducted to update the information and critically evaluate the available data relevant to 

the potential for cardiac defects resulting from developmental exposures to TCE. This effort 

was initiated because of concerns raised about study quality and application of the reference 

value to short term and pregnancy exposure scenarios.

EPA completed an IRIS Toxicological Review of TCE in September 2011 [87]. The most 

sensitive types of noncancer health effects identified in this assessment were developmental, 

renal, and immunological. A reference concentration (RfC)2 of 0.0004 ppm (0.4 ppb or 2 

µg/m3) is derived in U.S. EPA [87], based on route-to-route extrapolated results from oral 

studies for the critical effects of heart malformations in rats and immunotoxicity in mice, 

further supported by route-to-route extrapolated results from an oral study of nephropathy in 

rats. The reference dose (RfD) for non-cancer effects of 0.0005 mg/kg-day is based on the 

critical effects in oral studies of heart malformations in rats, adult immunological effects in 

mice, and developmental immunotoxicity in mice. The RfD is further supported by results 

from an oral study for the effect of toxic nephropathy in rats and route-to-route extrapolated 

results from an inhalation study for the effect of increased kidney weight in rats ([87]; pages 

6–43).

After the final IRIS document was released, EPA and others realized that because fetal 

adverse outcomes could potentially result from short-term exposures or peaks in exposure 

during pregnancy, one of the two endpoints used to derive the RfC (the fetal cardiac defects) 

is particularly important when evaluating whether TCE exposure poses an immediate 

potential hazard and whether peak exposures are a potential health concern. A study by 

Johnson et al. [51], which reports the results of research on TCE in drinking water, including 

2A reference concentration (RFC) or dose (RfD) is an estimate of a continuous inhalation exposure (daily oral exposure) for a chronic 
duration (up to a lifetime) to the human population (including sensitive subgroups) that is likely to be without an appreciable risk of 
deleterious effects during a lifetime.
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the findings of Dawson et al. [20], is included in the group of studies on which the reference 

values are based in the 2011 IRIS assessment, and is one of several lines of evidence 

regarding the hazard potential for developmental toxicity of TCE. Concerns have been 

raised about the Johnson et al. [51] study and EPA’s use of this study for risk evaluation 

[1,90,38]. Specific needs to resolve these concerns include: (1) a systematic evaluation 

of study quality; (2) more details in the description of the study design (e.g., the source 

of concurrent controls); (3) a reexamination of the dose-response relationship for cardiac 

defects; and (4) an evaluation of the study results in light of other studies that did not 

observe cardiac defects after in utero exposures. In addition, concerns have been raised 

regarding the interpretation of the epidemiological database for cardiac defects associated 

with TCE exposures [13,1,90,38].

An updated literature search and analysis of the developmental cardiac toxicity data for TCE 

was conducted to address the identified issues and to provide a focused, rigorous, systematic 

scientific review of the available data on associations between exposure to TCE and fetal 

cardiac defects. The scope of this update and analysis was limited to the fetal cardiac 

defects observed following gestational exposures to TCE and/or its oxidative metabolites, 

dichloroacetic acid (DCA) and trichloroacetic acid (TCA), which have been specifically 

associated with cardiac malformations in rats [51,49,20,27,79,78], and does not include an 

update on other developmental effects after TCE exposure, i.e., fetal growth retardation, 

embryolethality, ocular malformations, developmental neurotoxicity, and developmental 

immunotoxicity. This update of the fetal cardiac effects includes (1) a systematic search 

to identify any recently published literature; (2) a detailed evaluation of the available data; 

(3) a hypothesis-driven assessment of the weight of evidence (evidence integration) for 

the association of TCE exposures with cardiac malformations; (4) a reexamination of the 

dose-response relationship for cardiac malformations; and (5) a transparent description of 

the evaluation. This process is aligned with the [64] recommendations for systematic review, 

evidence integration (weight-of-evidence) evaluation, and presentation of information to 

increase transparency.

2. Materials and methods

2.1. Literature search update

A systematic literature search was conducted to identify all epidemiological, toxicological, 

and mechanistic studies relevant to cardiac defects associated with developmental exposure 

to TCE or its metabolites (TCA and DCA) that were published subsequent to the final 

systematic literature search conducted by EPA during completion of the 2011 IRIS 

assessment [87]. A date-delineated search of PubMed, Toxline, and Web of Science (WoS) 

was conducted (January 2010–January 2015), using search terms designed to identify any 

publications that addressed TCE or its specified metabolites. The search identified a total 

of 1769 unique citations, which were then screened using information contained in the title, 

abstract, and/or full text. Citations excluded from further consideration included studies that 

did not include an assessment of TCE or its metabolites, studies that did not directly assess 

or were not pertinent to the evaluation of cardiac development, and publications that did not 

include primary research data (e.g., reviews, press articles, meeting abstracts). The literature 
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search did not identify any new experimental animal toxicology studies of fetal cardiac 

defects, but did identify two new epidemiological studies that assessed the association of 

TCE or chlorinated solvent exposures with cardiac defects [71,29] and two new studies that 

provided mechanistic information relevant to alterations of cardiac development following 

TCE (or metabolite) exposures [58,66].

2.2 Study quality review

For each epidemiological and toxicological study in the developmental toxicity database for 

TCE, whether previously included in the EPA TCE assessment [87] or newly identified in 

the updated literature search, a formal detailed review of study quality was conducted.

• Epidemiological data: Study quality evaluation criteria and a general format for 

capturing epidemiological study data and characterization have previously been developed 

by the IRIS program and are summarized in the Guidelines for Developmental Toxicity 
Risk Assessment [85]. These factors include study power, potential bias in data collection, 

selection bias, measurement biases associated with exposure and outcome, and consideration 

of potential confounding and effect modification. This format was used to summarize study 

information and observed strengths, biases, and confounding factors for each study. An 

independent review of the study quality conclusions presented here was conducted by a 

working group that included eight EPA experts in the field of epidemiology.

• Animal toxicology data: Study quality evaluation criteria for in vivo, in vitro, and avian 

in ovo developmental toxicology studies were developed specifically for this effort. These 

criteria included considerations described in U.S. EPA [85] and focused on the adequacy 

of study design and documentation of information on the test subjects (e.g., species, 

strain, source, sex, age/lifestage/embryonic stage), environment (e.g., husbandry, culture 

medium), test substance (e.g., identification, purity, analytical confirmation of stability 

and concentration), treatment (e.g., dose levels, controls, vehicle, group sizes, duration, 

route of administration), endpoints evaluated (e.g., schedule of evaluation, randomization 

and blinding procedures, assessment methods), and reporting (quality and completeness). 

Two separate reviewers conducted independent assessments of each in vivo mammalian 

study, and seven toxicologists independently evaluated study quality for four mammalian 

in vivo studies that had performed a detailed evaluation of developmental cardiac defects 

[15,51,28,20].

2.3. Characterization of hazard and dose-response information

• Hazard: Critical elements of the identified epidemiological and toxicological studies 

were extracted and summarized in tabular format. For epidemiological studies, the 

exposure measure and range, outcome classification, participant selection and comparability, 

consideration of likely confounding, data presentation and analysis, and sample size 

were summarized. For animal toxicology studies, the summary included information on 

the test subjects (species, strain, sex, number of animals assigned per group), exposure 

levels, timing, and duration, no-observed-adverse-effect levels (NOAELs), lowest-observed-

adverse-effect levels (LOAELs), and treatment-related effects.
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• Dose-response analysis: The cardiac malformation data [51] were reanalyzed using 

the Benchmark Dose Software (BMDS) nested logistic model that was used in the EPA TCE 

assessment [87] as well as other BMDS models to evaluate uncertainty related to model 

selection and modeling assumptions [88]. A benchmark response (BMR) of 0.01 (1%) extra 

risk was used, justified by the severity of the effect.

2.4. Mechanistic data on developmental pathways and processes

The 2011 IRIS assessment noted that many of the cardiac defects observed in humans 

and laboratory species (primarily rats and chickens) involved septal and valvular structures. 

To further characterize the potential for alterations in cardiac development, studies that 

evaluated aspects of valvulo-septal defects identified in the literature search, as well as 

mechanistic studies that had been included in the 2011 IRIS TCE assessment, were 

examined for relevant information. The search and data evaluation pointed to alterations 

in endocardial cushion formation and development. This prompted a search of the 

Mouse Genome Informatics (MGI) database (http://www.informatics.jax.org/) for genes 

associated with “abnormal cardiac epithelial to mesenchymal transition” [MP:0008825]. As 

a consequence, newer mechanistic concepts were explored.

2.5 Weight-of-evidence (WOE) evaluation

The WOE (evidence integration) for fetal cardiac defects was characterized according to the 

criteria described in the Framework for Assessing Health Risk of Environmental Exposures 
to Children [86], a scheme that was adapted from principles of causality assessment 

developed by [43]. Fig. 1 illustrates the components (key factors) included in the WOE 

analysis. Each participant in the review independently assessed the WOE, and through 

discussions arrived at a group consensus of the evidence supporting stronger and weaker 

weights of association for each key factor.

3. Results

3.1. Hazard for developmental cardiac defects

3.1.1 Epidemiological data—The epidemiological studies were reviewed for 

associations between maternal exposure to TCE and cardiac defects. Seven reports 

from six epidemiological studies that investigated developmental cardiac birth defects in 

relation to estimated TCE exposure during pregnancy were identified in the literature 

[71,29,94,8,9,35,56]; five of the seven reports were reviewed in the EPA’s 2011 

Trichloroethylene Toxicological Review [87]. The publication by Forand et al. [29] analyzed 

the same study population described in the ATSDR [3,2] reports referenced in U.S. EPA 

[87]. Bove [8] and Bove et al. [9] report twice on the same study subjects. All of the 

studies examined outcomes in relation to oral exposures with the exception of the inhalation 

exposure studies from Forand et al. [29] and Yauck et al. [94]. The epidemiological 

study summaries and quality assessments are presented in Table 1. Consideration of bias, 

confounding, and chance are summarized in Table 2.

The studies were of different populations, living in different states, and of different 

epidemiological designs. Forand et al. [29] is a retrospective cohort study of 1440 live 
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births among New York residents in an area contaminated with TCE via vapor intrusion. 

Bove [8]/Bove et al. [9] is a cross-sectional study of 80,938 singleton live-born infants 

and 594 singleton fetal deaths among residents in northern New Jersey receiving TCE in 

municipal water supplies. A strength of both studies is the use of state records, including 

State Birth Defects Registries with clinically verified outcomes that reduce information and 

subject recall bias, and the ability to control for potential confounding factors. Both of the 

studies observed an elevated relative risk estimate for major cardiac defects: a relative risk 

of 1.24 (a 50% confidence interval (CI) was reported: 0.75, 1.94) for >10 ppb TCE in 

municipal drinking water supplies compared to TCE exposure ≤1 ppb in Bove [8]/Bove et 

al. [9]; and an estimated relative risk of 2.40 (95% CI: 1.00, 5.77) compared to the rest of 

New York State, excluding New York City in Forand et al. [29]. Both studies report relative 

risk estimates for specific defects: 1.30 (50% CI: 0.88, 1.87) for ventricular septal defects 

and exposure to >5 ppb TCE in drinking water compared to <1 ppb (Bove [8]/Bove et al. 

[9]) and 4.91 (95% CI: 1.58, 15.24) for conotruncal defect in the TCE-contaminated area 

compared to the rest of New York State, excluding New York City [29]. Yauck et al. [94], 

a case-control study of 245 cases and 3780 controls, reported that living within 1.32 miles 

from at least one TCE emissions source in Wisconsin had a strong relative risk estimate 

of 6.2 (95% CI: 2.6, 14.5) for cardiac defects in infants born to mothers aged 38 years 

or older after controlling for potential confounding, but no association for cardiac defects 

was observed among infants of mothers aged less than 38 years (RR = 0.9, 95% CI: 0.6, 

1.2). The original case-control study by Goldberg et al. [35] reported that the likelihood of 

family exposure to the contaminated water area among families with cardiac defects was 

three times that of exposure among randomly selected families in the same general locality. 

In a review article that included the Goldberg et al. [35] study, Bove et al. [7] calculated 

an unadjusted prevalence ratio of cardiac defects among residents of the contaminated area 

with first-trimester exposure compared with residents in uncontaminated areas of 2.58 (95% 

CI: 2.0, 3.4). Ruckart et al. [71] reported little detail on cardiac defects in a population 

exposed to TCE-contaminated water but noted a lower than expected number of conotruncal 

heart defects–although neither precise counts nor confidence intervals were reported, and the 

authors did not draw any conclusions concerning TCE exposure and the occurrence of all 

cardiac defects or conotruncal heart defects. Lagakos et al. [56] reported no association (p = 

0.91) between exposure to TCE-contaminated water in Woburn, Massachusetts and a much 

larger categorical grouping of ‘cardiovascular anomalies’ which included heart murmurs (15 

of 43 anomalies) and only 2 conotruncal heart defects.

Forand et al. [29] and Bove [8]/Bove et al. [9] provide evidence for an association between 

maternal TCE exposure and cardiac defects. A more mixed pattern of results is seen in 

three other studies with greater potential for bias and confounding [94,35,56]; however, 

the results of these studies are not necessarily inconsistent with the association observed 

by Forand et al. [29] or Bove [8]/Bove et al. [9] because, for the database as a whole, 

the epidemiological studies are imprecise in estimating effects due to the small number of 

cardiac defects. Additionally, information bias related to the exposure assessment in these 

studies may provide alternative explanations for the apparent heterogeneity. As the exposure 

assessment methods in these studies are at an aggregate level based on locality (rather 

than based on individual-level measurements), one can assume that the incumbent exposure 
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measurement error (also known as information bias) is non-differential with respect to 

cardiac defects. That is, any errors in exposure assessment are expected to be independent 

of case status. Such non-differential misclassification of exposure would typically result in 

bias towards the null [70] and limit the ability of the studies to detect some associations 

and possibly exposure-response relationships. None of the studies considered maternal folic 

acid intake, which may reduce the risk of cardiac defects [45] and is thus a potential 

confounder. Because TCE has been shown to induce folate deficiency in rats [22] and in 

workers [36], folate concentrations may be on the direct causal pathway from TCE exposure 

to cardiac defects. Thus it was methodologically appropriate for these studies not to control 

for folic acid/folate as that would have induced bias towards the null. Rather, women with 

low dietary intake of folic acid may represent a susceptible sub-group. Both Forand et al. 

[29] and Bove [8]/Bove et al. [9] adjust for other maternal risk factors, including adequate 

prenatal care, as potential confounding factors. Observations in the other studies are more 

uncertain compared to Forand et al. [29] and Bove [8]/Bove et al. [9], and the observed 

heterogeneity of results may be due to alternative explanations, such as bias, chance, or 

potential confounding. Use of hospital cases by Yauck et al. [94] and cases identified from 

cardiologists’ records by Goldberg et al. [35] may introduce possible selection bias. It is 

difficult to evaluate control for potential confounding in Goldberg et al. [35] due to limited 

reporting in the publication. The self-reporting of outcome in Lagakos et al. [56] introduces 

uncertainty because of potential selective reporting.

In summary, epidemiologic data provide some support for the possible relationship between 

maternal TCE exposure and cardiac birth defects. Forand et al. [29] provide clear evidence 

of an association between living in an area contaminated by TCE via vapor intrusion and 

increased risk of conotruncal heart defects, and Bove [8]/Bove et al. [9] provide limited 

evidence for an association between maternal exposure to TCE, or the combination of 

TCE and other chlorinated solvents in drinking water, and cardiac defects. However, there 

are uncertainties in the interpretation of the epidemiological data on Bove [8]/Bove et al. 

[9] because of the small number of observed TCE-exposed cardiac defect cases, sparse 

reporting on TCE exposure and congenital heart defects (CHDs) in both publications, and 

the study’s cross-sectional design that could not establish temporality. Two other studies 

with potential biases also observed elevated risk estimates between TCE exposure and 

cardiac defects [94,35] and these provide some corroboration of the observations in Forand 

et al. [29]. The lack of supporting evidence from Ruckart et al. [71] may be a consequence 

of the small number of reported cases. Additionally, because Lagakos et al. [56] examined a 

much more broadly defined set of outcomes, their findings are likely much less specific than 

conotruncal heart defects or even cardiac defects as reported by the other investigators.

The limited finding of an association between TCE exposure and conotruncal heart 

defects, in particular, and cardiac defects more generally has coherence with the broader 

epidemiological literature that reports association between maternal occupational exposure 

to degreasing solvents or to organic solvents and CHDs [11,34,93,83,84]. Although the 

reported associations between TCE exposure and increased risks of cardiac defects were 

observed in several studies [29,94,8,9,35], overall, these epidemiologic studies are not 

sufficient to establish a causal link between TCE exposure and cardiac defects in humans. 

This conclusion is consistent with other reviews of the epidemiological literature for 
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TCE exposures and CHD [13,90,38]. Additional research could better characterize human 

exposures and health outcomes.

3.1.2. Toxicological data—The experimental toxicology database for the assessment 

of developmental cardiac defects resulting from TCE exposure includes in ovo chicken 

studies, in vitro assays, and rodent studies that assessed fetal morphology following in utero 

exposures to TCE or its oxidative metabolites. Summaries of studies that assessed cardiac 

development in mammalian laboratory animal models are presented in Table 3a (inhalation 

exposure to TCE), Table 3b (oral exposures to TCE), and Table 3c (oral exposures to 

DCA and TCA). Studies using non-mammalian or in vitro test systems to assess cardiac 

development following exposures to TCE, DCA, or TCA are summarized in Table 3d. 

Study strengths and limitations for the mammalian inhalation and oral studies of TCE 

or its metabolites (DCA or TCA) are summarized in Table 4. Exposure-response arrays 

for general categories of adverse developmental outcomes (decreased survival, decreased 

growth, and altered morphological development, including cardiac defects) are presented 

in Figs. 2–4 for studies with gestational inhalation exposures to TCE, oral exposures to 

TCE, and oral exposures to DCA and TCA (respectively). Incidence data for specific 

developmental findings are not presented herein since that information is summarized in the 

IRIS assessment [87].

3.1.2.1 Inhalation rodent and rabbit TCE studies.: Five publications reported the 

conduct of studies in which TCE was administered by inhalation exposure to rats, using 

a prenatal developmental toxicity study design [15,42,39,21,74]. The studies by Hardin 

et al. [39] also included rabbits exposed to TCE, and the study by Schwetz et al. [74] 

also included mice exposed to TCE. None of these studies reported cardiac defects in 

fetuses following in utero exposures to TCE; however, of these, only the Carney et al. 

[15] and Schwetz et al. [74] provided sufficient study detail to demonstrate that they were 

conducted in accordance with good laboratory practices and examined the fetuses using 

specific methods designed to detect abnormalities of cardiac development.

3.1.2.2. Oral rodent TCE studies.: Six studies reported the results of oral administration 

of TCE to rodents during fetal development [51,28,61,62,20,18]. All studies were performed 

in rats, except Cosby and Dukelow [18] which used mice. In all of these rodent studies, TCE 

was administered by gavage, with the exception of the Dawson et al. [20] and Johnson et 

al. [51] studies, in which TCE was administered via drinking water. Only the two drinking 

water studies detected statistically significant treatment-related fetal cardiac defects.

The gavage studies by Fisher et al. [28], Narotsky et al. [62], and Narotsky and Kavlock 

[61] were conducted in accordance with good laboratory procedures. While Fisher et al. [28] 

conducted their cardiac evaluations with the same methods as described in Johnson et al. 

[51], and the first author of the Johnson et al. [51] paper participated as a member of the 

cardiac dissection team for the Fisher et al. [28] study, TCE-related cardiac defects were 

not detected. The studies by Narotsky et al. [62] and Narotsky and Kavlock [61] evaluated 

neonatal growth and viability, and examined cardiac and other soft tissue morphology only 

in pups that had died; no cardiac defects were reported. The study by Cosby and Dukelow 

[18] did not conduct a detailed assessment of cardiac development.
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3.1.2.3. Oral rodent metabolite studies.: Detailed information on the toxicokinetics 

of TCE is presented in the IRIS TCE assessment [87,Chap. 3]. Data in humans and 

rodents indicate that TCE crosses the placenta following maternal inhalation exposure. The 

major route of TCE biotransformation in humans and rodents is CYP-dependent oxidative 

metabolism. Metabolic saturation occurs at high oral dose levels in rodents (>1000 mg/

kg-day), at much higher doses than those used in the Johnson et al. [51] study (i.e., ranging 

from 0.048 to 129 mg/kg-day). Tissue distribution experiments using various routes of 

administration produced time-course data of TCE tissue concentrations that were used to 

develop a PBPK model for all routes of exposure. Both the applied dose and the PBPK-

modeled internal dose-metrics of the oxidative metabolites relevant to cardiac defects are 

presented in the TCE IRIS assessment [87], Tables 5–18).

Several studies were conducted in rats to examine the effects of developmental exposures to 

the TCE oxidative metabolites, DCA and TCA. Studies by Smith et al. [79] and Epstein et 

al. [27] observed cardiac defects following gavage administration of DCA during pregnancy. 

Smith et al. [78] and Johnson et al. [49] reported cardiac defects with TCA exposures 

administered during gestation via gavage or drinking water, respectively. However, a study 

by Fisher et al. [28] did not detect cardiac defects following gavage administration of 

DCA or TCA on GD 6–15. All of these studies used dissection methods that were 

designed to visualize the internal structures of the fetal heart. Other TCE metabolites 

were evaluated by Johnson et al. [49] and found not to elicit cardiac malformations 

following developmental exposures (i.e., carboxymethyl cysteine, dichloroacetaldehyde, 

dichloroethylene, dichlorovinyl cysteine, monochloroacetic acid, trichloroacetaldehyde, and 

trichloroethanol). Although the proximate toxicant which causes cardiac defects has not 

been identified, a recent study [6] identified 5-(1,2-dichlorovinyl)-L-cysteine as a key 

metabolite in placental effects of TCE, suggesting that further consideration of TCE 

metabolites may be warranted.

3.1.2.4 In ovo avian studies.: Several studies examined cardiac development following 

in ovo administration of TCE to chicken embryos [72,24,23,57]. Abnormalities of cardiac 

structure and/or function were observed in each of these studies, at doses as low as 2–8 

ppb. Defects in valvulo-septal development were similar to those that have been observed in 

rodents and humans, which is coherent given that early stages of cardiac development are 

similar across species [63].

3.1.2.5. In vitro assays.: Whole embryo culture studies that examined cardiac 

development were conducted by Hunter et al. [44] using 3–6 somite mouse embryos 

exposed to DCA or TCA and by Mishima et al. [60] using HH 13–14 chicken embryos 

exposed to TCE. Dose-related alterations in cardiac development were observed in both of 

these models, although at high (not environmentally relevant) doses.

3.1.2.6. Evaluation of cardiac defects in the animal toxicology studies.: As described, 

alterations in fetal cardiac development have been observed in rodent studies following 

in utero exposure to TCE and its oxidative metabolites. These findings are supported by 

the detection of cardiac anomalies in chicken embryos exposed to TCE in ovo, and in 

whole embryo cultures (mouse and chicken) of TCE and/or its metabolites. In spite of the 

Makris et al. Page 9

Reprod Toxicol. Author manuscript; available in PMC 2022 May 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



concordant evidence that TCE has been associated with cardiac defects, controversy centers 

on the studies by Johnson et al. [51] and Dawson et al. [20], especially with respect to 

the study design and methods, reporting inadequacies, dose-response characteristics, and the 

lack of cardiac defect findings in other laboratory studies in rodents following gavage or 

inhalation exposures of TCE during development.

The Johnson et al. [51] publication reported the results of TCE drinking water exposures 

on fetal cardiac development in Sprague-Dawley rats from a 6-year-long academic 

research program. It included data on two TCE treatment groups studied in 1989–1991 

that had previously been published by Dawson et al. [20], plus the data from two 

lower dose TCE treatment groups studied in 1994–1995. Cardiac malformation incidence 

data were compared between treated groups and combined control data from cohorts 

studied concurrent to treated groups over the course of the 6-year research program, 

including controls from studies on TCE metabolites, published in Johnson et al. [49]. 

Other information on the TCE studies reported in Johnson et al. [51] included published 

communications [40,50], errata [53,52], and individual cardiac malformation findings and 

evaluation methods provided to EPA by the primary study author (Dr. Paula Johnson, 

personal communications [47,48]). The Johnson et al. [51] paper summarized the combined 

results from the studies that administered TCE to pregnant rats at doses of 2.5 ppb, 250 

ppb, 1.5 ppm, and 1100 ppm in drinking water throughout gestation. Fetal cardiac defects, 

primarily valvular and septal anomalies, were observed at ≥250 ppb.

The limitations and strengths of the toxicological studies were identified (details provided 

in Table 4). Limitations identified in the evaluation of the Johnson et al. [51] and Dawson 

et al. [20] studies presented here are consistent with the study design and reporting issues 

identified in the IRIS assessment [87], peer-reviewed publications such as Hardin et al. 

[38] and Watson et al. [90], and public comments submitted to the U.S. EPA [1]. The 

corresponding author for Johnson et al. [51] provided clarification on a number of topics 

and a detailed description of study methods beyond what had been previously published, 

including verification that concurrent controls were used for each of the treated groups 

(Fig. 5), information on fetal randomization and blinded cardiac evaluation procedures, 

and details of animal husbandry (Dr. Paula Johnson, personal communication, 2014). 

Subsequent to these discussions, the study author published an errata [53] to update the 

public record regarding methodological issues for Johnson et al. [51]. This information 

served to increase confidence in the study conduct and results. However, some study 

reporting and methodological details remain unknown, e.g., the precise dates that each 

individual control animal was on study, maternal body weight/food consumption and 

clinical observation data, and the detailed results of analytical chemistry testing for dose 

concentration. Additional possible sources of uncertainty identified for these studies include 

that the research was conducted over a 6-year period, that combined control data were 

used for comparison to treated groups, and that exposure characterization may be imprecise 

because tap (rather than distilled) drinking water was used in the Dawson et al. [20] study 

and because TCE intake values were derived from water consumption measures of group-

housed animals. On the other hand, the strengths of this study include the examination of 

fetal hearts without knowledge of treatment (or control) group, standardized methods of fetal 

evaluation, examination of the gross (in situ) and internal structure of the fetal hearts by 
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a group of three senior researchers/co-authors (P. Johnson, B. Dawson, and S. Goldberg), 

confirmation of cardiac anomalies by consensus agreement. In addition, individual fetal and 

litter cardiac abnormality data for treated groups were shared with EPA (Dr. Paula Johnson, 

personal communication (2008)), thereby facilitating independent statistical analysis of the 

data.

Inconsistencies in the results of studies that assessed cardiac development in rodents have 

been raised as an issue of particular concern. In the case of a number of these studies 

[61,62,18,42,39,21,74], a variety of animal species and strains, sources, and testing protocols 

were used (summarized in Table 5a), which precludes direct comparisons. For several of 

the older studies, information that would allow a valid comparison with the Johnson et 

al. [51] and Dawson et al. [20] studies is not reported. For example, detailed procedural 

details regarding fetal evaluation were not provided for Schwetz et al. [74], Dorfmueller et 

al. [21], Healy et al. [42], and Hardin et al. [39]. There is no indication whether fetuses 

were selected randomly for visceral evaluation, or whether they were examined without 

knowledge of treatment group (blinded assessment). Fetal cardiac evaluation methods were 

not elucidated in any detail, and the performance of fresh dissection of the heart to evaluate 

internal cardiac morphology was not mentioned. Hardin et al. [39] reported virtually no 

methodological information. In some studies, differences in overall study design limited 

meaningful cross-study comparison, e.g., due to limited exposure durations [18] or the 

evaluation of delivered PND 1 pups instead of fetuses [61,62]. The studies reported by 

Fisher et al. [28] and Carney et al. [15] were well-conducted developmental toxicity studies 

in rats and utilized procedures that facilitated evaluation of fetal cardiac morphology. Fisher 

et al. [28] and Carney et al. [15] did not observe treatment-related cardiac defects following 

TCE gavage or inhalation exposures, respectively, during gestation. Detailed examination of 

the study protocols (summarized in Table 5b) identified several variations in study design 

and conduct, including but not limited to differences in route of administration, and these 

differences may have contributed to the different study outcome as compared to Johnson et 

al. [51] and Dawson et al. [20]. In the case of the Fisher et al. [28] study, as previously 

noted, care was taken to follow the Johnson et al. [51] fetal evaluation procedures as closely 

as possible, yet a number of other differences in study design and conduct remained. For 

example, the source of the animals, the route of exposure, the vehicle/control substance, 

fetal cardiac tissue preservation methods, and some fetal cardiac evaluation procedures were 

different. A comparison of typical cardiac evaluation techniques used in developmental 

toxicology studies, illustrating some potential differences in resolution of abnormalities in 

the fetal heart, is presented in Table 6. This includes the procedures used by Carney et al. 

[15] and the procedures used by Dawson et al. [20], Johnson et al. [49], and Johnson et al. 

[51], as well as by Fisher et al. [28]. One possibility is that the procedural differences in 

fetal cardiac evaluation techniques could have contributed to differences in study outcome 

[90]. However, that explanation is not supported by two facts. First, the detailed description 

of the cardiac dissection and evaluation techniques (as reported in Dawson et al. [20] is 

sufficiently comparable to the procedures used by Carney et al. [15] (summarized in Table 

6) to have facilitated visualization of overt cardiac malformations such as septal defects. 

Secondly, Fisher et al. [28] used the same cardiac evaluation techniques reported by Dawson 
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et al. [20], Johnson et al. [49], and Johnson et al. [51], evaluated fetuses collaboratively with 

Dr. Johnson, and yet did not detect treatment-related incidences of cardiac defects.

In summary, Johnson et al. [51] and Dawson et al. [20] observed cardiac defects in fetal rats 

after gestational drinking water exposures to TCE. These findings have not been confirmed 

in studies with exposures to TCE during gestation that were conducted by other laboratories. 

However, none of the other studies have repeated precisely the same study design used 

by Johnson et al. [51] and Dawson et al. [20]. Differences in study methods such as the 

route of exposure, vehicle, source or strain of animals, or other unknown factors may have 

contributed to differences in the detection of cardiac malformations, and at this point in 

time, it would be impossible to identify the specific reason. Designing and conducting an 

exact replica of the Johnson et al. [51] study might be very difficult, if not impossible. For 

example, it is possible that the study animals used by Dawson et al. [19] and Johnson et 

al. [51] in the University of Arizona (UA) research program on TCE in drinking water may 

have been particularly susceptible to perturbation of cardiac development by TCE and its 

metabolites. The possibility of genetic drift in the strain/source of rats over the past 10–20 

years might preclude designing and conducting a study with comparable results. Yet, such a 

susceptibility in the animal models used by Dawson et al. [20] and Johnson et al. [51] might 

have rendered those studies more (or less) predictive of responses in susceptible individuals 

in the human population, a difficult assumption to validate. In humans, cardiovascular 

malformations are common birth defects with both genetic predisposition and environmental 

exposures contributing to the multifactorial etiology [68].

3.1.3. Mechanistic data on developmental pathways and processes—
Mechanistic mode-of-action data were discussed in the 2011 IRIS assessment [87] and 

provided one line of evidence regarding the potential for TCE to cause cardiac defects. 

There was not an explicit linkage to the developmental pathways and processes driving CHD 

in general or valvulo-septal defects in particular. To expand upon and refine this discussion, 

a preliminary conceptual model based on an Adverse Outcome Pathway (AOP) framework 

for CHD would be useful. Although such AOP elucidation is beyond the scope of the present 

review, data identified in the systematic literature search and MGI database search provides 

motivation for that future activity. Information upon which a preliminary AOP construct is 

based supports the biological plausibility that TCE exposures during development could lead 

to disruption of key processes in the development of cardiac valves and septa.

The most commonly reported cardiac defects associated with gestational exposures to TCE 

and its metabolites TCA and DCA in humans, rats, and chickens were valvulo-septal 

defects (atrial septal defects [ASDs], muscular and membranous ventricular septal defects 

[VSDs]) and pulmonary and aortic stenosis [16,29,94,51,49,8,9,20,19,35,57]. In particular, 

the period of valvulo-septal morphogenesis defines a window of TCE vulnerability in avian 

systems; thus an AOP anchored to this dysmorphology could identify relevant key events 

and key event relationships following exposure to TCE during the vulnerable period. In 

normal cardiac development, valvulo-septal morphogenesis is driven by mesenchymal cells 

in the regions of the atrioventricular canal (AVC) and outflow tract (OFT) regions. AVC 

cushions are formed as mesenchymal cells are derived from squamosal endothelial cells 

by epithelial-mesenchymal transition [EMT], specifically of endothelial origin [EndMT], 
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and invade and populate the cardiac jelly matrix. These mesenchymal cells subsequently 

proliferate and differentiate to form the AV valves and membranous septum. They also 

contribute to patterning the myocardium via directing vascular flow. Evidence points to a 

stepwise EndMT cascade involving the following key events [46,54,89]:

• initiation of EndMT by signal molecules elaborated from myocardial cells into 

the cardiac jelly;

• disassembly of cell–cell junctions between squamosal endothelial cells in the 

endocardium;

• delamination by loss of polarity, cytoskeletal rearrangement, and breakdown of 

basal lamina;

• invasion of cardiac jelly by newly motile mesenchymal cells;

• proliferation of trans-differentiated mesenchyme to ‘cellularize’ and remodel the 

cardiac jelly;

• patterning of the AV myocardium by flow-mediated remodeling of the looped 

heart;

• differentiation of cardiac valves and membranous septum.

A search of the MGI database (http://www.informatics.jax.org/) for abnormalities in cardiac 

EMT identified mouse knockouts with developmental phenotypes similar to those reported 

for avian studies with TCE, implicating the possibility of disruption of the following genetic 

signals and responses by TCE exposure during cardiac development. Candidate genes 

implicated pathways such as TGF-beta signaling, ephrin signaling, Notch signaling, the 

VEGF pathway, and RXR signaling. Potential molecular initiating events, not yet evaluated 

experimentally, may involve a cellular initiation of vascular inflammatory signals, perhaps 

through an LXR/RXR-mediated effect on cholesterol homeostasis, vulnerability to reactive 

oxygen species (ROS) [91,41,28], or disruption of the downstream consequences of VEGF 

signaling [65].

In support of disruption of EndMT being a potential key event in TCE-induced valvulo-

septal defects, embryonic TCE exposure has been associated with inhibition of cell–cell 

separation and mesenchymal formation [10], alterations in mesenchymal cell migration 

[60,75] and alterations in endocardial proliferation patterns [24]. In ovo studies have shown 

that TCE and TCA can alter cushion formation, cardiac function, and embryo survival [23], 

and cushion cellularity can be altered as a function of concentration, duration, and timing of 

exposure. The ephrin-EPH system might be of high relevance to an AOP for TCE-induced 

valvulo-septal defects. Loss of Ephrin-A1 in mice, a ligand for class A Eph receptor tyrosine 

kinases, results in thickened aortic and mitral valves. These embryos display hypercellularity 

in outflow tract endocardial cushions and elevated mesenchymal marker expression, 

suggesting that excessive numbers of cells undergo EMT [30]. Ephrin-A1 and its cognate 

receptor (EphA3) are expressed in adjacent cells in the developing endocardial cushions. 

In contrast to the ligand, functional inactivation of EphA3 results in hypoplasia of AVC 

endocardial cushions with fewer migrating mesenchymal cells [81]. As such, disruption 

of Ephrin-A1 ligand or EphA3 receptor function impacts endocardial cushion formation 
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in different ways, potentially leading to hypercellularity or hypocellularity, respectively. 

Both effects have been described in in vitro models of TCE-induced effects on endocardial 

cushions. Endocardial disruption may have additional or downstream consequences on the 

developing heart, related to dysregulation of cellular Ca2+ fluxes and cardiac contractility 

[58,66,59,14,76,17] or to alterations in cardiac hemodynamics [72].

3.1.4. Weight of evidence (WOE) for hazard—The WOE (evidence integration) for 

fetal cardiac defects was characterized according to the criteria described in A Framework 
for Assessing Health Risk of Environmental Exposures to Children [86], a scheme that 

is derived from principles of causality assessment developed by Hill [43]. The key 

components (factors) of the WOE analysis were: temporality, strength of association, 

variability analysis, uncertainty analysis, qualitative dose-response, experimental evidence, 

reproducibility (consistency), biological plausibility, alternative or multiple explanations, 

specificity, and coherence (Fig. 1). Independent assessments of the WOE were conducted by 

reviewers, and a group consensus of the evidence supporting stronger and weaker weights 

of association for each key factor was derived. The evidence supporting stronger and weaker 

weight of association for each key factor is presented in Table 7.

Despite the recognized uncertainties and limitations in the TCE database, the evidence 

supports a conclusion that TCE has the potential to cause cardiac defects in humans when 

exposure occurs at sufficient doses during a sensitive period of fetal development. This 

conclusion is warranted by the data that demonstrate or suggest a potential hazard to 

cardiac development, including epidemiological studies, developmental toxicology studies in 

rodents with TCE and its metabolites (DCA and TCA), avian in ovo studies, in vitro assays, 

and mechanistic data that form the basis of a preliminary conceptual model of an AOP for 

valvuloseptal defects resulting from TCE exposures. Limitations within the database that 

increase the uncertainties regarding this conclusion are acknowledged. These limitations 

are described in detail above. The epidemiological studies provide evidence of associations 

between TCE, or TCE and other chlorinated solvents, and cardiac defects, but these studies 

have limitations related mainly to exposure measurement error and lower statistical power 

due to the rarity of cardiac defects. The rodent developmental toxicology studies conducted 

by Dawson et al. [20], Johnson et al. [51], and Johnson et al. [49] that reported cardiac 

defects resulting from TCE (and metabolite) drinking water exposures have study design and 

reporting limitations. Additionally, two good quality (GLP) inhalation and gavage rodent 

studies conducted in other laboratories, Carney et al. [15] and Fisher et al. [28], respectively, 

have not detected cardiac defects.

In accordance with the Guidelines for Developmental Toxicity Risk Assessment [85], the 

database is considered to be adequate to support categorization of the health-related database 

for hazard and dose-response, with the determination that there is “Sufficient Experimental 

Animal Evidence” and “Limited Human Data” for developmental cardiac toxicity. This 

category “includes data from experimental animal studies and/or limited human data that 

provide convincing evidence for the scientific community to judge that a potential for 

developmental toxicity exists.” The minimum evidence that would be necessary to determine 

whether there is or is not sufficient evidence of developmental toxicity is the existence of 

appropriate, well-conducted animal studies. The overall TCE database met this criterion, 
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although limitations and uncertainties in the primary study used in dose response [51] are 

acknowledged.

3.2. Dose-response assessment for developmental cardiac defects

Given the hazard conclusion that (despite uncertainties and limitation in the database) TCE 

has the potential to cause cardiac defects in humans when exposure occurs at sufficient 

doses during a sensitive period of fetal development, the next critical issue addressed by this 

update is the dose-response assessment.

3.2.1. Suitability of Johnson et al. [51] study for deriving a point of departure 
for a reference value—The Johnson et al. [51] study is the only available study 

potentially useable for dose-response analysis of fetal cardiac defects. On the whole, 

the Johnson et al. [51] study is considered suitable for use in deriving a POD for 

the following reasons. The study has an appropriate design. It was conducted by a 

relevant route of exposure (drinking water), covered the entire period of gestation which 

subsumes the developmental window for the initiation of cardiac defects, and tested multiple 

exposure levels. Further support was derived from the finding of a robust, statistically 

significant dose-response relationship. Additionally, this judgement took into consideration 

the strengths and limitations of the study and uncertainties identified in the WOE analysis.

The study was conducted over a period of 6 years, with exposed animals and their 

concurrent controls distributed across time. This design is not problematic per se; clinical 

trials and epidemiological studies are frequently conducted similarly, with staggered entry 

of subjects [31,69]. An important consideration to address is the potential for increased 

variability among litters owing to temporal drift and other possible factors.

Overdispersion, or greater variation among litters than is expected based on within-

litter variation among offspring, can be dealt with by a standard method for clustered 

data [77,33,55,32,67]. This method deals effectively with between-litter variation from 

all sources, assuming that within-litter variation (conditional on the litter-mean) is 

approximately binomial. This method was applied for significance tests and dose-response 

analyses (discussed below).

Another concern about the study design is that the two highest exposure levels and their 

associated controls were observed in 1989–93, and the two lowest exposures and their 

controls were observed during 1993–1995 (Table 8; [53,52]). This raises a question whether 

temporal change rather than exposures can account for the observed responses. We also 

note that the two highest TCE doses and their controls, reported originally in Dawson et al. 

[20], used tap water as a vehicle and drinking water source. Hypothetically, if teratogens in 

tapwater did increase cardiac defects, that would likely increase the control response and 

perhaps impede the ability to observe a significant increase.

Employing all of the data, there is a highly significant (P < 0.001) increasing dose-response 

trend (Fig. 6) based on a Cochran-Armitage trend test after adjusting for overdispersion. 

The trend is also significant (P < 0.04) when the highest dose is dropped. The temporal 

disjunction between the middle and high dose groups prompts further examination. There 
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is no significant trend for the two low-dose groups and their controls. When the two high 

dose groups and related controls (Table 8) were considered separately, a significant trend (P 

< 0.03) was found.

Confidence that data from Johnson et al. [51] represent a real response is supported by 

the increasing trend in response (Fig. 6), and the observations of higher percentages of 

cardiac malformations elicited by higher doses (500 mg/kg-day and higher) in studies of rats 

exposed to TCE metabolites, TCA and DCA [27,79,78]. The highest dose in the Johnson et 

al. [51] study lies at the lower end of doses that elicited substantial responses in these other 

studies. Thus, a hypothesis that the Johnson data represent a false positive or an anomalous 

dose-response pattern seems implausible, based on trend tests and comparison with studies 

that used higher doses.

3.2.2. Dose-response modeling of the data from Johnson et al. [51]—Dose-

response modeling of the cardiac malformation data from Johnson et al. [51] was conducted 

using the nested log-logistic and other BMDS models (http://www.epa.gov/ncea/bmds/) and 

a BMR of 0.01 (1%) extra risk, the BMR level that was used in the EPA 2011 TCE 

assessment [87].

The nested dose-response model accounts for overdispersion using a beta-binomial model 

[88]. To confirm that approach, we also applied a suite of models for dichotomous binomial 

data after adjusting the data for clustering, using an estimated design effect of 1.53 

[77,33,55,67].

Given the uncertainties in the dose-response analysis related to the nature of the data, the 

confidence in the POD based on Johnson et al. [51] has limitations. Overall, however, the 

POD derived in the 2011 TCE assessment [87], which used an approach consistent with 

standard U.S. EPA dose-response practices, remains a reasonable choice.

Several sources of uncertainty related to modeling assumptions were examined:

1. Do the data have a plateau at less than 100% response? The evidence is 

equivocal and does not permit a clear answer. Considering the confidence 

intervals for responses in Fig. 6, it is not clear whether the response reaches 

a plateau or increases more gradually. A number of National Toxicology 

Program (NTP) studies of developmental toxicity also have a low but significant 

maximum response, although they differ in apparent pattern of response.3 A 

model with a plateau is plausible, but would not substantially change the general 

conclusion and results. (We used the dichotomous-Hill model in BMDS, which 

allows a plateau to be estimated.)

2. Is it better to drop or retain the high dose? For the 2011 TCE assessment [87], 

the high dose was dropped on the strength of an examination of residuals at the 

low doses for the nested model. The decision to drop the high dose is confirmed 

3These NTP studies have a significant increase in malformations and maximum response less than 10%: TER86091, mice, MeDOPA; 
TER84054, rabbits, Carbon disulphide; TER82079, rats, Gentian Violet; TER84063, rats, DEHP; TER84111, mice, theophylline. 
http://tools.niehs.nih.gov/ntptox/index.cfm?fuseaction=ntpsearch.allchemicalsforstudy&searchterm=Developmental.
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in this re-examination, using non-nested dichotomous models (adjusted for 

intralitter correlation using estimated design effects [33]). Dropping the high 

dose leads to higher model goodness of fit and better fit in the region of the 

BMD01 and BMD05.

3. Are there sufficient data in the low-dose region and near the BMD01 to 

permit reliable inference about the dose-response curve shape (which influences 

the BMD and BMDL)? BMD inference at the 1% extra-risk level is highly 

uncertain, because BMD and BMDL values vary by several orders of magnitude 

depending on the modeling assumptions. This is attributed in part to the lack of 

monotonicity at the lowest dose and the apparent supralinearity of the overall 

exposure-response relationship. Additional doses would be required to better 

specify the curve shape in the low-dose region. More reliable inference can be 

made for higher BMRs.

3.2.3. Uncertainty in the point of departure (POD)—There is substantial model and 

parameter uncertainty at the 1% level of extra risk, although 1% is the appropriate BMR 

based on severity of the effect (i.e., cardiac malformations). These uncertainties can be 

attributed primarily to having too few data points in the low-dose range, where more data 

would be required to adequately characterize the dose-response shape. Uncertainty decreases 

for higher BMR levels (5% and 10% extra risk), although 10% exceeds the range of the data 

for some models.

• The BMDL01 0.0207 mg/kg-day (BMD01 0.0646) for the nested log-logistic 

model selected in the 2011 TCE assessment (with slope constrained and without 

the high dose group) [87] provides a compromise value from the range of 

BMDLs derived from the variety of models examined.

• With a 5% BMR (i.e., 5-fold greater), the BMDL for the nested log-logistic 

model (BMDL05 0.108 mg/kg-day; BMD05 0.337) [87] is about 5-fold higher 

than the 2011 BMDL01.

• Model-averaged BMDL01 or BMDL05 for dichotomous models (using a Rao-

Scott transformation to adjust for intra-litter correlation; [33]) with the high dose 

dropped to achieve better fit in the low-dose range yielded the following values: 

BMD01 0.0809 mg/kg-day and BMDL01 0.0225 mg/kg-day, BMD05 0.282 mg/

kg-day and BMDL05 0.178 mg/kg-day. This option yields results similar to that 

of the modeling approach used in the 2011 TCE assessment [87].

• The LOAEL/NOAEL approach, although there is also uncertainty about defining 

a POD with this approach, uses either the second highest dose (0.218 mg/kg-day) 

or the next lower dose (0.048 mg/kg-day) as a POD. These are biologically 

plausible as LOAELs because the apparent extra risk values calculated from 

the observed responses of 2.9% and 2.5%, respectively, exceed 1%, the level 

identified as a suitable BMR.

In summary, additional dose-response analyses were performed to characterize the 

uncertainty in the POD. Alternative PODs were derived based on use of alternative models, 

Makris et al. Page 17

Reprod Toxicol. Author manuscript; available in PMC 2022 May 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



alternative BMR levels, or alternative procedures (such as a LOAEL/NOAEL approach), 

each with different strengths and limitations. These alternatives were within about an order 

of magnitude of the POD derived in the 2011 TCE assessment [87].

Overall, taking into account the Johnson et al. [51] study design, strengths and limitations, 

and uncertainties in the WOE, and in spite of any reservations based upon considerations 

pertaining to confidence in the dose response, a majority of the expert participants in this 

update project agreed that the Johnson et al. [51] study was suitable for use in deriving a 

POD. The majority of the participants agreed that the results of the present analysis are 

consistent with and further support the dose-response conclusions of the 2011 IRIS TCE 

assessment [87].

4. Discussion/conclusions

This updated systematic review and analysis was conducted to address the potential for 

exposure to TCE and its metabolites during critical windows of development to result in 

cardiac defects. The review developed: (1) an updated characterization of the available data 

and uncertainties in the TCE database for cardiac defects, (2) an expanded consideration of 

the mechanistic database that may support future research to develop an AOP for cardiac 

defects resulting from TCE exposures, (3) documentation of data and WOE evaluations 

(evidence integration) for hazard, and (4) an extended characterization of the dose-response 

modeling.

4.1. Updated characterization of available data and uncertainties

One of the goals of this review was to identify any new data (i.e., postdating the last 

literature search performed for the EPA 2011 TCE document [87]) that address cardiac 

malformations associated with exposures to TCE, DCA, and TCA. A total of 1769 

unique citations were identified and screened for relevance. Of these, only two additional 

epidemiological studies and two mechanistic studies met the established inclusion criteria. 

We found no animal toxicology studies (in vivo, in vitro, or in ovo) that evaluated cardiac 

defects with TCE (or metabolite) exposures and that had been published since January 2010.

The epidemiological and toxicological studies that had been considered in the 2011 

TCE document [87] and the new studies that were identified were evaluated for study 

quality in a transparent and consistent manner, utilizing multiple reviewers with relevant 

expertise. Study strengths were identified. The epidemiological studies were examined in 

detail for considerations of bias, confounding, and chance. Study flaws, inadequacies, and 

limitations were described for the toxicological studies. These analyses formed the basis for 

characterizing uncertainties in the epidemiological and toxicological databases.

Several epidemiological studies observed evidence of an association between TCE 

exposures and CHDs. This was found to be coherent with broader epidemiological literature 

reporting an association between maternal occupational exposure to degreasing solvents 

or organic solvents and cardiac defects. The available database of epidemiologic studies 

provided some support for an association but is not sufficient to establish a causal link.
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Evaluation of the toxicological data included targeted attention given to studies and issues 

that have been portrayed as controversial in the published literature. This was particularly 

in regard to the findings of cardiac defects identified by Dawson et al. [20] and Johnson 

et al. [51]. A number of potential concerns associated with these studies were dispelled, 

e.g., that inadequate or inappropriate cardiac evaluation methods were used, control animals 

were not on study concurrently with treated animals, fetuses were not randomly assigned to 

evaluations, cardiac examinations were conducted with knowledge of treatment group, and 

statistical analysis of cardiac malformation data was inappropriate. Detailed comparisons of 

methods used in the various developmental toxicology studies to evaluate potential cardiac 

defects helped to facilitate this analysis as well as to identify differences between the studies 

that found cardiac defects with TCE exposures [51,20] and similarly-conducted studies 

that did not [15,28]. The detailed methodological evaluation led to the conclusion that 

differences in study methods (e.g., route of exposure, vehicle, animal source or strain, or 

other factors) may have contributed to differences in the detection of cardiac malformations, 

an issue that can no longer be definitively resolved. As noted previously in the 2011 

TCE document [87], some limitations of these studies were found to be unresolvable, yet 

resulting uncertainties were not judged to compromise the use of the studies for hazard 

characterization and dose-response assessment.

4.2. Expanded consideration of the mechanistic database

Mechanistic data were considered as part of the WOE analysis for the 2011 TCE assessment 

[87]. However, those data did not provide a linkage to the developmental pathways and 

processes responsible for observed cardiac defects. Further consideration of data identified 

in the literature search and the MGI database motivated exploration of the potential for 

identifying a preliminary conceptual model of an AOP framework. It was proposed that 

an AOP anchored to the primary dysmorphologies associated with gestational TCE, DCA, 

and TCA exposure (i.e., valvulo-septal defects, muscular and membranous ventral septal 

defects, and pulmonary and aortic stenosis) might identify key events and relationships. In 

this construct, the vulnerable period is defined by endocardial morphogenesis. Endothelial–

mesenchyme transition (EMT) is disrupted in the area of the atrioventricular canal, leading 

to septal defects. Studies in knockout mice have suggested the possible disruption of genetic 

signals and response by TCE exposure during cardiac development. Candidate genes have 

implicated pathways such as TGF-beta signaling, ephrin signaling, Notch signaling, the 

VEGF pathway, and RXR signaling. Potential molecular initiating events may involve a 

cellular initiation of vascular inflammatory signals, perhaps through an LXR/RXR-mediated 

effect on cholesterol homeostasis, vulnerability to reactive oxygen species or disruption of 

the downstream consequences of VEGF signaling. Although these hypothetical initiating 

events have not yet been experimentally investigated, the disruption of EndMT is well-

supported as a potential key event in valvulo-septal defects induced by TCE exposures. 

Even at this preliminary stage of AOP development, the potential construct provides 

support for the biological plausibility of TCE exposures resulting in cardiac defects, and 

it is a significant achievement in defining research needs. Further research can provide 

opportunities to improve understanding of the mechanism, including exploring linkages 

between proposed AOPs for molecular targets and cellular processes underlying early heart 
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development, and using alternative experimental models and methods to evaluate effects of 

TCE and its metabolites.

4.3. Documentation of the WOE evaluation (evidence integration)

A structured approach to the WOE evaluation for both epidemiological and toxicological 

hazard was conducted according to the precepts of a published EPA evidence integration 

framework [86] that is based upon criteria established by Hill [43]. The hypothesis-based 

evidence for stronger and weaker weight of association was summarized and evaluated.

Overall, the WOE supported the conclusion that TCE exposure at sufficient doses during 

prenatal development has the potential to cause cardiac defects in humans. In Johnson et al. 

[51], the lowest dose to rats that resulted in these outcomes was 0.048 mg/kg-day TCE in 

drinking water.

This conclusion is based upon multiples lines of evidence:

• Epidemiological studies that identified a clear association between cardiac 

defects and maternal TCE exposures via vapor intrusion [29] and limited 

evidence for an association of TCE, or TCE in combination with other solvents, 

in drinking water (Bove [8]/Bove et al. [9]).

• Toxicology studies with TCE from one laboratory [51,20] that identified 

treatment and dose-related defects in cardiac development in rats following 

maternal drinking water exposures, although study design and reporting 

deficiencies were noted, and other laboratories were unable to replicate the 

findings using different routes of exposure [15,28].

• Toxicology studies with metabolites of TCE from two laboratories that observed 

defects in cardiac development in rats after maternal high-dose gavage or 

drinking water exposure to DCA [79,27] or TCA [78,49].

• In ovo studies from two laboratories [72,23,24,57] that found defects in cardiac 

structure or function in chicken embryos resulting from low-dose TCE exposures 

that disrupted valvulo-septal development (a process highly conserved across 

species, including humans)

• In vitro assays (whole embryo culture studies) from two laboratories that 

identified alterations in cardiac development with high doses of TCE [60] or 

its metabolites DCA and TCA [44] exposures to chicken or mouse embryos, 

respectively.

• Mechanistic data, including a putative AOP construct, that is consistent with the 

potential for TCE to cause cardiac defects and supports the biological plausibility 

of an effect on cardiac development with exposure to TCE.

The evidence was characterized as “Sufficient Experimental Animal Evidence” and 

“Limited Human Evidence” in accordance with the Guidelines for Developmental Toxicity 
Risk Assessment [85].
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4.4. Extended characterization of the dose-response modeling

The dose-response relationship for cardiac defects in the Johnson et al. [51] study is robust 

and statistically significant. The study design is unusual when compared with standard 

guideline developmental toxicology protocols. Treated and concurrent control animals were 

evaluated over a 6-year period, there was a temporal gap between the 2 lower dose groups 

and the 2 higher dose groups. The possibility of increased variability among litters due to 

temporal drift and perhaps other factors across time (overdispersion), was dealt with by 

using a standard method for clustered data. The dose-response trend was found to be highly 

significant after adjusting for overdispersion. Because the maximal observed response was 

10%, models with plateaus of less than 100% were investigated and were found to not 

substantially change the general conclusions and results. Confidence in the dose-response 

relationship is supported by the increasing trend in response and by metabolite studies 

that demonstrate findings at higher dose levels. Despite uncertainties in the dose-response 

analysis, the use of the Johnson et al. [51] study for dose-response assessment remains a 

reasonable choice.
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Fig. 1. 
Conceptual view of a Weight-of-Evidence evaluation. Considerations within a WOE 

evaluation of toxicity data are shown. The relative weight of each consideration can vary, 

based upon the data [86], Fig. 4–4). Temporality is the premise that the exposure must 

occur prior to the outcome. Strength of association is the consideration of study rigor and 

statistical power. Variability analysis considers the source of variability within individual 

studies. Uncertainty analysis considers information or data gaps in individual studies and 

in the comprehensive database of information. Qualitative dose-response relationship is the 

change in an effect, and the degree of the change, as a function of exposure or dose. 

Experimental evidence is the alterations in response or rate of response resulting from 

manipulation of exposure. Reproducibility is the observation of specific effects under varied 

conditions. Bio-logical plausibility is the determination of whether an observed outcome 

could be attributed to the toxicological insult, given the currently known science. Alternative 
or multiple explanations are other explanations for the observed outcome(s) following the 

exposure of interest. Specificity refers to determination of the relationship between one 

exposure, the effect(s), and whether each effect is mediated through a single or alternative 

MOAs. Coherence is the extent to which the data are similar in outcome and exposure/dose 

and whether they support each biologically plausible hypothesis or MOA.
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Fig. 2. 
TCE inhalation developmental toxicology studies. Effects on fetal/offspring survival, 

growth, and morphology following maternal inhalation exposures to TCE during gestation. 

Boxes indicate the doses at which maternal toxicity was observed.
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Fig. 3. 
TCE oral developmental toxicology studies. Effects on fetal/offspring survival, growth, and 

morphology following maternal oral exposures to TCE during gestation. Boxes indicate 

the doses at which maternal toxicity was observed. 1Maternal toxicity was not reported in 

Johnson et al. [51]. * Doses at which cardiac defects were observed.
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Fig. 4. 
DCA and TCA oral developmental toxicology studies. Effects on fetal/offspring survival, 

growth, and morphology following maternal oral exposures to TCE metabolites, DCA and 

TCA, during gestation. Boxes indicate the doses at which maternal toxicity was observed. 
1 Maternal toxicity was not reported in Epstein et al. [27]. *Doses at which cardiac defects 

were observed.
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Fig. 5. 
Control vs. TCE treatment groups and dates of exposure. During the duration of the 

University of Arizona (UA) research program on TCE (1989–1995), a number of 

developmental toxicology studies were conducted on TCE and its metabolites. Control 

animals (red blocks) were on study when treated animals (blue blocks) were being exposed. 

The blocks are general representations of time frames and are not presented to exact 

scale. The dates that cohorts of animals were on study (as well as dose levels and the 

number of dams/litters for each cohort) are shown. In three cases, information on the 

exact month and day of animal receipt was not available (indicated by dotted lines). 

Exclusively pregnancy-only TCE-treated groups are included in this figure; however, other 

treatment regimens were also being conducted during the time period of 6/12/89 to 10/6/95 

(i.e., 3 months pre-pregnancy-only, 2 months pre-pregnancy + pregnancy). Additionally, 

during this time period, TCE metabolites and other toxicokinetically related chemicals 

were studied: dichloroacetic acid (DCA), trichloroacetic acid (TCA), monochloroacetic acid 

(MCAA), trichloroethanol (TCEth), trichloroacetaldehyde (TCAld), dichloroacetaldehyde 

(DCAld), carboxy methylcystine (CMC), dichlorovinyl cystine (DCVC), dichloroethylene 

(DCE). The control animal cardiac malformation incidence data were combined for 

statistical comparison with incidence data for pregnancy-only TCE-treated groups. Sources 

of information used to compile this figure: [53,52,50,51,49,20].
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Fig. 6. 
Percent of Offspring with Cardiac Defects [51]. The dose is on log scale. The inset figure 

shows the same data on the untransformed scale. Confidence limits (95%) for percentages 

are also shown. The solid points identify the treated groups and the open points identify the 

control.
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Table 2:

Consideration of Biases, Confounding, and Chance in TCE – Cardiac Defect Epidemiology Studies

Reference Selection bias
Information bias, 

Exposure
Information bias, 

Outcome
Recall 
bias Chance Confounding

Forand et al. 
(2012)
Cohort

Unlikely Likely, area–level 
exposure assignment 
but soil vapor 
intrusion found 
throughout the TCE 
study area

Unlikely, birth 
defects registry 
study with 
medically-verified 
outcomes

Unlikely No Unlikely, adjusted for 
important maternal risk 
factors, including prenatal 
care but not folic acid 
intake

Yauck et al. 
(2004)
Case-control

Unlikely Likely, area-
level exposure 
assignment; poorly 
defined exposure 
surrogate

Unlikely, birth 
certificate and birth 
defects registry 
study

Unlikely No Likely, univariate statistical 
analyses not adjusted for 
maternal risk factors

Bove et al. 
(1995); Bove 
(1996)
Cohort

Unlikely Likely, area–level 
exposure assignment

Unlikely, registry 
(birth, congenital 
malformation) study

Unlikely Yes Unlikely, univariate 
statistical analysis; effect 
estimate from multivariate 
analysis adjusted for 
important maternal risk 
factors, but not folic acid 
intake, not different by 
±15% from univariate

Goldberg et al. 
(1990)
Prevalence

Likely. Two of 
three control 
groups are 
inappropriate and 
sparse details on 
selection of 3rd 

control group

Likely, area-level 
exposure assignment

Unlikely, cases 
identified from 
cardiologists files

Likely No Unable to assess; study 
lacks details of statistical 
analysis

Lakagos et al. 
(1986)
Prevalence

Unlikely Likely, area-level 
exposure assessment

Likely, self-reported 
outcomes

Likely Yes Unlikely, age, education, 
race, prenatal care, 
and parity evaluated as 
potential confounders
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Table 6.

Comparison of cardiac evaluation methods

Method Reference Description

Wilson Wilson, 1965 • Immersion fixation of whole fetus in Bouin’s solution
• Free-hand serial sectioning of fetuses (approximately 2 mm thickness), including sections through the heart 
and great vessels

Staples Staples, 1974; 
Stuckhardt and 
Poppe, 1984

• Dissection of unfixed decapitated or anesthetized fetus
• Examination of external structure of the heart and great vessels
• Examination in situ of internal structure of the heart via two cuts:
○ Incision made beginning to the right of the ventral midline surface of the heart at the apex and extending 
anteriorly and ventrally into the pulmonary artery (exposing the tricuspid valve between the right atrium and 
right ventricle and the 3 cusps of the semilunar valve of the pulmonary artery); the interventricular septum 
examined for defects.
○ Incision made starting to the left of the ventral midline surface at the apex and extending thorough the left 
ventricle into the ascending aorta (exposing the bicuspid valve between the left atrium and left ventricle and 
the 3 cusps of the semilunar valves of the aorta).

University 
of AZ

Dawson et al., 
1993; Johnson 
et al., 2003

• Dissection of unfixed fetus
• Examination of the great vessels in situ, including pulmonary venous attachment to the left atrium and 
cranial and caudal vena caval connections to the right atrium
• Removal of the heart from the thorax; the heart is flushed and then immersion fixed with 2% gluteraldehyde
• Examination of external structure of the heart from dorsal and ventral aspects
• Examination of internal structure of the heart and vessels:
○ Right atrial appendage excised to evaluate the atrial septum for defects (left atrial appendage removed if 
the atrial septum is not adequately visualized)
○ Aorta and pulmonary vessels evaluated for course, caliber, and orientation, then excised at valve rings
○ All remaining atrial tissue removed to expose pulmonary, aortic, tricuspid, and mitral valves; location of 
coronary ostium noted; each valve probed for patency, and formation of each valve leaflet examined.
○ Incision made ventrally through the tricuspid valve to the apex of the heart. Another incision made through 
the pulmonary valve toward the apex of the heart and joining the cut made through the tricuspid valve. 
Incision made from each edge of the mitral valve toward the apex, and the left ventricular free wall removed 
(allowing complete visualization of the ventricular septum for evaluation of defects).
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Table 8.

Data analysis of cardiac abnormalities reported byJohnson et al. (2003)

Conc. in drinking water, ppm 0 0 0 0.0025 0.250 1.5 1100

Dose, mg/kg-d 0 0 0 0.00045 0.048 0.218 129

Internal dose metric
a 0 0 0 0.00031 0.033 0.15 88

Dates 1989–93 1993–95 all 1994–95 1994–95 1989–90 1989–90

N (litters)
b 20 35 55 12 9 13 9

N (fetuses)
b 232 374 606 144 110 181 105

N (fetuses with cardiac defect)
b 7 6 13 0 5 9 11

p (fetuses with cardiac defect) 0.0302 0.0160 0.0215 0 0.0455 0.0497 0.1048

a
Total Oxidative Metabolism per unit (body weight)3/4; units are mg/wk-kg3/4

b
For the purpose of this analysis, the control litters (fetuses) were designated as belonging to the 1989–93 or 1993–95 cohorts based upon an 

analysis of the numbers of control animals assigned to study, the incidences of cardiac malformations reported, and individual animal identification 
numbers Dawson et al. (1993); Johnson (2003, 2005, 2014); Johnson (2009); Paula Johnson, personal communication.
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