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The evidence used by the EPA to support the claim that TCE and/or its metabolites are specific
cardiac teratogens comes from both human epidemiology investigations and studies in experimental
animals. In both cases, the arguments are not persuasive of a causal linkage. Not only does the cited
epidemiology literature fail to satisfy the Hill criteria for causation, it also fails to link the purported
findings to TCE exposure. In addition, the EPA assessment is incomplete insofar as it does not consider
the most recent and comprehensive animal studies (see below) regarding the effects of TCE and its major
metabolites in pregnant mammals. The literature cited to support the contention that TCE and/or one of
its metabolites is a cardiac teratogen is over interpreted.

The Cited Human Data Do Not Support a Causal Association between TCE Exposure and Birth
Defects .

The studies that allegedly support the contention that TCE exposure of pregnant women resulted
in births of infants with cardiac or other developmental defects find significance by combining many
types of malformations into large categories that sound related, but are not. For example, the category of
“cardiac malformations” is used loosely to include alterations in the structure of the heart as well as
alterations in the arrangement of the large blood vessels. Not only are the subject organs different, but
also they have very dissimilar embryological development.

The human epidemiology studies used to support this contention are of two general types. The first
includes investigations of births from regions that had contaminated water supplies. Goldberg et al.
(1990) investigated births in a region of Arizona that had an aquifer contaminated with 6 — 239 ppb
TCE. The authors reported the incidence for 33 types of malformation associated with the
cardiovascular system, among which were 12 diagnoses that were predominantly malformations of
the great vessels, such as transposition of the great vessels, coarctation of the aorta, interrupted aortic
arch, and patent ductus arteriosus. A total of 44 non-cardiac malformation cases (18% of the total
cases) was reported. What is remarkable about these studies is the low exposure concentrations of
TCE. As will be discussed below, those animal studies that did report positive results had lowest
observed effect levels (LOELs) that were four to six orders of magnitude higher than the highest
reported contamination level in the Arizona aquifer.

The “cardiac anomalies” reported in the contaminated Arizona aquifer studies contrast with the
results of other epidemiology studies. For instance, Wilson et al. (1998) examined data from the
Baltimore-Washington Infant Study and concluded that “solvents/degreasing agent exposure”
(inclusive of TCE and many other substances) accounts for 4.6% of the attributable risk for
hypoplastic left heart syndrome, but no attributable risk for anomalies including transposition of the
great vessels and coarctation of the aorta. The findings in this study contrast with those of the
Goldberg study mentioned above, where the individual malformations that together comprise
hypoplastic left heart syndrome (aortic valve stenosis, mitral stenosis, hypoplastic left ventricle)
accounted for only 15 cases (6% of the cases reported). Thus, there is poor concordance between
these two study populations (i.e., three-fold difference in rate of occurrence and different types of
“cardiac anomalies”).

A study of births in 75 towns of New Jersey that experienced water supply contamination by a
variety of agents, including TCE at an average of 55 ppb, reported significant associations between TCE
contamination and “cardiac defects” and neural tube defects (Bove et al., 1995). Once again these
categories were very broad and included multiple anomalies with very different modes of formation. It is
peculiar that the reference population of >55,000 births in this study was stated to have experienced no
birth defects. This is an incredible statement, because the background rate of major malformation in the
United States is 1 — 3% (550 — 1650 expected cases in a population of 55,000), and neural tube defects
and heart defects are among the most common, having an overall expected incidence of ~100/ 10,000



(DeSesso et al., 1999; Hoffman and Kaplan, 2002). The authors reported as significant those effects that
occurred with an odds ratio of 1.5 or greater, but they used relaxed 90% confidence intervals. In the case
of the TCE-exposed population, for instance, the incidence of neural tube defects was reported as
56/81,532 or 6.9/10,000, which is well within the expected number of cases based on the national
incidence rate, although it is obviously higher than the “0” seen in the reference population. Notably,
hypoplastic left heart syndrome (normal rate of occurrence ~2/ 10,000 births) was not associated with
TCE contamination (see discussion below).

A shortcoming that is common to all of the epidemiology studies is the lack of accurate exposure
information and poor control of confounding factors. In the instance of the Arizona aquifer, the authors
were clear to point out that their data showed “a significant association but not a cause and effect relation
between parental exposure to the contaminated water area” and cardiac defects. By this they meant that
the parents of affected children were present in the land area overlying the aquifer during early gestation—
but not that they had necessarily drunk or used contaminated water. Thus, exposure was not quantified.
With respect to the Baltimore-Washington Infant Study, interviews with parents identified activities and
occupations that were likely to have involved organic solvents and degreasing substances. TCE is among
the substances that could have been used, but it was not singled out as a causative agent and there is no
information on levels of exposure. These data-sets fail to clearly identify a specific causative agent and
do not quantify exposure levels, making the assessment of risk for a particular chemical (e.g., TCE)
unfeasible.

As detailed above, the human data cited by the assessment are inadequate for risk assessment. In
the absence of clear-cut human data, strong evidence from animal studies in addition to good mechanistic
information can help in the assessment of risk.

Data from Early Animal Studies Have Been Used Without Critical Evaluation

Papers from the EPA laboratories in Cincinnati (Smith et al., 1989, 1992; Epstein et al., 1992)
first reported cardiovascular anomalies in fetal rats whose mothers had received doses of the TCE
metabolites TCA (up to 1,800 mg/kg/day) or DCA (up to 2,400 mg/kg/day) by gastric intubation during
gestational days 6 — 15. The spectrum of cardiac malformations observed in these studies was unique.
They included many cases of “levocardia” (displacement of the heart towards the left side of the thorax)
and a defect that appears to have been very high in the membranous portion of the interventricular septum
(the wall that separates the left and right ventricles and participates in the separation of the aorta from the
right ventricle). As will be detailed later, other laboratories have not reproduced these malformations.

The question arises as to the cause of the observations in these first studies. It should be noted
that the doses used in these studies were six to seven orders of magnitude higher than the dose expected
for a 65-kg pregnant woman who drinks water containing TCE at the concentration resulting from
application of the proposed reference dose (RfD)(13ug/L). Further, the pregnant rats in the groups with
anomalous fetal hearts experienced severe maternal toxicity, evidenced by diminished body weights at
study termination, decreased weight gains during gestation, and total litter resorptions. The offspring
from the affected litters had mean fetal weights that were approximately 33% lower than control values,
as well as concomitant decreases in fetal size (e.g., decreased crown-rump lengths). In rats, the last 48
hours of gestation are a period of rapid growth; not only do the fetuses gain much weight in this period,
but also the thorax grows quickly to accommodate the lungs, which develop largely after birth (Rakusan,
1984; Burri et al., 1974). While it is possible to associate the cardiac effects with the aforementioned
maternal and fetal toxicities, there may be another contributing factor. Some findings in developmental
toxicity studies can be caused by too over-zealous dissection methods (Harris and DeSesso, 1994). Fresh
dissection of rat fetuses for examination of thoracic contents and dissection of the heart to observe
internal cardiac structure is a demanding procedure because of the small size of fetuses. In fetuses that
are one-third smaller than normal, the effort is even more difficult. The delicate tissues of compromised



heart (especially the diaphanous tissue of the membranous interventricular septum) can be easily
distupted during the incision and opening of the heart.

In a subsequent paper that laid out a proposed general toxicity-neurotoxicity-developmental
toxicity screening approach, Narotsky and Kavlock (1995) administered large doses of TCE (1,125 or
1,500 mg/kg/day) by gastric intubation to pregnant Fisher 344 rats on gestational days 6 — 19 and allowed
the animals to deliver their litters. The maternal animals experienced noticeable toxicity at both doses.
Pup weights were significantly decreased in both treated groups, and the pups were reported to have
experienced “increased incidences of micro/anophthalmia,” although the numbers associated with these
lesions were not reported. In the absence of data it is not possible to independently evaluate the latter
conclusion. The thoracic contents (including hearts) were not examined. One notable design
characteristic is the exaggerated dose of the material relative to the expected human exposure levels, as
noted for the preceding studies. This brings into question the relevance of these findings for risk
assessment purposes.

In 1998, Johnson et al. studied a variety of TCE metabolites for potential effects on cardiac
development in pregnant Sprague-Dawley rats by providing drinking water that contained one of the TCE
metabolites (including TCA, MCA [monochloroacetic acid], DCVC, and others) from gestational day 1
throughout pregnancy. They reported an increased incidence of cardiac anomalies only in pups from the
eleven rats that had received water that contained 2,730 ppm of TCA. The defects included four cases of
defects in the membranous interventricular septum. These findings are provocative, given the early
reports by Smith and colleagues, but are in need of verification because of the small number of maternal
animals in the TCA group, the lack of a dose-response design, and the low number of cases. As discussed
in the next section, a robust follow-up study has been completed and was unable to reproduce the
findings.

In addition to the whole animal studies mentioned above, the EPA assessment reviews data from
papers that have designs that are inappropriate for risk assessment. The papers include those of Dawson
et al. (1990) wherein solutions of TCE (15 or 1,500 ppm in saline) were delivered directly to the uterine
lumina of pregnant Sprague-Dawley rats by osmotic mini-pumps that had been surgically implanted in the
abdominal cavities on gestational day 7. While alterations were observed in several fetuses, there were no
cases of ventricular septal defects. Administration of compounds by such an irrelevant route provides
little information about the potential risk due to environmental or occupational exposure to TCE. The
other paper that deserves mention is that of Boyer et al. (2000) who explanted the atrioventricular canals
from stage 16 chick embryos and cultured them in a collagen gel that contained 0 - 250 ppm TCE. The
authors noted that mesenchymal cell formation was inhibited in cultures containing TCE. The findings of
this study are not relevant to human health risk assessment for a variety of reasons. First, avian
developmental models differ significantly from mammalian models due to the absence of a maternal
influence and a placenta. Second, the dose at the exposed tissues in the culture system is static and is
likely to be far higher than the target tissue dose in developing mammalian hearts. Third, the culture
method is not widely used and there is little background data with which to compare the results of the
experiments.

Review of Johnson et al. (2003) Paper (Critical Study) and Associated Studies.

The fact that Johnson et al. (2003) is actually a compilation of data from two or more studies, the
first published ten years before the 2003 publication (Dawson et al., 1993), was not made clear in their
paper. In fact, it appears that it took a letter to the editor (Hardin et al., 2004) to have the authors explain
this situation (Johnson et al., 2004). This gives the appearance that the authors were unaware of how to
design studies, analyze and present developmental toxicity data.

There are a number of concerns regarding these studies:



First, it is not clear where all of the data reported in Johnson et al. (2003) came from. Currently,
we are aware of two papers: Johnson et al. (2003) and Dawson et al. (1993). These are the two papers
that are referenced in their response to Hardin et al. (2004), but, there is no indication in the summary
paper (Johnson et al., 2003) of which data came from Dawson et al. (1993) and which data came from
later studies.

Johnson et al. (2003) do not provide data on maternal and fetal parameters other than cardiac
malformations, only mentioning that «maternal and fetal variables, including noncardiac congenital
abnormalities, showed no significant differences between treated and control groups.” Dawson et al.
(1993) did not provide any control data for maternal and fetal parameters, other than cardiac
abnormalities. Consequently, there is no way to assess the impact of exposure on any parameter other
than cardiac abnormalities, including such parameters as maternal body weight and body weight gain,
fetal weight, and fetal viability. Johnson et al. (2004) note in their editorial reply that “Control values
were consistent throughout our studies,” however, there is no way for the reader to determine that.

Dawson et al. (1993) do not mention the number of pregnant dams that were assigned to each
treatment group. There is no way to determine how much of the data in Johnson et al. (2003) is from the
Dawson et al. (1993) study.

It would be prudent to have a qualified statistician look at this data base and the statistical
evaluations used, Given the pooling of discrete data and the unbalanced study design (55 dams in the
control vs. 9-13 in the treatment groups), it would be interesting to know how a statistician would view
the analysis. Moreover, can the analysis address the hypothesis? Johnson et al. (2003) indicate that their
goal was to determine whether there was a threshold level of TCE in drinking water above which the
incidence of congenital cardiac defects in the rodent increased significantly. Does their study design and
statistical analysis permit the testing of a hypothesis derived from this goal? They do report that their data
could indicate that a threshold effect exists at a level between 1.5 and 1,100 ppm. That is a range of three
orders of magnitude, which is not very useful in establishing reference concentrations.

In discussing the dose-response pattern in these studies, Johnson et al. (2003) specifically
comment on the response of the highest exposure (1,100,000 ppb) relative to control, but they only
mention that “Intermediate exposure levels produced intermediate response rates.” While this is true, the
intermediate levels did not produce a clear dose-response relationship. The 2.5 ppb exposure level did not
show any effects, even though 16.4% of the control litters had a cardiac defect. Moreover, there was a
reduced (or at best an equivalent) response between 250 ppb and 1500 ppb. Johnson et al. (2003) provide
a rationale for choosing the exposure levels that were used, but the extreme range makes it difficult to
examine whether a continuous response pattern exists. To make the analysis more difficult to interpret,
the fetus and not the dam (litter) was used as the experimental unit, or at least was the unit where
statistically significant responses were noted. The dose-response pattern may be another area where the
input of a qualified statistician/modeler would be prudent.

Johnson et al. (2003) comment that TCE exposure using an in vitro chick model has been shown
to have effects on several elements of epithelial-mesenchymal cell transformation at concentration ranges
that correlate with their findings. They note a concentration range of 50-250 ppm (although it isn’t clear
if this is the only concentration range used in the referenced studies). If the 50-250 ppm is correct, it does
not correlate with the Johnson et al. (2003) concentration range. It is bounded by the J ohnson et al.
concentration range, but then, almost any range would be, given the extreme range that Johnson et al.
used. More importantly, an application of any concentration of TCE in an in vitro chick embryo study is

in no way comparable to an application of any other concentration of TCE in drinking water in an in vivo



rat study. It is unclear why the authors even make this statement; are they suggesting that their drinking

water dose range would produce similar inhibitions of the transcription factors?

similar' to those reported in Johnson et al. (2003), di
500 mg/kg/day TCE. They provide some possible explanations f
(1993) study: TCE purity, rat strains (both used Sprague-Dawley,
design (see above footnote), and the use of a stain

heart structure.” This last comment is surprising,

Comments on Specific Types of Heart Defect:
While there were similar methods used

staining solution for better visualization (1:3 hematoxylin-saline solution), perhaps a more

physiologically normal situation, then removed the heart and immersion fixed it in 10% buffered

Johnson et al. (2003) do not reference Fisher et al. (2001), even though Johnson was one of the
authors of the latter study and part of the cardiac examination team. Fisher et al. (2001), using techniques

One additional note: In their conclusions, Fisher et al. (2001) comment:

“The high background of fetal heart malformations on a per litter basis provides a

d not find any cardiac defects following exposure to
or the differences from the Dawson et al.
different sources?), and experimental
ing procedure in the Fisher study “to better visualize

since if the hearts were better visualized, one would
expect that more, not zero, affected hearts would have been found.

challenge for using these data in regulatory decisions relating to risk characterization of
TCE, TCA, and DCA. Also,the lack of clear dose-related effects (Dawson et al., 1993,
and the present study) provide data of questionable utility for risk assessment
applications.”

formalin.

s Reported

for examining fetuses in the Dawson/Johnson laboratories
involved and Dr. Johnson collaborated on the Fisher et al (2001) study, there were several differences
between the 3 studies as noted in the EPA review (see table 1). In addition, preparation of the heart for
dissection also differed. Dawson et al (1993) and Johnson et al (2003) both removed the heart first, then
flushed with a fixative, while Fisher et al (2001) flushed the heart in situ via the left ventricle with a

Table 1. Comparison of Methods Used in the Dawson et al (1993), Johnson et al (2003), and

Fisher et al (2001)
Study Stock Source of | Route | Dose | Vehicl | Treatmen | Day | Day of Heart preparation
of animals of e t days of | sacrific
animal exposu GD sper | € GD
8 re m
GD
Dawso | Spragu | Harlan, Drinki | 1.5 Tap 1-22 1?7 227 | flushed with 2%
netal |e Indianapoli | ng and | water glutaraldehyde after
1993 Dawle | s? water 1100 heart removal, fixed
y ppm for 24 hrs in the same
solution, transferred
to 0.1 mol/L.
| ‘ phosphate buffer

" Fisher et al. (

animals with a daily bolus gavage (GD 6-15). Johnson et al. (2003) use

2001) used soybean oil as a vehicle for TCE and retinoic acid {positive control) and treated the

d water as a vehicle for TCE, provided ad lib

in the drinking water, which was changed daily with fresh TCE. The treatment period was over the entire 22-day
pregnancy.




Johnso | Spragu | Harlan? Drinki | 2.5 & | Distille 1-22 1? 22?7 | flushed with 10%
netal |[e ng 250 | d water formalin, transferred
2003 Dawle water | ppb, to 10% formalin
y 15&
1100
ppm
Fisher | Spragu | Charles Gavage | 500 | Soybea 6-15 0 21 flushed in situ via the
et al e River, mg/k | noil left ventricle with
2001 Dawle | Raleigh g (TCE staining solution for
y & RA); better visualization
IERO* (1:3 hematoxylin-
water saline solution), then
(TCA, removed and
DCA) immersion fixed in
10% buffered
formalin

* [ERO = ion exchange/reverse osmosis

The major difference in the data from the Dawson/Johnson laboratory vs. the Fisher laboratory
appears to be the incidence of atrial septal defects (Table 2). The types of atrial septal defects are not
detailed in any of the papers except for the statement that they are “secundum in type” (Dawson et al,
1993). Since the septum primum and septum secundum both grow rapidly around the time of birth to
close the foramen ovale (Momma et al, 1992), this may represent a variation in development like other
structures that are developing around the time of birth in the rat, e.g., skeletal ossification of sternebrae,
vertebrae centra, etc., and the renal papillae. Whether the different methods of flushing the hearts may
have disturbed the position of the septum which would not be closed on the day of sacrifice is unclear.
Even more disturbing, however, is that neither Dawson et al (1993) nor Johnson et al (2003) provide
maternal or fetal weight data, so it is impossible to know whether there were differences in fetal weight
that would suggest a delay in development. Also, data on other aspects of fetal development (e.g.,
skeletal ossification) were not presented to give any clues about developmental stage. Fisher et al (2001)
report no significant difference from water controls in maternal weight, uterine weight, number of
implantations or fetal weight for TCE at 500 mg/kg. In that study, the percent of fetuses with atrial septal
defects was approximately the same in the two groups. Thus, there are many unanswered questions about
the incompleteness of the data presented in the Dawson et al. (1993) and Johnson et al. (2003) papers, in
addition to the obvious design flaws and protracted length of time over which the studies were conducted.
Without concurrent control data, it is very difficult to evaluate small changes in heart development that
may or may not be related to TCE exposure.

Table 2. Comparison of Atrial Septal Defects in the Three Papers*

Study/Data Treatment Groups

Dawson et al Control | TCE - TCE - Pre | TCE -
1993 Tap Pre only | only Pre &

| water 1.5 ppm | 1100 ppm Preg

1100 ppm

No. of atrial 1/232 3/130 7/147 19/435
septal (0.4) (2.3) (4.8) 4.4)
defects/no
hearts
examined (%) |




Johnson etal | Control | TCE - TCE - 250
2003 Distilled | 2.5 ppb ppb
water
No. of atrial 7/606 0/144 1/110
septal (1.2) O (1.0
defects/no
hearts
examined (%)
Fisher et al Control | TCA DCA Control TCE Retinoic
2001 IERO** | 300 300 mg/kg | Soybean | 500 acid - 15
Water mg/kg in | in IERO oil mg/kg in | mg/kg in
IERO water soybean | soybean
water oil oil
No. of atrial 2/273 2/269 3/298 6/367 4/290 3/155
septal (1.0) (1.0 1.0 (1.6) 1.4) (1.9
defects/no
hearts
examined (%) |

*Highlighted boxes are the same data reported in both papers
**JERO = ion exchange/reverse osmosis

Later, Robustly-designed Studies in Animals Fail to Confirm Earlier Findings of Malformations in
Rats

A subsequent publication (Fisher et al., 2001) specifically investigated the cardiac teratogenic
potential of TCE, TCA, and DCA in groups of 19 — 20 pregnant Sprague-Dawley rats. The rats received
oral bolus doses of TCE (500 mg/kg/day, in soybean oil), TCA (300 mg/kg/day, in water) or DCA (300
mg/kg/day, in water) on gestational days 6 —15. On gestational day 21, fetuses were removed by
laparohysterectomy and hearts were examined and microdissected under a stereomicroscope by an
investigator experienced in the procedure (Dr. Paula Johnson, author of the earlier report that TCA caused
cardiac effects at 291 mg/kg/day). The rates of cardiac malformations among treated animals did not
differ from control rates.

Some early studies of TCA and DCA in pregnant Long-Evans rats (Smith et al., 1989, 1992)
reported ocular malformations. Ina study that reported findings after examination of the heads of the
fetuses from the Fisher et al. 2001 study described above, Warren et al. (2006) reported that TCE, TCA,
or DCA did not elicit gross ocular malformations. Morphometric analysis of the lens area, globe area and
interocular distances revealed reductions of these parameters only in the TCA- and DCA-treated fetuses,
but the overall smaller sizes of the fetuses in those groups were sufficient to explain the reductions.

An inhalation study of TCE in pregnant Charles River CD IGS rats (Carney et al., 2001; 2006)
exposed groups of 27 animals to filtered air or to atmospheric concentrations of TCE up to and including
the limit dose (600 ppm) for 6 hours/day on each of gestational days 6 — 20. Although maternal toxicity
(decreased body weight gain) was elicited at the highest dose, TCE exposure caused no increase in gross,
skeletal, or visceral (including heart and eye) malformations.

Assessment

Early findings of potential heart defects in rat pups associated with high doses of TCE
metabolites during gestation prompted a series of investigations into the issue. The currently existing
human data are deficient for risk assessment, but even so they do not support an association between TCE
exposure and cardiac defects in babies. Data from GLP compliant animal studies that were carefully




designed to probe the existence of potential links between TCE or its metabolites and heart or eye defects
have shown no associations at exposure levels that are several orders of magnitude higher than those that
are environmentally or occupationally relevant.

The current EPA review of TCE toxicity focuses on several endpoints for establishing a reference
concentration and a reference dose. These were considered the most sensitive effects in the current data
base. Two of these are developmental endpoints: fetal heart malformations in rats and developmental
immunotoxicity in mice. The current preliminary review focuses on the fetal heart malformations, since
this appears to be an area with some controversy.

The EPA has developed an RfC of 0.001 ppm and an RfD of 0.0004 mg/kg/day. The fetal heart
malformation data reported in Johnson et al. (2003) is used to support both of these values (US EPA,
2009; see Tables 5.1.23 and 5.1.24 and the associated text).

Studies from the Dawson/Johnson laboratory are clearly compromised by a number of design
weaknesses which are stated in the EPA review, but the weight of evidence discussion in section
4.7.3.3.2.3 only considers those studies that reported cardiovascular defects and essentially ignores more
carefully designed state-of-the art studies that do not report cardiovascular defects. This is not a “weight
of evidence” evaluation but a “strength of evidence” evaluation. All the focus is on those studies that
found an effect and none on the strengths and weaknesses of those that did not. There is nothing in the
EPA weight of evidence about the studies that did not find cardiac defects but which used sound
methodology, i.e., Fisher et al., 2001, and Carney et al., 2006. Weight of evidence clearly must consider
all of the data, both positive and no effect data. When studies with clear flaws that use methods giving
results not replicable in other laboratories constitute the majority of the positive data, it is difficult o see
how the EPA can justify using these data as the basis for regulatory end-point(s).

Final Comments
The EPA Review Draft (pp 855-857) notes that potential limitations of the cardiac malformation
data base have been raised. Nevertheless, EPA considers the animal data provide “‘strong, but not

unequivocal, evidence” of TCE-induced cardiac malformations; and EPA’s final evaluation is that there is
sufficient concern regarding the potential for TCE to lead to cardiac defects (p 861).

EPA puts emphasis on the Johnson et al. (2003) and Dawson et al. (1993) studies and has noted
that Johnson “has provided individual litter incidence data to the USEPA for independent statistical
analysis (P. Johnson, personal communication, 2008) (see Section 6, dose-response)” (US EPA, 2009, p
857). It is unclear why EPA refers to “Section 6, dose-response” regarding this additional data. Nothing
in this section described these data or how they were used. Hopefully, EPA has examined these data,
although it is unclear if this has ever been done or how it has been incorporated into EPA’s risk
assessment.

Finally, there has been too much focus on one set of studies that show a putative positive
response to low-exposure levels of TCE, without considering the overall data base and the limitations of
the focus studies. The Johnson et al. (2003) and Dawson et al. (1993) studies have significant limitations
regarding the reporting of standard maternal and fetal parameters. Without evaluating all of the maternal
and fetal parameters, it is not possible to get a clear idea of how the animals are responding to treatment
and whether the endpoint values are within historical ranges. Studies where major components of the
results are not reported or the missing data has not been evaluated by the risk assessors may be useful in
supporting other, more complete, data sets, but are of questionable value as a primary study in
establishing an exposure standard.
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Abstract

The organic solvent trichloroethylene (TCE) is a metal degreasing agent and an intermediate in the production of fluorochemicals and
polyviny! chloride. TCE is also a common, persistent drinking water contaminant. Several epidemiological studies have alleged links between
TCE exposure during pregnancy and offspring health problems including congenital heart defects (CHDs); however, the results of these studies
are inconsistent, difficult to interpret, and involve several confounding factors. Similarly, the results of animal studies examining the potential
of TCE to elicit cardiac anomalies have been inconsistent, and they have often been performed at doses far exceeding the highest levels ever
reported in the drinking water. To determine what is known about the relationship between TCE and the incidence of CHDs, a comprehensive
analysis of all available epidemiological data and animal studies was performed. Additionally, in vivo and in vitro studies examining possible
mechanisms of action for TCE were evaluated. The specific types of heart defects alleged to have been caused by TCE in animal and human
epidemiology studies were categorized by the morphogenetic process responsible for the defect in order to determine whether TCE might
disrupt any specific developmental process. This analysis revealed that no single process was clearly affected by TCE, providing support that
gestational TCE exposure does not increase the prevalence of CHDs. As a final evaluation, application of Hill’s causality guidelines to the
collective body of data revealed no indication of a causal link between gestational TCE exposure at environmentally relevant concentrations
and CHDs.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Trichloroethylene (TCE) is a halogenated hydrocarbon
solvent primarily used as a metal degreasing agent and pro-
duced as an intermediate in the production of fluorochemicals
and polyvinyl chloride (PVC). Historically, TCE has been
used as an anesthetic, an antiseptic, and a solvent for use in
dry cleaning and coffee decaffeination [1]. During biotrans-
formation in humans, TCE is converted to chloral hydrate,
a substance that is frequently prescribed for insomnia in the
elderly as well as to sedate children undergoing CAT scans
[2]. The terminal products of oxidative biotransformation are
trichloroacetic acid (TCA) and dichloroacetic acid (DCA).
TCE is volatile, and therefore most TCE released into the
environment evaporates. However, in certain groundwater
environments, TCE has limited contact with the air, and will
therefore persist for years. For this reason, it is found as a
contaminant in groundwater supplies.

According to the Toxics Release Inventory compiled by
the Environmental Protection Agency, 291,000 pounds of
TCE were released into water and onto land between 1987
and 1993, States with the largest releases to water include
Pennsylvania, Illinois, and Georgia [3]. The American Con-
ference of Governmental Industrial Hygienists (ACGIH) has
established an 8-h time-weighted average (TWA) threshold
limit value (TLV) of 50 ppm TCE vapors, and a 15-min short-
term exposure limit (STEL) of 100 ppm TCE vapors. The
current EPA-defined maximum contaminant level (MCL) for
TCE is 0.005 mg/L (5 ppb), and the maximum contaminant
level goal is O ppb [3]. EPA established the aforementioned
regulatory levels based on the rationale that long-term expo-
sure to TCE at levels above the MCL might contribute to
an increased risk of liver problems and cancer. Additionally,
the limit of detection of TCE in the water was 5 ppb at the
time this MCL was determined, and this conservative limit is
likely to have been selected due to the dearth of robust data
on TCE’s effect on human health.

Due to its occurrence in the water supply, it is important to
identify and characterize any risks to human health attributed
to TCE. Accordingly, several epidemiological studies have
been conducted, some of which have linked TCE to health
problems including, but not limited to, cancer, spontaneous
abortions, and congenital heart defects (CHDs). Despite the
plethora of adverse effects purportedly attributed to TCE
exposure, analysis of the body of studies available fails to
establish a clear cause and effect relationship {4,5]. As a
result, there is a great deal of confusion regarding the toxic-
ity of TCE. In order to assess risk and to identify appropriate
avenues for future research, it is necessary to evaluate the
current state of the data to determine what exactly is known
about each of TCE’s alleged effects on human development.
In the present analysis, emphasis is placed on TCE’s impact
on the developing heart.

2. Etiology of CHDs

Due to the potential for dire outcomes associated with
CHDs, any potentially causative factor should be investi-
gated. In some cases CHDs are minor or treatable, but CHDs
can be fatal or have a marked adverse effect on one’s quality
of life. According to the American Heart Association [6], at
least 8/1000 infants are born with a CHD. Although certain
genetic conditions (e.g., down syndrome) and drugs (e.g.,
isotretinoin [Accutane®]) are linked to CHDs, rarely is the
cause of a CHD understood. Consequently, the relative roles
of genetics and environmental agents as causative factors in
the development of CHDs are unknown. There are at least 35
recognized types of CHDs, the most prevalent of which are
listed and briefly described in Table 1.

A CHD is the unfortunate manifestation of a disturbance
in any of several developmental processes involved in the
formation of the heart. The major categories of developmental
processes involved in heart development as described in Clark
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Type of congenital heart defect

Description

Atrial septal defect (ASD)

Ventricular septal defect (VSD)

Complete atrioventricular canal

Aortic valve stenosis and insufficiency

Coarctation of the aorta

Pulmonary valve stenosis

Tetralogy of Fallot

Single ventricle defects

Truncus arteriosus

Transposition of the great arteries

Ebsteins anomaly

An opening between the right and left atria. ASDs can result in oxygenated and non-oxygenated blood being
mixing in the atria, decreasing the heart’s efficiency in delivering oxygenated blood to the body

An opening between the right and left ventricles. VSDs can result in oxygenated and non-oxygenated blood being
mixed in the ventricles, decreasing the heart’s efficiency in delivering oxygenated blood to the body. These defects
are often associated with an increase in blood pressure

A combination ASD/VSD, with abnormal tricuspid and mitral valves, resulting in oxygenated blood being
re-pumped to the lungs. This defect is associated with symptoms of congenital heart failure

The thickening and narrowing of the aortic valve, leading to a potentially harmful increase in pressure within the
left ventricle

Narrowing of the aorta between the upper and lower body artery branches. This can lead to very high blood
pressure in the upper part of the body, very low pressure in the lower part of the body, and considerable heart strain

The pulmonary valve becomes narrowed and/or leaky resulting in reduced blood flow to the lungs

There are four key features to tetralogy of Fallot: (1) VSD, (2) pulmonary stenosis, (3) hypertrophy of the right
ventricle, and (4) the aorta “overriding” the VSD. The result is decreased blood flow to the heart, and mixing of the
blood between sides of the heart, decreasing the effectiveness of the heart in delivering oxygenated blood to the
body and causing significant adverse health effects

Heart defects resulting in underdevelopment of one of the ventricles, possibly leading to cyanosis and an increased
risk of endocarditis

A large VSD over which a large, single great vessel arises, carrying blood to both the body and the lungs

The aorta and pulmonary vessels are reversed, resulting in oxygenated blood being pumped back to the lungs and
non-oxygenated blood being pumped to the body. This condition will typically result in infant death if not
surgically corrected

Abnormally formed tricuspid valve in which one of two leaflets do not move properly. This is often associated
with ASD, a large right atrium, and a small right ventricle

['7,8] are presented below:

\. Cellular migration, particularly of the neural crest cells:
Early in development, neural crest cell migration con-
tributes cells that participate in conotruncal septation.
Disturbance of this process leads to conotruncal mal-
formations, such as subarterial ventricular septal defects
(VSDs; Type D), tetralogy of Fallot, and transposition of

the great vessels [7].

2. Cardiac hemodynamics: As blood flows through the
developing heart, the differential pressure on the various
areas of the chamber walls allows for changes in the cham-
ber shape. Abnormal cardiac hemodynamics can lead to
aberrant distention of the cardiac chambers and valves,
which can alter their shape and function {9]. Malforma-
tions linked to abnormal cardiac hemodynamics include
hypoplastic left heart syndrome, coarctation of the aorta, 5.
and perimembranous (Type 1I) VSD [8].

3. Cell death: Cell death molds the developing heart by
removing tissue, an important function in the formation
of cardiac valves, the trabeculae carneae of the ventricu-
lar wall, and timely development of shunts between the
developing right and left hearts [10]. Excessive cell death
is associated with septal perforations, and insufficient cell
death is associated with Ebstein’s anomaly, a condition in
which the tricuspid valve fails to separate from the ven- 6.

tricular wall {8].

4. Extracellular matrix function: Cardiac jelly, an amor-
phous glycosaminoglycan substrate, is the extracellular
cellular matrix material of the heart. Cardiac jelly forms
the endocardial cushions at the atrioventricular orifice and
in the outflow tract [7]. The endocardial cushions act as
anchors for the valves [9]. Cardiac jelly also fills the space
between the inner wall of the heart (endocardium) and
the outer surface (epimyocardium). In this location, the
cardiac jelly serves as a medium through which a sub-
population of endothelial cells lining the atrioventricular
lumen detaches and migrates into the jelly, where they
undergo mesenchymal transformation, forming myocar-
dial cells that proliferate and give rise to the cardiac muscle
cells [7]. Atrioventricular septal defects can occur if the
extracellular matrix does not form fully functional cardiac
cushions [8].

Targeted growth: Targeted growth processes are necessary
for the proper formation of certain heart structures. For
instance, the direction of pulmonary vein growth is deter-
mined by a particular growth signal from the left atrium.
Abnormal targeted growth processes during development
can lead to disorders, particularly those related to abnor-
mal venous return and cor triatriatum which emanate from
the faulty incorporation of the common pulmonary vein
into the left atrium [8].

Establishment of visceral situs and cardiac looping: Vis-
ceral situs (establishment of right and left sides of the
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body) and looping defects result in ventricular inversion
and reversed right or left position of organs [8].

One can determine the likely etiology of a defect if the
morphology and location are fully described. On the other
hand, if the defect is not fully described (e.g., if the specific
type of VSD is not indicated), the underlying developmental
process likely to be disturbed can be difficult to ascertain.
The present review will critically evaluate the existing litera-
ture, including epidemiological, animal, and in vitro studies,
to assess whether TCE is likely to cause CHDs, and if so,
whether this is due to disturbance of a particular develop-
mental mechanism.

3. Types of epidemiology studies

Epidemiology identifies factors that differ between two
populations and are sufficiently important to play a causative
role in the genesis of a disease. Several epidemiological stud-
ies have been conducted to determine if there is a link between
TCE exposure during pregnancy and an increased prevalence
of CHDs. To accurately evaluate these studies, it is impor-
tant to recognize the various types of epidemiological study
designs and to what extent conclusions can be drawn from
them. The five major types of epidemiological studies are
(1) case-control studies, (2) cohort studies, (3) cluster analy-
ses, (4) general observational studies, and (5) cross-sectional
studies. Detailed information regarding epidemiology and the
various study designs can be found at Page et al. [11] and
Rothman and Greeland [12].

The two strongest types of epidemiological studies are
case-control and cohort studies. Case-control studies are ret-
rospective investigations into the histories and habits of per-
sons who have developed a particular disease. For TCE, the
exposure history of a case population (mothers of babies with
a CHD) is compared to the exposure history of a control
population (mothers of unaffected babies) to determine the
likelihood that the cases are associated with maternal TCE
exposure. An important requirement of this type of study
design is that the control and case populations be matched as
closely as possible with regard to age, parity, body weight,
and tobacco/drug/alcohol use. This is often a difficult require-
ment to fulfill, because individuals residing in an area exposed
to TCE might differ from people living in unexposed areas,
particularly in regards to socioeconomic status and ethnicity,
and such differences can confound study results. Other issues
to consider when evaluating data from case-control studies
include the possibility of interviewer bias (if interviews were
conducted) and the accuracy of the reporting physician and/or
hospital (if birth defect registries were used).

Cohort studies involve a longitudinal prospective or ret-
rospective investigation of persons exposed to an agent.
Exposed and unexposed populations are identified, and the
prevalence of a disease within both populations is then
assessed. Retrospective cohort studies rely on the accuracy of

interviewee recall or the information included in various reg-
istries (for example, birth and employment registries). When
disease occurrence is followed in a prospective manner, it is
more likely that exposure is accurately quantified, because
of possible confounding factors associated with inaccurate
recall are reduced.

Cluster analyses, general observational studies, and cross-
sectional studies are basic epidemiology studies that are less
rigorous in design than case-control and cohort studies. Clus-
ter analyses focus on episodic observations of isolated disease
cases, often related to exposure to an agent. Although this type
of study might provide a good amount of detail about each
particular case, the major limitation with this type of study
is the lack of statistical power required in order to establish
that an association exists between exposure and a specific dis-
ease. General observational studies investigate how exposure
to a particular substance might be related to the likelihood of
a certain outcome, but the number of cases or controls, the
selection criteria, and/or the type(s) of controls are not as
robust as those in the case-control and cohort studies. Such
studies are frequently based on birth records, employment
records, and surveys of cases and controls. A cross-sectional
study is a type of observational study that primarily deals with
ascertaining the disease incidence at a moment in time for a
given population, as opposed to dealing with individuals and
their histories. Thus, one looks at disease rates rather than
cases.

The statistic generally calculated in epidemiological stud-
ies is the odds ratio (OR). In case-control studies, the OR
compares the number of cases associated with the factor of
concern to the number of cases observed in an appropriately
matched control population. In cohort studies, the OR com-
pares the number of exposed individuals with a particular
disease of condition to the number of unexposed individuals
with the same ailment. Characteristics of the OR provided in
observational studies varies according to the design of that
particular study. One must consider that the OR is based on
data from sample populations and may not reflect the true
OR value. Thus, a 95% confidence interval (CI) of the OR is
typically provided. Throughout this manuscript, the Cls pre-
sented are 95% ranges unless otherwise indicated. If the 95%
CI of an OR includes 1.0, then the presence of the factor of
concern is not associated with an increase in the rate at which
an adverse effect occurs; if it exceeds 1.0, then the exposed
population has significantly more cases than the control pop-
ulation (p <0.05). Sometimes, an attributable fraction (AF)
is also calculated, representing the proportion of cases that
would not have occurred had the potentially causal factor not
been present.

An ideal epidemiology study would identify a sufficiently
large cohort of pregnant women who were exposed to known
concentrations of TCE throughout their pregnancies (or at
least throughout the first trimester) as well as a large group
of unexposed controls. Examinations of infants at birth and
during the first 3 years of life would be performed by obste-
tricians and pediatricians who pay particular attention to the
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cardiovascular system. Such a study has not been performed
to date, and given the alacrity with which the American popu-
lace acts to reduce volatile organic compound contamination
from drinking water aquifers, it is unlikely that a sufficiently
robust study of exposed pregnant women will be mounted in
the U.S.

4. Epidemiological studies of TCE exposure during
pregnancy

Epidemiological information is available for several loca-
tions where pregnant women were likely to have been
exposed to TCE or related substances, predominantly through
groundwater contamination. These locations include Tucson,
AZ; Northern NJ; Woburn, MA; Milwaukee, WI; Santa Clara,
CA; San Francisco, CA; Baltimore, MD/Washington, DC
area as well as regions of Finland and France. A total of
16 studies were reviewed, 5 of which addressed the potential
cardiac toxicity of TCE alone, and 11 of which examined
the effects of organic solvents and/or degreasing agents that
might, or might not, include TCE. Of the five studies specifi-
cally examining TCE exposure, two are observational studies,
one is a cross-sectional study, one is a case-control study, and
one is a cohort study. Of the 11 studies examining organic
solvents or degreasing agents, eight are case-control studies,
two are cohort studies, and one is a survey. Data from these
studies are presented in Table 2 and are discussed below.

4.1. Tucson Valley, AZ

Concerns about TCE in Tucson Valley, Arizona, were
triggered by observations by local pediatricians that the par-
ents of babies with CHDs tended to reside in the southwest
region of the valley, an area in which the drinking water
was contaminated with TCE. The contamination is thought
to have begun in the 1950s, and in 1981, TCE levels were
measured at 6-239 ppb [13] in the region considered to be
the contaminated water area (CWA). To address concerns of
a possible link between TCE exposure and CHDs, a birth
registry-based observational study was performed by Gold-
berg et al. [13]. The authors contend that this is a case-control
study; however, the proper control groups for such a study
(ie., a control population of parents of children without a
CHD in which the prevalence of TCE exposure was assessed)
were not included. Information was obtained through a reg-
istry of CHDs. Follow-up interviews were conducted with
707 parents of afflicted children, 246 of whom resided in the
contaminated water area (CWA) during the first trimester of
pregnancy. Controls for the percentage of the Tucson popula-
tion exposed to the CWA were obtained by random telephone
interviews of households in Tucson in which interviewees
were asked if at least one person had regular contact with
the CWA. These interviews were not limited to households
with recent births. This study reports that 6.8/1000 live births
of mothers residing in the CWA had CHDs, compared to

2.6/1000 births of mothers residing in uncontaminated areas.
Following closure of the contaminated wells, the authors
report that 4.6/1000 live births had CHDs. This study also
reports that although only 10.8% of households in Tucson
had at least one person with regular exposure to the CWA,
35% of infants with CHD were born to mothers residing in
the CWA. The prevalence of particular types of CHD was not
significantly different in exposed versus non-exposed moth-
ers of afflicted infants, indicating that TCE lacked a specific
effect on the heart.

Several limitations make the data from this study difficult
to interpret. First, the authors assume that the percentage of
childbearing families in each area of Tucson is equivalent.
They ignore the equally likely possibility that families with
young children might be clustered in particular areas due
to socioeconomics or because of better schools and/or more
family oriented housing. Second, the precise geographic area
of water contamination in excess of the MCL could not be
accurately identified because different wells were contami-
nated in different time periods. Water available to any given
household within the CWA was not always contaminated, and
when it was, the amount of TCE is likely to have varied con-
siderably within the 6~239 ppb range. Furthermore, although
the prevalence of CHDs in exposed versus non-exposed areas
appears to be statistically different, all values fall below the
expected 8/1000 U.S. background rate of CHD:s [6].

4.2. Northern NJ

A cross-sectional study examined the incidence of birth
defects in 75 towns in New Jersey that reported an average
of 55 ppb TCE in the water supply between 1985 and 1988
[14]. Birth records of 80,938 live births and 594 fetal deaths in
affected towns during this time period were reviewed. From
this population, 346 infants (including live births and still-
borns) had cardiac defects, and 52,334 infants with valid
gestational dates had no birth defects and were not low birth
weight, small for gestational age, or preterm. The former
group served as cases, and the latter group served as con-
trols. Maternal risk factors other than TCE exposure were
evaluated in each group. Additionally, the amount of mater-
nal TCE exposure was assumed based on regular tap water
sample data for the area.

The authors reported weak associations between TCE
exposure and CHDs [14]. Water levels exceeding 10 ppb TCE
were alleged to be associated with CHDs (OR = 1.24, 50%
Cl=0.75-1.94), and levels exceeding 5 ppb were alleged to
be associated with an increased risk of VSDs (OR=1.3;
50% CI=0.88—1.87). For both conditions, the 50% CI levels
(which are far less stringent than the normally reported, broad
95% CI) include 1.0. Thus, the statistical analysis of these
data does not actually support the claim that TCE is likely
to contribute to CHDs. Additionally, it is notable that, of this
large study population, only 346 cardiac defects (~4/1000)
were reported, which is lower than the U.S. background inci-
dence of approximately 8/1000 [6]. This study also assumes
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that the mother’s town of residence at the time of birth was
her town of residence during her entire pregnancy. Approxi-
mately, 20% of women change residences during pregnancy
(15].

4.3. Woburn, MA

In Woburn, MA, two municipal wells were contaminated
with several chlorinated organics, including, but not limited
to, TCE. In 1979, the average level of TCE in these wells
was 267 ppb [16,17]. An observational study based on inter-
views of the parents of 3809 children born between 1970 and
1982 was performed [17]. This study was partly to address
the issue of the high rates of leukemia in Woburn compared
to the national rates. The authors sought to determine if expo-
sure to contaminated wells was associated with an increased
risk of leukemia or any types of congenital malformations,
including CHDs. There was no statistically significant asso-
ciation between access to water from the contaminated wells
in the year of pregnancy and the incidence of CHDs, though
increases in eye/ear and CNS/chromosomal/oral cleft anoma-
lies were reported. The authors found a positive association
with exposure to water from the contaminated wells and
leukemia, but noted that the number of cases was 100 low
to definitively state that the contaminated wells were the
cause. A major confounding factor for this study is the likeli-
hood of bias because interviews were sometimes performed
by community members who were involved. in a lawsuit
against the company responsible for the TCE contamination
[18].

4.4. Camp Lejeune Marine Corps Base, Onslow County,
NC

In early 1982, TCE at concentrations as high as 1400 ppb
was found in tap water samples from one water distribu-
tion system on Camp Lejeune. By July, the concentration in
that distribution system had dropped to a maximum level of
20 ppb. In 1985, however, the TCE concentration in another
water distribution system at the base was 1148 ppb. Thus, it
is assumed that residents of Camp Lejeune using water from
these two distribution facilities were exposed intermittently
to TCE between 1982 and 1985. It is thought that exposure
was likely prior to 1982, but there is no sampling information
to confirm this assumption [19]. In order to determine if there
was a link between TCE exposure and adverse birth outcomes
a retrospective cobort study of infants born between January
1, 1968 and December 31, 1985 was performed based on birth
and infant death certificates [19]. The investigators controlled
for sex of the infant, maternal and paternal ages, parity, mater-
nal race, maternal and paternal education, military pay grade,
adequacy of maternal care, marital status, and year of birth.
Short- and long-term exposure durations were defined based
upon the water distribution sources to particular housing areas
and residence therein of a pregnant woman for a minimum
of 1 week at any time during her gestation. The investigators

identified a cohort of 141 infants born to women with short-
term exposure to TCE and a second cohort of 31 infants born
to women with long-term exposure to TCE. The only adverse
birth outcome correlated with TCE exposure was an increased
number of low birthweight males born to mothers with long-
term exposure to TCE (OR=3.9; 90% Cl = 1.1-11.8). This
association, which is based on a small number of long-term
exposure pregnancies, is very weak. It should be noted that the
investigators reported the 90% CI; had they used the 95% CI,
the range would likely have included 1.0, indicating the lack
of a statistically significant association. No link between TCE
exposure and CHD was reported [19]. Considerable short-
comings of this study include that TCE exposure could not
be quantified and that exposures during gestational periods
other than the first trimester were included.

4.5. Milwaukee, WI

In 2004, a case-control study that examined the incidence
of CHD in the offspring of mothers residing close to any
of 21 TCE-emitting facilities was published by Yauck et al.
[35]. A total of 4025 infants born from 1997 to 1999 in Mil-
waukee, WI, were identified from hospital and birth records.
Of this group, 245 infants had a CHD and 3780 did not.
Using information on the birth records, the maternal resi-
dence was identified. Pregnant women were considered to be
exposed if they resided within 1.32 miles of at least one TCE-
emitting facility. Older mothers were classified as women
who were pregnant at =38 years of age; younger women
were <38 years old. Of the 245 infants born with a CHD,
8 (3.3%) were born to older exposed mothers. In compati-
son, of the 3780 control cases (who bore infants without a
CHD), only 19 (0.5%) were born to older exposed mothers.
Based on this information, the authors concluded that TCE
exposure makes older women more likely to give birth to
a baby with a CHD compared to non-exposed older women
(OR =6.2, CI1=2.6-14.5). Younger exposed mothers were no
more likely to give birth to a child with CHD than similarly
aged non-exposed mothers. Limitations of this study are that
the amount of TCE was not quantified, maternal residence
at the time of delivery was assumed to be the residence dur-
ing pregnancy, and the sample size for older exposed mothers
was extremely small. Though the authors claim that advanced
maternal age (defined as 238 years of age) can make women
more susceptible to adverse effects of TCE on the develop-
ing heart compared to younger women, advanced maternal
age in and of itself is associated with an increased risk of
CHD [20]. When one considers the potentially confound-
ing effect of advanced maternal age in conjunction with
the small number of cases, it is improbable that one could
establish the relative roles that TCE exposure and maternal
age might play in the increased risk of CHD. Furthermore,
as pointed out by Scialli and Gibb [21], the authors failed
to evaluate gradients of risk associated with either increas-
ing distance from the facilities or with increasing maternal
age.
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4.6. Santa Clara, CA

In November 1981, a leak of organic chemicals result-
ing in contamination of a drinking water well for residents
of Santa Clara County was discovered [22]. Trichloroethane,
an organic solvent similar to TCE, was reported to be the
predominant contaminant. Although the concentrations of
trichloroethane were as high as 8800 ppb at the well head
shortly after the leak, it is likely that the public was not
exposed to that high of a level in the drinking water due
to mixing [22]. Lesser amounts of dichloroethylene (DCE),
isopropyl alcohol, and freon were also present. Prior to 1981,
the amount of trichloroethane is unknown.

Several epidemiological studies were conducted to deter-
mine whether the contaminated water contributed to adverse
pregnancy outcomes, as informal reports had suggested. First,
a cohort study was performed by Deane et al. [23] in which
women pregnant between January 1, 1980 and December
31, 1981 were interviewed by telephone. The cohort group
consisted of 191 mothers residing in a census tract that was
known to be served by contaminated water supply at the
time of pregnancy; the control group consisted of 210 moth-
ers residing in non-contaminated census tracts during preg-
nancy. After correcting for differences in maternal risk factors
including age, alcohol consumption, smoking and prior fetal
loss, residence in a contaminated census tract was associ-
ated with an increased incidence of spontaneous abortion
(OR=2.3, CI=1.3-4.2) and total congenital malformations
(specific types not indicated; OR=3.1, CI= 1.1-10.4). The
authors cautioned that results of their study cannot be used
to support or refute a causal inference because of the small
number of cases and the lack of information on the timing
and extent of contamination.

In a re-evaluation of the link between trichloroethane
and adverse pregnancy outcomes in the Santa Clara region,
Wrensch et al. [24] examined both the contaminated and non-
contaminated regions presented in Deane et al. [23], as well as
a second, previously unexamined contaminated census tract
in the Santa Clara region with a new non-contaminated area
control. Interviews with households in which a woman gave
birth between 1980 and 1985 were conducted. For all areas,
the authors considered 1980—1981 to be the exposure period,
and 19821985 to be the post-exposure period. To re-evaluate
the original contaminated area, a cohort of 266 pregnancies
in the contaminated area from 1980 to 1985 were compared
with a 293 control pregnancies over the same time period
in the original non-contaminated control area used in [23].
Many of these cohorts and controls are likely to be the same
as those examined in [23]. A cohort of 299 pregnancies in the
new contaminated study area was compared with a control
group of 180. Women were interviewed over the telephone or
in person about their pregnancies. Consistent with the find-
ings reported by Deane et al. [23], significant increases in
spontaneous abortions (OR =3.5, CI = 1.2-10.3) and congen-
ital malformations (OR =4.3, Cl=1.2-4.7) reported during
the exposure period were seen in the original contaminated

area compared to the original control area. In contrast, in the
second contaminated area, exposure was not associated with
an increase in spontaneous abortion (OR =0.3, CI=0.1-1.1)
or congenital malformations (specific types not indicated;
OR=0.9, CI=0.1-6.6) during the exposure period. Adjust-
ment for maternal risk factors, such as maternal age, previ-
ous spontaneous abortion, mother’s ethnicity, alcobol, and
cigarette smoking did not significantly alter these findings.
No increase in adverse pregnancy outcomes was observed in
either the original or the new study groups during the post-
exposure period. These findings are particularly interesting
because the new study area was likely to be more heavily
contaminated: 60-100% of the residential water was ser-
viced by the contaminated well versus 20-50% in the original
contaminated tract evaluated. Therefore, fewer adverse preg-
nancy outcomes were reported with water containing higher
levels of trichloroethane, weakening the claim that adverse
pregnancy outcomes were associated with trichloroethane
exposure.

A third evaluation by Hertz-Picciotto et al. [25] under-
scored the importance of the type of survey used in these
epidemiological studies. Cases and controls were sampled
from a cohort of pregnancies that were medically confirmed
between September 1, 1981 and June 30, 1982. Of this group,
1933 were selected for further evaluation. Out of this group of
1933 infants, parents of 1697 infants provided further infor-
mation about the health of their child and likely exposure to
contaminated water. The authors received 48% (829) surveys
by mail and 52% (868) by telephone. The ORs associated
with exposure to contaminated water and an increased risk
of spontaneous abortion were 1.3 (CI= 0.8-2.0) for the group
responding by mail, and 2.2 (CI= 1.4-3.6) for the group
responding by the telephone. Thus, a positive association was
only seen in the group interviewed over the telephone. This
finding strongly calls into question the validity of the ini-
tial positive association between TCE and CHD indicated by
Deane et al. [23], and suggests that the results of that study
are likely to have been influenced by reporting bias. It can-
not be said for certain whether telephone or mail interviews
are more accurate, but two considerable advantages of the
mail questionnaire are that the respondents have more time
to reflect upon whether or not exposure to the contaminated
water is likely to have occurred, and it is less likely that the
response would be influenced by an interviewer’s input.

Only two studies, Swan et al. [22) and Shaw et al. [26],
examined the possible impact of trichloroethane on CHD
rather than on spontaneous abortion or congenital malfor-
mations in general. In Swan et al. [22], a case-control study
was conducted based on medical records of children born
in the area between 1981 and 1983. The authors consid-
ered the exposed period to be January I, 1981 to August
31, 1982. Births in the exposure period include births in
which the mother could have been gestationally exposed to
trichloroethane. The non-exposed period was determined to
be September 1, 1982 to December 31, 1982; births during
this period were conceived after the contaminated wells were
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closed. Birth records of 2151 infants born in the previously
contaminated water area during the exposed period and birth
records of 36,592 infants born in non-contaminated areas dur-
ing the same time were reviewed. During this period, 12/2151
(5.6/1000) children in the contaminated area had a CHDs
compared to 94/36,592 (2.6/1000) in the non-contaminated
area. Thus, birth in the contaminated area during the expo-
sure period is associated with an OR of 2.2 (CI=1.2-4.0)
for CHD. Birth records of 1744 infants born in the con-
taminated area and 28,317 births in the non-contaminated
area during the non-exposure period were reviewed. Birth
in the contaminated area during the non-exposure period
is not associated with an increased risk of CHD (OR =0.5;
CI=0.2-1.7). These data appear to indicate that the exposure
period is linked to an increased risk of CHD, but when the
authors evaluated CHDs by month between 1981 and 1983,
they noted that the incidence of CHD in the first part of 1982
was much less than that of 1981. If trichloroethane was the
cause of the increased incidence of CHD during the expo-
sure period, then one would expect to see a similar incidence
of CHD during the first half of 1982 compared to 1981. The
leak is assumed to have occurred in 1981; therefore, increased
contamination prior to 1981 is not likely. Thus, the authors
concluded that temporal association of trichloroethane expo-
sure is inconsistent with a link between trichloroethane and
CHD.

Similarly, Shaw et al. [26] shows that the relationship
between exposure to trichloroethane and CHDs is strongest
in 1981. Shaw et al. [26] conducted a case-control study
specifically examining the prevalence of CHD in infants of
women who drank either bottled water or Santa Clara tap
water between 1981 and 1983. Data were gathered through
detailed telephone interviews of 145 mothers whose children
presented with a CHD and 176 mothers whose children did
not. The investigators asked about the approximate amount
of tap or bottled water consumed during pregnancy. The
authors reported a higher prevalence of CHDs in women who
drank tap water; the prevalence increased as the number of
daily glasses of water increased [26]. The relationship was
strongest in 1981, the only year in which there was a clear
dose-response relationship between the amount of tap water
drunk and the prevalence of CHDs. It is known that the water
was contaminated from November to December 1981, and if
the solvent had contributed to CHD, one would have expected
to see an increase in 1982, when the women who would have
been exposed during the critical period of pregnancy would
have given birth. The fact that this strong positive associ-
ation is primarily limited to 1981 indicates an inconsistent
temporal relationship similar to that described by Swan et al.
[22].

Taken together, the studies in Santa Clara do not support
a strong association between trichloroethane and CHD. The
positive correlations reported are weakened by dependence
upon mode of interview, lack of a consistent dose-response
relationships, and in some cases, the absence of the type of
temporal relationships expected if trichloroethane contributes

to CHD. Given the absence of a clear correlation between
trichloroethane and CHD, one certainly cannot use these stud-
ies to support a causal relationship between TCE and CHD.

4.7, San Francisco, CA

Shaw et al. [27] conducted a case-control study of the
prevalence of 10 different types of congenital malformations
in regions of San Francisco where pregnant women were
potentially exposed to various contaminants from 1983 to
1985. Of a database of 214,499 births in the San Francisco
vital statistics files during this time period, there were 5046
CHDs and 20,882 randomly selected non-CHD infants were
chosen as controls. Births were then assessed for likely expo-
sure to various contaminants-based maternal residence at
birth. Exposure to hydrocarbon solvents was associated with
an OR of 1.4 (CI=0.89-2.3) for heart and circulatory mal-
formations, and an OR of 2.2 (CI = 0.93-5.2) for conoftruncal
malformations. The authors are forthcoming about the limita-
tions of this study, including the inability to assess individual
exposure, and the fact that the census data used in this study
cannot guarantee that a woman lived in a contaminated or
uncontaminated area during the critical period of her preg-
nancy. Considering these limitations, in conjunction with the
facts that TCE in particular was not examined and the CIs
of the ORs linking hydrocarbon solvent exposure to heart
and circulatory defects includes 1.0, a positive correlation
between cardiac malformations and TCE was not supported
by this study.

4.8. Baltimore, MD/Washington, DC area

The incidence of CHDs in relation to exposure to solvents
and/or degreasing agents was investigated in a case-control
study of infants born in Baltimore, MD/Washington, DC and
surrounding counties in Maryland and Virginia between 1981
and 1989 [20]. The case group consisted of 4296 infants
with one or more CHDs. The control group consisted of
3572 infants born in the same area and at the same time
with no CHDs. At least one parent was interviewed within 1
year after birth. Parents were asked about medication use,
socioeconomic factors, and exposure to occupational and
household materials including pesticides, dyes, metals, sol-
vents, and degreasing agents. The authors made an effort
to correct for several confounding factors including family
history of CHDs, maternal age, maternal diabetes, maternal
alcohol and smoking, maternal exposure to radiation, race,
and socioeconomic status. Attributable fractions calculated in
this study indicated that solvent or solvent/degreasing agent
exposure was linked to three types of heart defects: transpo-
sition of the great arteries with an intact ventricular septum,
hypoplastic left heart, and coarctation of the aorta [20]. The
AFs associated with exposure to solvents and/or degreasing
agents were 4.6% (p <0.01; CI=3.2-6.0) for hypoplastic left
heart, 4.8% (p <0.01; CI=3.0-6.6) for transposition of the
great arteries with intact ventricular septum; 3.0% (p < 0.05;
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Cl=1.6-4.5) for coarctation of the aorta. While these data
suggest a stronger link than was found in the previously dis-
cussed epidemiological studies, they are not specific for TCE,
and both interviewer bias and weak estimates of exposure are
likely confounding factors.

4.9. Finland

Finland has an impressive countrywide registry of health
data, which facilitates evaluations of associations between
various types of exposures and adverse health effects. The
Finnish data do not include information specifically for TCE,
but they do examine the effects of organic solvents in gen-
eral. In a case-control study by Tikkanen et al. [28], parents
of 160 infants with a CHD and 160 healthy infants were stud-
ied. Mothers were considered to be “substantially” exposed
to organic solvents if the estimated continuous exposure was
at least one-third of the ACGIH TLYV, or if the estimated short-
term exposure reached the TWA STEL. Only exposures that
took place in the first trimester were included. No significant
difference was observed in the incidence of children with
a CHD born to mothers who were or were not exposed to
organic solvents. In a more extensive follow-on case-control
study, Tikkanen and Heinonen {29] interviewed 569 moth-
ers of children with CHDs and 1052 controls. All mothers
were interviewed approximately 3 months after delivery, min-
imizing inaccurate recall of exposure. The controls did not
vary significantly from cases with regard to mean maternal
age, smoking habits, and alcohol consumption. Exposure t0
organic solvents was not associated with a significant increase
in the risk of CHD (OR = 1.3; CI =0.8-1.3). When the authors
categorized the CHDs by type, they reported an adjusted OR
of 1.5 (CI=1.0-3.7) for VSD. Although the authors of this
study suggest that exposure to organic solvents increases the
risk of CHDs and VSD in particular, the ORs relating expo-
sure to organic solvents with these defects have confidence
intervals including 1.0, indicating that there is not a signif-
icant increase in cardiac problems associated with organic
solvent exposure.

A third Finnish case-control study evaluated the effects of
paternal exposure to organic solvents on the occurrence of
CHD in offspring [30}. No correlation was found between
exposure and the incidence of CHDs. Of the total number of
fathers of children with CHD, 72% were exposed to solvents,
and of the total number of fathers of children without CHD,
73% were exposed to solvents. Overall, the bulk of Finnish
data either fail to support a link between organic solvents and
CHD:s or the strength of this association is weak.

4.10. France

In a case-control study published by Cordier et al. [31],
mothers of 325 children with major malformations and 325
healthy children were identified from 15 maternity hospi-
tals in France and interviewed to determine their gestational
exposure to various chemicals. The interview reports were

reviewed by an industrial hygienist who assessed the pres-
ence of various chemicals and the probability of exposure.
Their analysis showed that exposure to organic solvents or
products containing organic solvents resulted in no signifi-
cant increase in CHD (OR = 1.4; 90% CI=0.3-6.2), based
on the finding that mothers of 6/30 infants with CHDs and

4/30 control infants were exposed to organic solvents. Over-
all, this study is based on a very small data set and is beset
with the limitations of weak dosimetry and the absence of
data specifically about TCE.

4.11. Conclusions from epidemiological studies

There are several important confounding factors in the
interpretation of the epidemiological data. The first is the
extreme difficulty in quantifying TCE exposure of preg-
nant women during the first trimester when organogenesis
is underway and the developing heart is most susceptible
to environmental insult. To quantify exposure, one needs to
know the amount of tap water drunk by the women on study
and have solid information about the concentration of TCE in
the drinking water. A second major problem is that the major-
ity of epidemiology studies conducted examined solvents in
general; data pertaining specifically to TCE is sparse. If TCE
had been the predominant solvent in a mixture, or if the effect
of TCE-containing organic solvents on the incidence of CHD
had been particularly marked, this would be less of a prob-
lem; however, the proportion of TCE present in mixtures of
organic solvents is not known, and there is no strong evidence
linking TCE-containing mixtures to CHDs. Thus, drawing a
conclusion about TCE based on studies of organic solvents
in general is inappropriate.

In all of the epidemiological studies reviewed, regardless
of the type, the validity of the data relies on the quality of
the parental interview or on the rigor with which CHDs were
detected and reported in birth defects registries. When relying
on interviews, an intrinsic problem is that the validity of the
findings is limited by the recall of the subjects. It is probable
that the parents of children with a CHD would be more eager
to participate in a study evaluating possible reasons for their
child’s condition and/or may have already given considerable
thought to how maternal exposure might have influenced their
child’s condition. In some of the studies reviewed, the inter-
view process itself was biased either because interviewers
had a stake in the outcome of the study (as discussed in [18]
for the Woburn, MA, study), or because a positive associ-
ation was only obtained when data were gathered over the
telephone, and not through a mail-in questionnaire [23,25].

It is important to note that there have been reports indicat-
ing changes in the prevalence of CHDs in areas not contami-
nated with TCE. Based on a registry of 937,195 births in the
Atlanta region from 1968 to 1997, the prevalence of CHDs
was 6.2/1000 [32]. Within this group, the prevalence of CHDs
in the subgroup between 1995 and 1997 was 9.0/1000. The
underlying reason for this increase in CHDs in the Atlanta
region is unclear, but there was no distinct contaminant in the
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region that could explain this change in incidence. In general,
the prevalence of VSDs, tetralogy of Fallot, atrioventricu-
lar septal defects (ASDs), and pulmonary stenosis increased,
and transposition of the great arteries decreased [32]. Differ-
ences in case ascertainment and reporting, as well as changes
in the racial profile of the population and advances in CHD
detection technology, are possible explanations for this [32].
Additionally, different studies report different estimates of
the prevalence of CHD. In Blackpool, UK, the incidence of
CHD in 57,979 births from 1957 to 1971 was 6.8/ 1000 total
births, and the authors stated that the incidence of VSD and
endocardial cushion defects seemed to be increasing slightly
[33]. In the U.S. during the 1970s, an 8.8/1000 incidence of
CHD was calculated from 19,979 births among families who
participated in a Kaiser Foundation Health Plan [34]. This
rate is approximately equivalent to the purportedly elevated
incidence found in Atlanta [32]. Given that changes in CHD
prevalence have been identified in the absence of TCE con-
tamination and that the background prevalence of CHD varies
from study to study, it is plausible that many of the changes
in CHD prevalence attributed to TCE might instead be the
result of normal variations. None of these estimates differ
drastically from the current estimate of 8/1000 provided by
the American Heart Association [6].

The five studies that investigated the effects of TCE specif-
ically were Goldberg et al. [13], Bove et al. [14] Lagakos et
al. [17], ATSDR [19] and Yauck et al. [35]. Because of the
limitations of these studies, they are insufficient to support
the hypothesis that TCE contributes to CHD. Notably, both
the Goldberg and Bove studies alleged an increase in CHD
among exposed populations when the prevalence of CHD in
these groups was well within the expected range. Lagakos
et al. [17] and ATSDR [19] did not find an increased risk
of CHD. The study published by Yauck et al. [35] did not
find a link between CHD and TCE in mothers younger than
38 years, and for exposed older mothers there were too few
cases (only 8) to determine the relative impact of CHD and
age. Also, few studies identified an increase in any one par-
ticular type of CHD, which one might expect if TCE had
a specific adverse effect on the developing heart. While we
have no evidence supporting causality, and the results against
causality are not very strong by themselves. It is possible that
studies in which chemical mixtures were examined were not
powerful enough to detect an effect specifically attributed to
TCE. Taken together, however, these epidemiological stud-
ies provide no convincing evidence that TCE exposure during
early pregnancy is associated with CHD in offspring.

5. Animal studies

In order to investigate whether exposure to TCE can
adversely impact normal heart development, research has
been conducted using various experimental animal models.
Although such studies are necessary to gauge the risk TCE
poses to humans, especially in light of the equivocal epidemi-

ological information, there are important caveats involved
with extrapolating results of experimental animal exposures
to humans. To begin with, there are notable differences in
how rodents and humans metabolize TCE [36]. Mice and
rats metabolize TCE more efficiently than humans; the max-
imum rate of TCE metabolism in humans is one-third that of
the rat and one-fourth that of the mouse [37]. In rodents, a
greater proportion of TCE is metabolized to DCA, mercap-
turic acid and a reactive thiol, whereas humans metabolize a
greater proportion of TCE to TCA [38]. TCE induces perox-
isomal proliferation and mutagenicity in rodent hepatocytes,
while neither of these adverse effects is seen in TCE-treated
human hepatocytes [39]. Lastly, when considering the rele-
vance of these studies to human health, one must determine if
the experimental exposure concentration and route of expo-
sure are relevant to humans. Many of these studies have been
performed at doses far exceeding what would be expected
from environmental exposure, and often one cannot reason-
ably extrapolate data at these high doses to human health
risk.

5.1. Animal studies reporting positive effects

Animal studies reporting a positive relationship between
TCE and CHD are presented in Table 3. The first animal study
suggesting a positive link between TCE and CHD was per-
formed by Loeber et al. [42] using the White Leghorn chick
model. In this study, concentrations ranging from 5t0251-M
TCE were injected into the air space of chicken eggs. TCE
was linked to an increase in various types of CHDs includ-
ing, but not limited to, atrial defects of the septa primum and
secundum, VSDs, malposed truncus arteriosus, and abnormal
cardiac muscle. No particular type of defect predominated.
The increase in abnormal hearts peaked at 21% of afflicted
live embryos following administration of 201-M TCE. At
75 1-M TCE, there was no increase in the percentage of abnor-
mal hearts compared to controls, and the lack of defects at this
concentration was not attributed to an increase in chick death.
No clear pattern in the prevalence of particular types of heart
malformations was attributed to TCE. Similar results were
obtained in a study in which doses of 30 and 40 1-M TCE
were directly injected onto the chorioallantoic membrane
[40]. Cardiac malformations were found in 46/185 (25%)
of the 40 1-M TCE-treated group, and in 35/195 (18%) of the
301-M TCE-treated group, compared to 1/47 (2%) in both
the saline and mineral oil control groups. The various cardiac
anomalies included large VSDs, endocardial cushion defect,
single ventricle, double outlet right ventricle and truncus arte-
riosus. No distinctive type of cardiac anomaly predominated.
Han et al. {41] conducted an experiment investigating the
effects of DCE on the cardiovascular system of the develop-
ing chick. DCE was injected directly onto the chorioallantoic
membrane at concentrations of 15 and 20 1-M. Cardiovascu-
lar anomalies were reported in 50/210 (24%) of the chicks
treated with 15 1-M DCE, and in 63/210 (30%) of the group
treated with 20 1-M DCE, compared with 3/73 (4%) in the
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saline controls and 3/69 (4%) in the mineral oil-treated con-
trols. Predominant common intracardiac anomalies reported
were ASDs, VSDs, and double-outlet right ventricles.

Following the positive results in the avian model reported
by Loeber et al. [42], a group at the University of Arizona
examined the effects of TCE and its metabolites in a series
of papers using the Sprague-Dawley rat model. Concentra-
tions of 15 ppm TCE (~0.036 1-g/kg/day), 1500 ppm TCE
(~36.01-g/kg/day), 1.5ppm DCE (0.0036 1-g/kg/day), and
150 ppm DCE (0.36 1-g/kg/day) in saline were pumped into
the uterine lumen using osmotic pumps inserted into each
uterine horn from gestational days (GD) 7 until sacrifice at
GD 22 [43]. Fetal hearts were dissected approximately 1 day
before parturition using the fresh dissection technique [44,45]
wherein incisions into the heart follow the route of blood
through the chambers and great vessels. A CHD was observed
in 3% of control animals, 9% of animals exposed to 1.5 ppm
TCE, and 14% of animals exposed to 1500 ppm TCE, 12%
of animals exposed to 0.15 ppm DCE, and 21% of animals
exposed to 150 ppm. The increase in the percentage of CHD
in the TCE-treated animals was statistically significant on a
per-fetus basis. Their second study conducted in rodents [46],
exposed rats to 1.5 ppm TCE, 1100 ppm TCE, 0.15 ppm DCE,
or 110 ppm TCE in the drinking water under three exposure
regimens: prior to mating only, prior to mating and during
pregnancy, and during pregnancy only. For this study, and
for all subsequent studies performed in this laboratory that
focus on the effects of TCE on the rodent heart, the Daw-
son dissection technique was used. The Dawson technique
differs from typically employed methods for examining the
heart (as described in Stuckhardt and Poppe [44] and Wilson
[471). Using the Dawson method, incisions are made ventrally
through the tricuspid and pulmonary valves toward the heart
apex. Next, an incision is made at each edge of the mitral valve
toward the heart apex. Abnormalities were determined inde-
pendently, and then collectively by a pediatric cardiologist, a
pathologist, and a veterinarian. Using this method in the {46)
study, the investigators reported a significant increase (on
a per-fetus basis) in the incidence of CHDs in the following
treatment groups: 1100 ppm TCE during pregnancy (10.4%),
1100 ppm TCE before and during pregnancy (9.2%), 1.5 ppm
TCE before and during pregnancy (8.2%), 0.15 ppm DCE
before and during pregnancy (11.6%), and 110 ppm DCE
before and during pregnancy.

Johnson et al. [48] gave pregnant rats drinking
water with various metabolites of TCE or DCE includ-
ing 2730ppm TCA, 1570ppm monochloroacetic acid,
2349 ppm trichloroethanol, 473 ppm carboxy methylcys-
teine, 1232 ppm trichloroacetaldehyde, 174 ppm dichloroac-
etaldehyde, and 50ppm dichloroviny! cysteine. Concen-
trations of these metabolites were based on the dosage
equivalent to that expected if all of the high dose of TCE
at 1100 ppm, the limit of solubility, was to completely break
down to that particular metabolite [48]. Of these compounds,
only administration of 2730 ppm TCA led to an increase in
CHD; 10.5% of pups born had malformed hearts, an inci-

dence that was significantly higher than the 2.15% incidence
in the control pups on a per-pup and per-litter basis (though
the number of affected liters was not indicated). In all the
studies performed at the University of Arizona, no specific
type of CHD was linked to TCE or its metabolites.

A study/review published by Johnson et al. [63] summa-
rized the studies emanating from this laboratory. In this paper,
the authors contend that their results point toward a corre-
lation between TCE and CHDs. Using their previous data,
they attempt to identify a threshold concentration of TCE
at which an increased risk to the developing heart would
be expected. The percentage of abnormal hearts reported in
their various studies over a 10 years span were reported to
be 2.2, 0, 45, 1.5, and 10.5% at concentrations at 0ppb,
2.5 ppb, 250 ppb, 1.5 ppm, and 1100 ppm TCE, respectively.
The authors state that when analyzed on a per-fetus and per-
litter basis, the 2.5 ppb and 1100 ppm concentrations led to
a statistically significant increase in the number of abnor-
mal hearts, though the marked absence of a dose-response
relationship should be noted. For each treatment group, there
were 913 litters, and for the control group (consisting of ani-
mals used in 1993 and 2003) contained 55 litters. To calculate
the per-litter statistics the authors appear to have divided the
number of litters with at least one CHD by the total number
of litters in the group. In contrast, the correct way to conduct
per-litter statistics is by examining the proportion of pups
per-litter.

Although the University of Arizona group is the only lab-
oratory to report a positive association between TCE and
CHD in mammals, positive correlations with CHD have been
reported for the TCE metabolites TCA and DCA by other
laboratories. TCA administered to Long Evans rats by oral
intubation during gestational days 6-15 (includes the sensi-
tive period of organogenesis) at doses of 330, 800, 1200, or
1800 mg/kg/day was associated with a significant increase
in the number of CHDs observed in offspring [49]. The pri-
mary defects observed were levocardia (displacement of the
heart towards the left side of the chest) and interventricu-
lar defects. Smith et al. [50] reported statistically significant
increases in soft tissue malformations, including those affect-
ing the cardiovascular system, and particularly those between
the base of the ascending aorta and the right ventricle, at
doses of DCA ranging from 140 to 2400 mg/kg/day admin-
istered by oral intubation to Long Evans rats during GD
6-15. Epstein et al. [51] also reported a positive association
between DCA treatment and the prevalence of CHDs. In this
study, effort was made to identify sensitive windows during
prenatal development when DCA exposure would be most
harmful. Statistically significant increases in the percentage
of CHDs were seen in the pups of Long Evans rat dams that
had been orally intubated with 1900 mg/kg DCA on GD9-11
or 12—15, with a higher incidence occurring on days 12-15.
Single doses of 2400 mg/kg, but not 3500 mg/kg of DCA led
to an increase in CHDs when given on GD 10 and 12. The
main types of defects were characterized as high interventric-
ular septal defects, including defects caudal to the semilunar
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valves, with the anterior right wall of the aorta communicat-
ing with the right ventricle.

5.2, Animal studies reporting negative findings

Studies that did not find an association between TCE and
CHD are summarized in Table 4. In contrast to some of
the studies reporting positive findings, statistics in the stud-
ies reporting negative findings were always performed on
a per-litter basis. All studies investigating exposure to TCE
vapors failed to detect any negative impact on the developing
heart. Schwetz et al. {52] exposed Sprague-Dawley rats and
Swiss Webster mice to 300 ppm TCE vapors for 7h daily
throughout GD 6-15. The authors looked for CHDs using
the freehand razor sectioning technique described by Wil-
son [47]. No significant maternal, embryonal or fetal toxicity
was reported at this concentration. Dorfmueller et al. [53]
exposed Long Evans rats to even higher concentrations of
TCE vapors (1800 £ 200 ppm), and examined the effects of
exposure to TCE for 2 weeks before mating and/or during
pregnancy. Soft tissues were examined using the freehand
razor sectioning technique. The presence of skeletal and soft
tissue anomalies indicated developmental delay in the ani-
mals treated with TCE during pregnancy only. Again, no
treatment-related CHDs or any other developmental anomaly
were reported. A study examining the effects of inhalation
exposure of 500 ppm TCE inrats and rabbits on GD [-19and
1-24, respectively, provided further experimental evidence
that TCE did not contribute to CHDs [54]. An increase in fetal
hydrocephaly in rabbits exposed to 500 ppm was reported,
but it is thought that this increase is likely to have been the
result of fixation in Bouin’s solution, which was done prior
to brain evaluation. Healy et al. [S5] exposed pregnant Wistar
rats to 100 ppm TCE for 4 h daily from GD 8 to 21. On GD
21, fetuses were examined for developmental abnormalities,
including, but not limited to CHDs. No significant increase
in abnormalities was observed as a result of TCE exposure.

In an evaluation by Carney et al. [56], a definitive devel-
opmental toxicity study was conducted, compliant with
USEPA Office of Pesticides and Toxic Substances Guide-
line 870.3700 for prenatal and developmental toxicity studies,
as well as the Organization for Economic Co-operation and
Development Guideline No. 414 for developmental toxic-
ity studies. Pregnant Sprague-Dawley rats were exposed to
50, 150, or 600 ppm TCE vapors for 6h a day during GD
6-20. At least half of all fetuses in each litter were randomly
chosen for complete visceral examinations, including a thor-
ough dissection of the heart and great vessels. Dams treated
with 600 ppm TCE exhibited a significant decrease in body
weight gain; however, no indications of developmental toxi-
city (including any alterations in the heart) were observed at
any dose level.

Two rigorous National Toxicology Program (NTP) studies
were performed in Swiss CD-1 mice and Fischer 344 rats
treated by oral gavage throughout pregnancy [57,58]. Mice
were administered 100, 300, or 700 mg/kg/day throughout

pregnancy, and rats were given 76, 156, or 289 mg/kg/day.
Again, free-hand sectioning of the fetal hearts was performed.
No correlation between TCE and CHDs was identified in the
offspring of any treatment group.

In a large study performed by Fisher et al. (591, 20
presumed-pregnant rats per group were given a daily oral
bolus of 500 mg/kg TCE, 300 mg/kg TCA, or 300 mg/kg
DCA from GD 6 to 15. As a positive control, 12 pregnant
dams were administered a daily dose of 15 mg/kg retinoic
acid, a known cardiac teratogen. Soybean oil and water
controls were conducted with 25 and 19 pregnant dams,
respectively. Fetuses were subjected to body weight and sex
evaluation as well as a comprehensive cardiac examination
by persons experienced in developmental and reproductive
toxicity studies. Hearts were dissected according to the Daw-
son method previously described to have been used by the
University of Arizona group, and the team of observers
included members of the University of Arizona laboratory.
All observers were blinded to treatment. Although gestational
treatment with TCA and DCA led to a statistically signifi-
cant decrease in fetal body weight, neither the percentage of
fetuses with cardiac anomalies nor the percentage of litters
with a CHD was higher in the TCE, TCA or DCA groups com-
pared to water or soybean oil controls. As expected, retinoic
acid administration to dams led to a statistically significant
increase in CHD compared to both control groups.

5.3. Analysis of the conflicting animal studies

The animal studies reviewed were performed on a vari-
ety of experimental models using TCE, TCA and DCA. In
comparing and contrasting the results of these studies, one
must be mindful of which studies are not germane to human
environmental exposure.

The three studies performed with TCE and DCE in the
chick model indicate a positive relationship with CHD,
though this is based on only a few studies and two of these
were performed in the same laboratory. The relevance of
these findings to humans is unclear; data in the chick model
is not directly applicable to human risk due to significant
developmental differences between chickens and humans
and the absence of a maternal influence in the chick model
system. Additionally, the chicks were injected with high
concentrations of test articles administered directly to the
chorioallantoic membrane, a route of exposure that it not at
all representative of how pregnant women are likely to be
exposed to these substances.

Assessments of risk should be based on hazard data from
mammalian species; a brief review of the positive and neg-
ative studies performed in mammalian species and analyzed
in this paper revealed the following. Nearly all studies used
one of two dosing schedules throughout gestation, or starting
on gestational day 6 and continuing through major organo-
genesis. Both of these regimens encompass the critical period
for heart development, from gestational days 7.25 to 14 [60].
The lone example of a (negative) study that missed the earliest
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phase of heart development is the inhalation study of Healy
et al. [55], which began exposure on gestational day 8. The
impact of the results of Healy et al. on our assessment is
small because the GLP-compliant, exposure-response inhala-
tion study by Carney et al. {56], which began exposure on
gestational day 6, was also negative.

While investigations of the potential health effects
attributed to TCE and its metabolites in the rodent model
are more likely to be more predictive of human risk, most
of the available studies, including those that reported no
link between TCE and CHD, were performed at concentra-
tions far exceeding the highest concentration of TCE ever
detected in the drinking water (roughly 1400 ppb). For exam-
ple, a 1100 ppm (~ 129 mg/kg/day) concentration of TCE was
given to rats throughout pregnancy in [46], and in Fisher et
al. [59], a dose of 500 mg/kg/day was given from GD 6 to 15.
A concentration of 1500 ppm TCE (in saline) was injected
directly into the pumps inserted into the rodent uterine horns
[43]. The ~300 mg/kg dose of TCA used in [48,51,59] is
the dosage equivalent to that expected if all of a 1100 ppm
TCE dose were to break down completely into that metabolite
[48]. In comparison, the solubility limit of TCE in water is
1070 ppm at 20 °C [61] and 1366 ppm at 25 *C, and the odor
threshold is approximately 28 ppm [62]. Thus, the bulk of
these studies were performed at malodorous concentrations
of TCE that humans would likely avoid, and are far above
concentrations that should be used to estimate human risk
from environmental exposure.

The most controversial studies are those in which rodents
are exposed to TCE itself (not a metabolite). It is striking
that all of the studies alleging that TCE plays a causal role in
CHD were conducted at the same laboratory at the Univer-
sity of Arizona [43,46,63]. The consistent positive findings
at only this laboratory cannot be explained by the use of
extremely high concentrations of TCE because Fisher et al.
[59] also used a high dose of TCE (500 mg/kg/day) during
GD 6-15 and found no effect. The mode of exposure at the
University of Arizona laboratory (via drinking water through-
out pregnancy) rather than limiting exposure to GD 6-15
(the sensitive period of organogenesis) cannot explain the
differences. The heart is formed during the period of organo-
genesis; exposure to TCE prior to or after this period would
not increase the likelihood of a CHD. Dorfmueller et al. [53]
and Hardin et al. [54] exposed animals to high concentrations
of TCE for all or most of pregnancy and still reported negative
results. Possible reasons for the laboratory-specific positive
link between TCE and CHD include their unique dissection
technique and the use of non-standard statistical evaluations
for developmental toxicity tests.

With regard to the different modes of administration, the
distinction between oral gavage and drinking water expo-
sures is that the former results in rather high blood con-
centrations shortly after administration; these elevated blood
concentrations decay relatively quickly. In contrast, drinking
water exposure provides a moderate blood level that remains
relatively constant. Because congenital malformations are

considered to be a threshold phenomena {64,65] exposure
regimens that result in high peak blood levels are more likely
to exceed the threshold concentration. This indicates that the
gavage studies are more likely to cause malformations than
drinking water studies.

All rodent studies performed at the University of Arizona
laboratory in 1993 or later used the Dawson dissection tech-
nique. The authors state that this method is more sensitive
for detecting lesions, such as adhered valve cusps because
they separate fossa ovalis defects from the septum secundum
atrial defects [48]. Further, they note that the method allows
for the detection of abnormal valve dimensions. However, it
does not appear that this dissection method in and of itself is
the reason for the unique findings in this laboratory. The par-
ticular defects that are said to be more easily detected using
the Dawson method are not predominant findings in the stud-
ies in which the Dawson method was used. Also, when the
University of Arizona collaborated with investigators outside
of the University of Arizona for the robust study described in
Fisher et al. [59], the Dawson technique was used, the dissec-
tions were videotaped, and the treatment status of dissected
animals was blinded to the observer. A positive link between
TCE and CHD was not detected in this study, despite the fact
that this study used even larger doses than had been used inthe
previous studies performed at the University of Arizona [59].

The second possible reason for the positive results reported
only in the University of Arizona studies is that the statistics
were performed in a different manner than those performed in
studies not reporting a TCE-CHD correlation. Statistics were
performed on a per-fetus basis, rather than ona per-litter basis
[43,46]. Per-litter analysis is the accepted method of analy-
sis for developmental effects related to chemical exposure
during pregnancy, as recommended by the EPA Office of
Research and Development [66]. As first described by Hase-
man and Hogan [67], statistics should be conducted on a
per-litter basis because, during gestation, the dam is the unit
of treatment and exposure of the pups is dependent on her. In
other words, the pups are not statistically independent units.
Performing statistics in a per-fetus manner artificially inflates
the significance of the findings by making the N appear to
be greater than it actually is. Had the correct statistical unit
been used in these studies, a positive correlation between
TCE and CHD probably would not have been reported by
Dawson et al. (1990, 1993) studies. Furthermore, Johnson et
al. [63] study re-published data from the 1.5 and 1100 ppm
concentration groups originally published by Dawson et al.
[46], and pooled controls from the 1993 and 2003 studies
in their statistical evaluation. This re-publication of data was
heavily criticized in a comment to Environmental Health Per-
spectives by Hardin et al. [68]. Pooling of controls is not an
appropriate statistical practice and is likely to have exagger-
ated the alleged statistical significance. Johnson et al. [63]
reported a statistically significant increase in CHD by a per-
Jitter basis following administration of 250 ppb TCE. This
finding appears to be worrisome because it is within range
of the highest concentration found in the drinking water,
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but it is peculiar that the 1.5 ppm concentration (a six-fold
increase) did not contribute to CHD, indicating a lack of a
dose-response relationship. Another puzzling aspect of the
review by Johnson et al. is the insertion of a dose-response
graph obtained through probit analysis in which the percent of
expected CHDs as aresult of TCE exposures at concentrations
up to 4870 ppm (a dose at which the authors expect 100% of
the offspring to be affected). The 4870 ppm concentration is
more than four times above the 1100 ppm water solubility
limit for TCE, and it is unclear how such a dose—response
curve could be generated when the highest dose for which
data exist is 1100 ppm.

Although one cannot make a causal link between TCE and
CHD from the animal studies evaluated, studies evaluating
the effects of large concentrations of DCA and TCA do seem
to indicate that gestational administration of large amounts
of these substances might be linked to an increased risk of
CHD. Smith et al. [49] and Johnson et al. [48] both establish a
statistically significant per-litter increase in CHD frequency.
Smith et al. [49] reports an increased risk of CHD in Long
Evans rats starting at doses of 330 mg/kg/day TCA given
by oral gavage, with a dose—response increase up to the high
dose of 1800 mg/kg/day. In this study, the authors reported an
increase in VSDs and levocardia. Long Evans rats are said to
be more sensitive to levocardia than other rat strains [49], and
for this reason this study cannot be directly compared to stud-
ies using the Sprague-Dawley rat. Both Johnson et al. [48]
and Fisher et al. [59] examined the impact of 300 mg/kg/day
TCA administered to Sprague-Dawley rats administered dur-
ing pregnancy. Johnson et al. 48] reported a variety of defects
attributed to this concentration of TCA, with no particular
defect predominating. In contrast, Fisher et al. [59] study
found no increase in the risk of CHD at 300 mg/kg TCA.
Therefore, although TCA appears to increase CHD in the {49]
study, this is the only study available in which this experiment
was performed. Results in the Sprague-Dawley were equiv-
ocal. Thus, there is slight evidence that high concentrations
of TCA can contribute to CHD, but the relevance of this, too
much lower concentrations of the parent compound TCE is
unknown.

Smith et al. [50] and Epstein et al. [51] report increases
in CHDs in pups born to pregnant Long Evans rats treated
with DCA. The lowest dose that led to a statistically sig-
nificant increase in the percentage of pups/litter that had
CHDs was 400 mg/kg/day [S0]. Epstein et al. reported that
the rats were most likely to give birth to pups with CHD
when treated with single high doses of DCA ranging from
1900 to 3500 mg/kg/day given by gavage on single day peri-
ods between GD 9 and 15. In both studies, the predominant
defects were VSDs and defects between the ascending aorta
and the right ventricle. Though the studies assessing the risk
of DCA were well designed with a sufficient number of ani-
mals and the use of the correct statistical unit, these studies
were performed by the same laboratory and should be repli-
cated elsewhere before a concrete claim is made that DCA
contributes to an increased risk of CHD.

Overall, the animal studies do not support an association
between TCE and CHDs. Positive results from high concen-
trations of TCE administered to the chick are not relevant to
environmental exposure to humans. The studies performed
with TCE in the rodent were the most conflicted. Animal stud-
ies proposing a relationship specifically between TCE and
CHDs were flawed in design and/or statistical analyses. Stud-
ies on TCA and DCA studies hinted at a positive association,
but few studies have been performed, and those that are avail-
able were performed at very high doses that are at least 5000
times greater than the amount of these substances produced
in the body from metabolism of water with 300 ppb TCE (the
approximate maximum concentration reported). Therefore,
none of these data from the animal studies are adequate or
appropriate for extrapolating potential risks associated with
developmental TCE exposures in humans.

6. Possible mechanisms of action of TCE on the heart

6.1. An examination of possible biological mechanisms
of TCE in the heart

Only a handful of studies have attempted to identify a bio-
logical mechanism underlying the purported cardiac-specific
teratogenic effect of TCE (Table 5). Boyer et al. [69] exam-
ined TCE’s impact on epithelial-mesenchymal cell transfor-
mation in an in vitro system wherein cardiac endothelial cells
were isolated from chicken embryo hearts and exposed to
50-250 ppm of TCE. In this model, TCE inhibited epithelial-
mesenchymal cell transformation in a dose-dependent man-
ner at all concentrations, and the 250 ppm concentration also
decreased gene expression of Mox-I and fibrillin-2. These
genes are involved in the differentiation of mesenchymal
derivatives and extracellular matrices, respectively. It should
be noted that this report was criticized for failing to use doses
relevant to in vivo exposure. In a comment to Toxicological
Sciences, it was noted that in order to achieve an internal
level of 250 ppm TCE in the body fluids, one would have to
inhale an atmosphere of approximately 180,000 ppm [70]. At
the lowest dose examined, 50 ppm, the authors observed only
a very modest (~5%) loss in mesenchymal cells. Even that
concentration is much higher than what is likely to reach the
embryo based on amounts of TCE found in the water supply.
Therefore, although this study indicates a possible mecha-
nism of action at a very high concentration under artificial
circumstances, it fails to shed light on a mechanism likely to
occur in people at environmentally relevant exposures.

In a study by Collier et al. [71], Sprague-Dawley rats
were given drinking water with 110 and 1100 ppm TCE
throughout pregnancy. The stress response gene Hsp 70 was
up-regulated in TCE-treated animals, and treatment was asso-
ciated with the down-regulation of GPI-p137 and vimentin
(both involved in extracellular matrix formation), as well as
B-catenin and Serca2-Ca2* -ATPase (genes encoding Ca*
responsive proteins). In further experiments, GPI-p137 and
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Serca2-Ca®*-ATPase were chosen as putative markers of
TCE exposure. The choice of these particular genes as mark-
ers is questionable because the function of GPI-pl 37 is
largely unknown, and in the case of Serca2-Ca’* -ATPase,
expression changes were seen in only two clones from the

110 ppm dose and in no clones from the 1100 ppm dose. Nev-
ertheless, further analysis of tissue from rats treated with a
wider range of doses indicated a dose-response decrease in
expression levels of GPI-pl37 and Serca2-Ca?* -ATPase at
concentrations as low as 100 ppb, though it is unclear how
many animals were used for this analysis and what the impact
would be of this amount of down-regulation of these genes.

In a third mechanistic study, TCE was tested for its abil-
ity to inhibit nitric oxide (NO) by blocking interactions
between heat shock protein 90 and endothelial nitric oxide
synthase [72]. The authors propose that this is a probable
mechanism behind TCE-induced decreases in endothelial
cell proliferation. TCE exposures ranging from 0.5 to 100 1-M
(6.5-13,000 ppb) were examined for an effect on endothelial
cell growth. The authors noted a distinct dose-response rela-
tionship, with a statistically significant decrease in endothe-
lial cell growth commencing at 13 ppb. In order to gain
some perspective regarding the environmental exposure, it
is important to consider what concentration of TCE would
have to be ingested to produce an internal concentration of
6.5 ppb. Substances in the environment that are absorbed into
the body are distributed to tissues according to principles of
pharmacokinetics. Using the pharmacokinetic model for dis-
tribution of TCE in pregnant rats developed by Fisher et al.
(73], the concentration of TCE in drinking water that rats must
ingest daily (assuming standard intake of water) to achieve
the lowest concentration of TCE bathing the cardiac endothe-
lial cells in this study (6.5 ppb) is approximately 175 ppm (J.
Fisher and T. Sterner via e-mail communication). This cal-
culated concentration of TCE greatly exceeds (by more than
six-fold) the odor threshold of approximately 28 ppm in water
[62] and is far greater than any environmental concentration
reported.

The mechanistic studies we evaluated provide hypotheses
of possible mechanisms by which TCE could be speculated to
act in the heart. For this type of study, the use of high concen-
trations of the test article is often intentional, with an eye to
performing the studies at lower concentrations once a reason-
able hypothesis has been generated. However, these studies
cannot be used to extrapolate risks to humans at environ-
mentally relevant doses. Further studies investigating these
hypotheses would have to be conducted before any conclu-
sions can be drawn regarding their relevance.

6.2. Does TCE appear to affect a specific developmental
process?

One of the difficulties in attempting to link a particu-
lar CHD with exposure to an agent is the great number
of individual defects that compose the family of CHDs.
Because it has been recognized for years that toxicants inter-

act with developing organisms by means of specific mech-
anisms [74,75], we attempted to increase the likelihood of
discerning a potential effect of TCE exposure by combin-
ing the reported cardiac defects according to the underlying
developmental process(es) that would have been perturbed. If
TCE does cause CHDs, it is anticipated that the prevalence of
CHDs caused by one of the developmental processes would
be increased causing a skewing of the expected distribu-
tion from control populations. As previously mentioned, the
major developmental mechanisms involved in heart develop-
ment include: (1) cellular migration, particularly of the neural
crest cells, (2) hemodynamics, (3) cell death, (4) actions of the
extracellular matrix, (5) targeted growth, and (6) establish-
ment of visceral situs and cardiac looping {7,8]. Perturbations
of any of these developmental mechanisms can result in
CHDs. If TCE exposure did indeed increase the incidence of
CHDs, then one would expect to observe an increase in partic-
ular types of CHDs associated with a specific embryological
target. Of the studies discussed, only 3 of 15 epidemiological
studies, and 3 out of 18 animal studies indicate an increase ina
particular type of CHD. None of these studies were performed
specifically on TCE, but instead focused on organic solvents
and/or degreasing agents in general (which may or may not
have included TCE). Results of studies performed with the
White Leghorn chick model are not included in this analysis
due to the significant differences between mammalian and
avian development.

A shared developmental mechanism among the CHDs
reported in the studies would provide some strength to the
theory that TCE exposure played a role in their development.
For studies alleging a particularly marked increase in VSD
incidence related to exposure to TCE (or similar substances),
specific information on the type and location of the VSD was
often not provided; therefore, several possible developmental
processes are listed. As indicated in Table 6, the CHDs indi-
cated in the reviewed studies emanate from the disturbance of
a variety of developmental mechanisms. Results from Smith
et al. [49,50] indicate an increased prevalence of levocardia,
a defect specifically linked to errors in positional informa-
tion or looping. Other studies report increases in hypoplastic
left heart [20], coarctation of the aorta [20], and VSD Type
II [511, all defects linked to errors in hemodynamic mecha-
nisms. Four defects were linked to cell migration including
conotruncus defects [27], transposition of the great arteries
[20], defects between the ascending aorta and the right ven-
tricle [501, and VSD type I [51].

One might assume from this evaluation that if TCE-
related substances are likely to affect the developing heart,
cell migration and/or hemodynamics are the developmental
processes targeted. However, the distribution of defects and
underlying developmental processes likely to have been dis-
turbed mirrors that found in the distribution of CHDs in the
U.S. (Table 7). VSDs are the most frequent forms of CHDs
in the U.S., and the most prevalent types of VSDs are likely
to derive from alterations in cell migration and hemodynam-
ics [76,77]. The incidence of VSD varies widely because
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Table 7

Most prevalent types of congenital heart defects in the U.S. and the developmental and the predominant developmental process underlying the defect®

Congenital heart defect

Percentage of CHD patients with this defect

Developmental process disturbed

Ventricular septal defects 15-50°
Tetralogy of Fallot 9-14
Transposition of the great arteries 10-11
Atrioventricular septal defects 4-10
Coarctation of the aorta 8-10
Hypoplastic left heart syndrome 4-8

Cell migration, cell death, extracellular matrix
formation, and/or hemodynamics

Cell migration

Cell migration

Extracellular matrix formation
Hemodynamics

Hemodynamics

2 Information from this table was obtained from statistics provided by the American Heart Association [76,77].
> The percentage of CHDs that are VSDs varies according to when the statistics were taken and the number of asymptomatic children screened for CHDs.
The increased use of echocardiography has led to increased detection of these defects in recent years {77].

of an increased use of improved diagnostic tools, such as
echocardiograms available to detect this defect [77]. Given
that the distribution of developmental mechanisms purport-
edly disturbed by TCE and related substances is not markedly
different from the distribution of developmental processes
anticipated to be involved in CHDs not attributed to these
substances, as well as the fact that these studies did not specif-
ically evaluate TCE, there is insufficient evidence to state that
TCE has a specific effect on the heart.

7. Does TCE exposure cause an increase in CHDs?

As previously noted, none of the epidemiological stud-
ies was sufficiently robust to indicate a link between TCE
exposure and CHDs. A major obstacle in interpreting most
of the animal and in vitro studies was the lack of data at the
concentrations of TCE that have been reported in contam-
inated water. The need for generating toxicological data at
“real-world” exposure levels in order to provide information

Table 8

Application of Hill’s guidelines of causation to trichloroethylene/congenital heart defect data

Criterion Extent to which data supports or does not support guideline Comments
Temporality All studies fulfill this requirement except for the epidemiology studies in

Santa Clara, CA, where a temporal relationship is inconsistent with a link
between TCES and CHDY as discussed in [22], and as is a likely
confounding factor in [26]

Wilson et al. [20] examines
solvents in general, not only TCE
Johnson et al. [63] has several
significant flaws.

Strength of association® Fulfilled by Wilson et al. [20] epidemiology study

Fulfilled in the following animal studies: Smith et al. [49] (TCA); Smith et
al. [50] (DCA); Epstein et al. [51]

Fulfitled in the following mechanistic studies: Boyer et al. [69] and Ou et
al. [72]

A dose-response relationship
was not examined in any animal
study examining the specific
effect of TCE

Dose-response relationship® Epidemiology studies did not address dose-response issues.

Fulfilled in the animal studies by Smith et al. [49,50] (TCA, DCA),
respectively

Fulfilled in the following mechanistic studies: Boyer et al. [69] and Ou et
al. [72]

Specificity No studies fulfill this requirement

Consistenc Conclusions made in TCE studies are inconsistent between investigators,
Y &
as been as within the same group in the case of the contradictory findings

of Fisher et al. [59] compared to Dawson et al. [46]

Plausibility The plausibility requirement states that the proposed causal relationship
would not conflict with the currently accepted understanding of
pathological processes. At very high doses of TCE, it is plausible that the
developing heart may be adversely affected. However, as discussed
previously, the cardiac-specific effects of TCE that were purportedly
demonstrated in the animal studies have not been shown to occur at

environmentally relevant doses

T An association is deemed to be strong if statistical analysis was performed on the appropriate statistical unit, yields a p-value < 0.05, or if the 95% CI for
an OR does not include 1.0.

b A dose-response relationship is deemed to be present if at least 3 doses of TCE or a related substance were analyzed, and there was a clear dose-response
effect.

¢ TCE: trichloroethylene.

d CHD: congenital heart defect.
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useful in making regulatory decisions is paramount for sev-
eral dimensions of risk assessment, including evaluation of
the toxicity of complex mixtures [78], as well as for choosing
appropriate doses to employ in carcinogen bioassays {79].
Most of the animal and in vitro studies performed specif-
ically on TCE indicate that doses larger than the largest
concentration reported in the water do not harm the devel-
oping heart. Nevertheless, if one were to design additional
studies on the risks of TCE it is hoped that these stud-
ies would be performed at relevant doses/concentrations
so that the data would be directly applicable to human
risk.

In a final evaluation of the data, Hill’s guidelines of causa-
tion [80] were applied to all epidemiological and mammalian
animal studies (Table 8), despite previously described reser-
vations regarding the data. Studies using the chick model
were omitted because they are not representative of mam-
malian toxicity. Hill’s guidelines were originally intended for
use in analyzing epidemiological research, but the principles
can be applied to evaluate animal and in vitro studies as well.
Hill’s guidelines of causation dictate that as more guidelines
are met, the likelihood of a causal association increases. In
order to state confidently that an agent is the cause of a given
effect, most (and ideally all) of the following requirements
should be met:

1. Temporality: For causality to exist, the exposure must pre-
cede the health effect under investigation. This guideline is
met by most of the TCE studies discussed, with the excep-
tion of Santa Clara studies (Swan et al. [22]; Shaw et al.,
1990 [26]) in which the purported positive correlation did
not make sense based on the time of exposure.

2. Strength of association: The strength of the association is
commonly measured using appropriate statistical tests. In
general, the stronger the association, the more likely that
the relationship is causal. The requirement for a strong
association is deemed to have been met if (1) in humans,
the incidence of CHD is above the normal background
incidence, or in animal studies, the incidence is greater
than that in the controls, (2) the correct statistical unit
is used (i.e. the litter, rather than the pup or fetus in
the animal studies), and (3) the p-value <0.05 (if a 95%
CI is reported, it does not include 1.0). In general, the
stronger the association, the more likely the relationship
is causal. Based on these conditions, Wilson et al. [20]
study examining the effects of organic solvents was the
only epidemiological study fulfilling this criterion. Ani-
mal studies showing strength of association include the
Johnson et al. [48] rodent study on TCA, Epstein et al.
[51] study on DCA, and Smith et al. [49,50] studies on
TCA and DCA, respectively. While the Johnson et al.
[63] study appears to meet the requirements, this study
is significantly flawed due incorrect statistical evaluation
and the inclusion of repeated and reclassified data, as pre-
viously discussed. Therefore, it cannot be concluded that
an association of TCE exposure with CHDs was clearly

demonstrated by this study. In the case of the in vitro
studies, both Boyer et al. [69] and Ou et al. [72] demon-
strated strength of association, but no statistical analysis
was performed in the third mechanistic study by Collier
etal. [71].

3. Dose-response relationship: A dose-response correlation
is likely to be present in a causal relationship, although
there may be cases in which a threshold amount of the
substance changes the response and a clear dose-response
relationship is not evident. For the purposes of this evalu-
ation, a genuine dose-response relationship will be con-
sidered to be one in which a dose-response is seen in at
least three consecutive doses. No epidemiological studies
were sufficiently robust to investigate the presence of a
dose-response relationship. In the case of the animal stud-
ies, this guideline is fulfilled by the Smith et al. [49,50]
studies, as well as by the two mechanistic studies by Boyer
et al. [69] and Ou et al. [72].

4. Specificity: Specificity is established when a putative
cause is associated with only one or a few specific effects.
This is a particularly difficult guideline to assess, and
while it supports a causal relationship, absence of speci-
ficity does not necessarily negate the presence of a causal
relationship. For example, the diseases caused by smoking
do not meet this criterion, because smoking contributes
to an increased risk of several different diseases, includ-
ing emphysema and bladder cancer, not just lung cancer
[81,82]. As has already been discussed, the epidemiol-
ogy studies specifically evaluating TCE failed to detect
a statistically significant increase in CHDs or any other
adverse effect above background levels. The animal stud-
ies alleging a positive association between TCE and CHD
are unreliable due to flawed design and/or incorrect sta-
tistical evaluation of data.

5. Consistency: A consistent effect means that the associa-
tion is seen in several different studies, preferably by a
number of different laboratories under a variety of differ-
ent conditions. Taking into consideration the aggregate of
studies, which provide various contradictory results, this
criterion is obviously not met.

6. Biological plausibility: The plausibility requirement
states that the proposed causal relationship would not con-
flict with the currently accepted understanding of patho-
logical processes. At extremely high doses of TCE, it
is plausible that the developing heart may be adversely
affected. However, as discussed previously, the cardiac-
specific effects of TCE that were purportedly demon-
strated in the animal studies have not been shown to occur
at environmentally relevant doses.

At most, a single individual study fulfilled three of the
Hill’s Guidelines, and the majority of the studies only sup-
ported one. None of the studies fulfilled the specificity, con-
sistency, or biological plausibility criteria. Thus, the overall
body of the data does not support the hypothesis that TCE is
a causal factor in CHDs.
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8. Conclusion

CHDs are the most frequent form of birth defects, affecting
nearly 1% of newborns [6]. Because the underlying cause of
the CHDs is rarely understood, any indication that an environ-
mental contaminant might increase the prevalence of CHDs
warrants further investigation. Several studies attempted to
address the question of whether TCE is likely to contribute
to CHDs; however, in no case was a strong, reliable correla-
tion substantiated.

The epidemiology studies alleging a possible link between
TCE exposure and the development of CHDs all suffer from
one or more weaknesses. All the positive studies suffer from
non-robust design, which limits the conclusions that can be
drawn from them regarding causality. Many studies present
results that were not statistically significant (i.e., the 95% CI
of the OR included 1.0), many do not examine the effects
of TCE exposure specifically, and as a whole, the positive
studies are inconsistent regarding the specific type of CHD
that was observed following exposure. Thus, while the body
of epidemiology studies provides no causal link between TCE
and CHD, the data are too weak to draw firm conclusions
about the lack of a possible effect.

Animal study results indicate that TCE is not a causal
factor in CHD, although high concentrations of the TCE
metabolites TCA and DCA are likely to adversely affect the
developing heart. We note that the exposure concentrations
of TCE needed to obtain the toxic concentrations of TCA
and DCA are several orders of magnitude higher than those
found in the environment. When all CHDs reported after
exposure to TCE were categorized by the underlying per-
turbed morphogenetic processes, there was no shift in the
expected distribution. This indicates the absence of a specific
mechanism, which reduces the probability that TCE causes
CHD.

Finally, application of the Hill’s Guidelines for causation
failed to support an underlying link between TCE exposure
and CHD. Thus, the overall results of our analysis prompt
us to conclude TCE is not a specific cardiac teratogen at
environmentally relevant exposures and that the MCL for
TCE (5 1-g/L) is protective.
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