
RESEARCH Open Access

Drug use disorder following early life
exposure to tetrachloroethylene (PCE)-
contaminated drinking water: a
retrospective cohort study
Ann Aschengrau1* , Alexandra Grippo1, Michael R. Winter2, Margaret G. Shea2, Roberta F. White3,4 and
Richard Saitz5,6,7

Abstract

Background: Many studies of adults with occupational exposure to solvents such as tetrachloroethylene (PCE) have
shown adverse effects on cognition, mood and behavioral problems. Much less is known about neurotoxic effects
in early life at lower exposure levels seen in community settings. We recently reported that illicit drug use was
more frequent among adults from Cape Cod, Massachusetts who were exposed to PCE-contaminated drinking
water during gestation and early childhood than their unexposed counterparts. Using newly collected data from
this population-based retrospective cohort study, the current analysis examines whether early life PCE exposure is
also associated with drug use disorder over the life course.

Methods: Three-hundred and sixty-three subjects with prenatal and early childhood PCE exposure and 255
unexposed subjects were studied. These individuals (median age: 40–41 years) completed self-administered
questionnaires on the eleven established diagnostic criteria for drug use disorder and confounding variables. A
validated leaching and transport model was used to estimate exposure to PCE-contaminated water.

Results: Overall, 23.3% of subjects reported having at least one criterion for drug use disorder over their lifetime.
Early life PCE exposure was associated with a modest increase in the lifetime presence of one or more diagnostic
criteria for drug use disorder (adjusted RR: 1.4, 95% CI: 1.0–1.8). Compared to unexposed subjects, PCE-exposed
subjects were more likely to report having most diagnostic criteria of drug use disorder, including neglecting major
roles due to drug use, physical and psychological problems related to drug use, and giving up activities due to
drug use. No dose-response relationships were observed with increasing levels of PCE exposure.

Conclusions: These results suggest that exposure to PCE-contaminated drinking water during early life modestly
increases the risk of developing diagnostic criteria for drug use disorder later in life. Because this study has several
limitations, these findings should be confirmed in follow-up investigations of other exposed populations with more
diverse racial and socioeconomic characteristics.
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Background
From the late 1960’s through the 1980’s, exposure to
tetrachloroethylene (perchloroethylene or PCE)-contam-
inated drinking water was relatively common among
New England residents. The contamination resulted
from the installation of vinyl-lined asbestos cement (VL/
AC) pipes in certain public water distribution systems
[1, 2]. The vinyl lining, which was composed of vinyl
resin dissolved in PCE (Piccotex; Johns-Manville Cor-
poration, Denver, CO), was introduced to eliminate taste
and odor problems in existing AC pipes. Because PCE is
volatile, it was expected to evaporate by the time the
pipes were installed; however, water samples taken in
1980 revealed that substantial quantities of PCE
remained in the liner and were leaching into public
drinking water supplies. Although this source of con-
tamination was remediated by flushing and bleeding the
affected pipes in the 1980s, other public water supplies
across the United States have been contaminated by
PCE from landfills and underground storage tanks [3],
industrial waste disposal sites [4], and dry cleaning facil-
ities [5].
PCE’s potential to cause neurotoxic effects has been

established through numerous animal and human stud-
ies [6, 7]. Studies of adults exposed to PCE and related
solvents in occupational settings have reported
decrements in cognition, memory, attention, executive
function, and trigeminal nerve and vestibular function
[8–15]. Studies have also linked occupational exposure
to increases in anxiety and depression [8, 9, 11, 16–18].
The few studies of cognition and other behavioral ef-

fects among individuals with early life exposure to or-
ganic solvents have produced mixed results. Eskenazi
et al. found no changes in intellectual ability or memory
among children with prenatal solvent exposure [19]. In
addition, no meaningful deficits were seen in studies of
cognitive and behavioral function among day care at-
tendees who were exposed to PCE from a nearby dry
cleaners [20, 21]. In contrast, other studies found that,
compared to unexposed children, those with prenatal
solvent exposure had lower scores on language tests,
more problem behaviors [22], lower scores on tests of
intelligence and language skills [23], and a greater fre-
quency of behaviors indicative of attention deficits,
hyperactivity, and aggression [24, 25].
Our own population-based retrospective cohort study

(“Cape Cod Health Study”) found long-lasting neuro-
toxic effects of prenatal and early childhood exposure to
PCE contaminated drinking water. In particular, we
found increased risks of mood disturbances and dimin-
ished performance on tests of learning, memory, atten-
tion, and executive functioning [26] and illicit drug use
[27] among exposed individuals. Specific drugs for which
increased risks were observed included crack/cocaine,

psychedelics/hallucinogens, club/designer drugs and her-
oin. Because using these drugs may lead to further un-
controllable use [28, 29], we used newly collected data
to examine the association between early life PCE expos-
ure and the diagnostic criteria for drug use disorder.
The hypothesis that an environmental exposure such as
PCE could be part of the multifactorial etiology of drug
use disorder [30, 31] is novel but supported by experi-
mental evidence that PCE and related solvents could in-
crease the risk of drug use and drug use disorder by
altering brain function via peroxidation of cell mem-
brane lipids [32], changes in the fatty acids in the brain
[33], demyelination [34], and negative impacts on brain
receptors (e.g., [35–39]).

Methods
Study population and follow-up
The Cape Cod Health Study was approved by the Insti-
tutional Review Boards of the Massachusetts Depart-
ment of Public Health and Boston University Medical
Center. Eligible individuals were born during 1969–1983
to married women living in Cape Cod, Massachusetts
towns known to have some VL/AC water pipes in their
water distribution system. The details of study selection
have been previously described [27]. In brief, two groups
of “index” subjects were selected: (1) those born to
women who were exposed to PCE-contaminated drink-
ing water at birth (N = 1910), and (2) those born to
women who were unexposed at their birth (N = 1928).
These groups were identified by cross-matching mater-
nal addresses on birth certificates with information from
local water companies on the location and installation
year of the VL/AC pipes. Unexposed subjects were
randomly selected and frequency matched to exposed
subjects on month and year of birth. In addition, older
siblings of exposed and unexposed subjects who were
born in Massachusetts during 1969–1983 (N = 1202)
were identified. These siblings were initially considered
unexposed because they were born before the family
moved to an affected residence, but final exposure desig-
nations for all subjects were assigned after more exten-
sive exposure assessments were conducted, as described
below.
Birth certificates of all individuals were reviewed to

obtain information on the study family, including the
names of the subject and parents; the subject’s date of
birth, birth weight and gestational duration; and the par-
ents’ ages and educational levels when the subject was
born. During Phase 1 of the study (2000–2005), individ-
uals were traced and sent invitation letters describing
the purpose of the study and requesting that they
complete a self-administered questionnaire. Overall
40.5% of successfully located subjects returned the study
questionnaire (N = 1689). The Phase 1 questionnaire
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gathered information on cigarette smoking, alcoholic
beverage consumption, and drug use, demographic and
medical characteristics; and occupational and non-
occupational exposure to solvents. Information was also
collected on the family’s residences from the subject’s
birth through 1990, including the exact street address
and calendar years of residence for all Cape Cod ad-
dresses. Lastly, the survey collected information on the
subject’s knowledge of the PCE contamination episode
and knowledge of their own PCE exposure.
Phase 2 of the study (2017–2020) focused on the 1512

subjects from Phase 1 who had adequate residential data
for assessing their PCE exposure status. A total of 694
subjects completed the entire Phase 2 survey (46.8%).
The remainder never responded to several contact at-
tempts (N = 718), were not found (N = 54), were de-
ceased (N = 6), declined to participate (N = 26), or
completed out only a small portion of the survey (N =
14). The Phase 2 questionnaire updated information on
cigarette smoking, alcoholic beverage consumption and
drug use; and demographic and medical characteristics.
Drug information included use of cannabis, cocaine, her-
oin, hallucinogens, inhalants, and methamphetamine,
and misuse of prescription pain relievers, tranquilizers,
stimulants and sedatives. The Phase 2 questionnaire also
collected new information on the eleven established
Diagnostic and Statistical Manual of Mental Disorders
Fifth Edition (DSM5) criteria for drug use disorder for
any drug. Questions for these criteria, which were
adapted from the validated Alcohol Use Disorder and
Associated Disabilities Interview Schedule (AUDADIS)
[40], ascertained the lifetime prevalence of the following
behaviors: ever engaging in hazardous use that increased
the chances of getting hurt, ever having social/interper-
sonal problems due to use, often neglecting major roles
due to use, ever developing tolerance such that the usual
drug amount had much less of an effect than it once
did, often using larger amounts or for a longer period of
time than intended, ever making unsuccessful attempts
to stop or cut down use, ever spending much time get-
ting or using the drug, ever continuing to use a drug
despite having physical and psychological problems re-
lated to use, ever giving up activities due to use, ever de-
veloping cravings for the drug, and ever having
withdrawal symptoms when the drug effects were wear-
ing off. We were unable to obtain physician confirm-
ation of these criteria.
Comparison of Phase 2 participants (N = 694) and

non-participants (N = 818) found that they were quite
similar with regard to many characteristics, including
PCE exposure status, age, race, maternal age, birth
weight, gestational age, and receipt of prenatal care
(Table 1). However, compared to Phase 2 non-
participants, a larger proportion of Phase 2 participants

were female, had mothers who were college graduates
and fathers employed in white collar jobs, and a smaller
proportion smoked cigarettes regularly, reported heavy
episodic drinking and used drugs including crack/co-
caine, heroin, psychedelics/hallucinogens, club/designer
drugs, inhalants, and Ritalin without a prescription
(Table 1).

PCE exposure assessment
PCE exposure assessments were conducted during Phase
1. As a first step, all residential addresses on Cape Cod
reported by subjects were geocoded to a latitude and
longitude using ArcGIS 8.1. Approximately 95% of re-
ported addresses were successfully geocoded without
knowledge of the exposure or outcome status. Visual in-
spection of the water distribution maps determined ini-
tial exposure status and was followed by a more detailed
assessment using a leaching and transport model devel-
oped by Webler and Brown [41]. The model estimates
the amount of PCE entering a residence by using the ini-
tial amount of PCE in the liner, the age of the pipe, and
the leaching rate of PCE from the liner into the water.
This rate is modeled as an exponential relationship with
a rate constant of 2.25 years based on experimental data
[42]. Additional model parameters include the water
flow rate and direction which were determined using
EPANET, water distribution system modeling software
developed by the U.S. EPA. This software has been used
in other epidemiological studies of drinking water con-
taminants [43, 44]. We were able to calculate only an-
nual PCE exposures because only move-in and pipe
installation years were available. We estimated PCE ex-
posure during the prenatal period by multiplying the an-
nual mass of PCE that entered the subject’s residence
during their birth year by 9/12. We estimated cumulative
exposure during early childhood by summing the esti-
mated mass of PCE that entered their residences from
the month and year following birth through the month
and year of the fifth birthday. Simple percentages were
used to account for partial years.

Statistical analysis
We compared the criteria for drug use disorder among
subjects with prenatal and early childhood exposure
combined (N = 363) to unexposed subjects (N = 255).
Nearly all subjects with prenatal exposure also had child-
hood exposure and so we were unable to examine the
impact of prenatal exposure alone. In addition, the num-
ber of subjects exposed only during childhood was too
small to provide stable results (N = 76). In addition, we
examined early life PCE exposure in relation to the life-
time presence of any criteria (> = 1), two or more cri-
teria, and finer groupings of the number of criteria (1,
2–3, 4–5, and 6 or more) overall and stratified by sex.
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The lifetime presence of two or more criteria was exam-
ined because the formal diagnosis of a drug use disorder
requires the presence of two or more criteria, albeit in a
single year. We also examined specific criteria (e.g.,
neglected major roles due to use, physical and psycho-
logical problems related to use) and the impact of PCE
exposure levels (> =median and > 0- < median) to deter-
mine if a dose-response relationship was present. Lastly,
we compared the drug use history among individuals
with and without any criteria for drug use disorder.
The risk ratio (RR) was used to estimate the strength

of the association between PCE exposure and the

criteria. Ninety-five percent confidence intervals were
used to assess their precision. First, crude analyses were
conducted and then generalized estimating equation
(GEE) analyses were performed to account for non-
independent outcomes arising from several children
from the same family [45, 46]. Twelve percent of Phase
2 subjects were siblings. Lastly, adjusted GEE analyses
were conducted to control for confounding variables.
Covariates considered for these analyses were factors as-
sociated with drug use disorder that, according to our
directed acyclic graph (DAG), also influenced their PCE
exposure. While many variables were risk factors for

Table 1 Distribution of Selected Characteristics by Phase 2 Participation Status

Characteristic Participant
(N = 694)

Non-Participant
(N = 818)

PCE exposure status

Both pre and postnatal exposure 363 (52.3%) 468 (57.2%)

Only postnatal exposure 76 (11.0%) 58 (7.1%)

Unexposed 255 (36.7%) 292 (35.7%)

Age (Phase 2, mean, sd) 41 (4) 40 (4)

White race 688 (99.1%) 802 (98.0%)

Sex

Male 242 (34.9%) 360 (44.0%)

Female 452 (65.1%) 458 (56.0%)

Ever smoked on a regular basis (Phase 1 data) 202 (29.4%) 343 (42.3%)

Missing 6 8

Drank 5 + (men)/4 + (women) drinks* per day, past 30 days (Phase 1 data) 80 (11.8%) 147 (18.7%)

Missing 16 32

Any drug use** (Phase 1 data) 230 (33.1%) 351 (42.9%)

Mother’s age at subject’s birth (Mean, SD) 27 (4) 27 (5)

Mother’s educational level at subject’s birth

High school graduate or less 230 (33.2%) 340 (41.7%)

Some college 210 (30.3%) 254 (31.1%)

4 year college graduate or higher 253 (36.5%) 222 (27.2%)

Missing 1 2

Father’s occupation at subject’s birth

White collar 371 (53.9%) 370 (46.0%)

Blue collar 211 (30.7%) 285 (35.4%)

Other 106 (15.4%) 149 (18.5%)

Missing 6 14

Subject’s birth weight (Mean, SD) 3423 (524) 3438 (507)

Missing 60 44

Subject’s gestational age (weeks) (Mean, SD) 40 (2) 40 (2)

Missing 29 60

Mother received prenatal care during subject’s pregnancy 663 (99.8%) 764 (99.6%)

Missing 30 51
*A drink was defined as 12-oz bottle, can, or glass of beer, 4-oz glass of wine, 12-oz bottle of wine cooler, hard lemonade, or hard cider, shot of liquor straight or
in a mixed drink
**Included crack/cocaine, heroin, psychedelics/hallucinogens, club/designer drugs, inhalants, and Ritalin without a prescription

Aschengrau et al. Environmental Health           (2020) 19:99 Page 4 of 12



having criteria for drug use disorder, only those with
plausible causal relationships with PCE exposure were
ultimately controlled. These variables, which reflected
calendar time and socioeconomic status, were the sub-
ject’s age, mother’s educational level and father’s
occupation.

Results
As shown in Table 2, the characteristics of exposed and
unexposed subjects were quite similar. Subjects were, on
average, 40–41 years old when they completed the Phase
2 questionnaire, and were mainly female, white, college-
educated, married or cohabitating, and employed. Few
subjects had possible occupational exposure to solvents
while many had potential solvent exposure from hob-
bies. Comparable proportions of exposed and unexposed
subjects reported a history of learning problems, repeat-
ing a grade, military service, and psychiatric disorders
(mainly depression). Family characteristics were also
similar, including maternal and paternal age, maternal
educational level, paternal occupation, number of older
siblings, and family history of drug and alcohol prob-
lems. In addition, comparable proportions of mothers
reported smoking cigarettes and cannabis, drinking alco-
holic beverages, receiving prenatal care, and having med-
ical or obstetrical complications when they were
pregnant with the subject.
The Phase 2 subjects experienced a wide distribution

of PCE exposure levels that encompassed several orders
of magnitude (range: 0.37 to 3722 g). The distributions
of PCE levels were also similar between the two phases
[mean (sd): 141.6 (358.1) for Phase 1 and 150.5 (351.8)
for Phase 2]. The exposure measures were based on the
mass of PCE delivered to a subject’s residence through
the water distribution system over the course of a year.
This annual mass of PCE was diluted in approximately
90,000 gal of water, the average annual usage among
Massachusetts households during their period [47].
When we converted our PCE exposure measures to an-
nual point concentrations, we estimated that PCE con-
centrations in water entering the study homes ranged
from less than 1 μg/L to 5197 μg/L. These levels are
consistent with public water testing results during the
study period [1].
Our comparison of each subject’s self-assessed expos-

ure status to that derived from our modeled assessment
revealed that only 15% of subjects considered exposed
by the modeled assessment thought that their drinking
water was contaminated, whereas 13% of exposed sub-
jects thought that their water was not contaminated and
72% were unsure. Similarly, we found that 18% of sub-
jects considered unexposed by our modeled assessment
thought that their drinking water was not contaminated,

while 11% thought that their drinking water was con-
taminated and 70% were unsure.
Overall, 23.3% of subjects reported having at least one

criterion for drug use disorder over their lifetime (26.2%
of exposed and 19.2% of unexposed subjects). PCE ex-
posure during early life was associated with a modest in-
crease in the lifetime presence of one or more diagnostic
criteria for drug use disorder (adjusted Risk Ratio (RR):
1.4, 95% CI: 1.0–1.8) (Table 3). Modest to moderate as-
sociations were also generally seen for early life PCE ex-
posure and the number of reported drug use disorder
criteria --adjusted RRs were 1.3 for 2 or more criteria
(95% CI:0.9–2.0), 1.6 for one criterion (95% CI: 0.9–2.8),
0.9 for 2–3 criteria (95% CI:0.5–1.9), 1.9 for 4–5 criteria
(95% CI: 0.7–5.1), and 1.5 for 6 or more criteria (95%
CI: 0.8–3.0, Table 3). Contrary to expectation, higher
RRs were generally observed for PCE levels less than the
median as compared to PCE levels greater than or equal
to the median (Table 3).
When these data were stratified by sex, we found that

early life PCE exposure remained associated with a mod-
est increase in the lifetime presence of one or more
diagnostic criteria for drug use disorder among females
(adjusted RR: 1.5, 95% CI: 1.0–2.3) but not males (ad-
justed RR: 1.0, 95% CI:0.6–1.5). The p value for the sex
interaction term was 0.10 which reflects, in part, the low
proportion of male respondents in the study (Table 2).
Compared to unexposed subjects, PCE exposed sub-

jects were more likely to report having most of the indi-
vidual criteria for drug use disorder. For example, they
were more likely to report neglecting major roles due to
drug use (5.8 vs. 3.1%), physical and psychological
problems related to drug use (8.3 vs. 4.3%), and giving
up activities due to drug use (3.9 vs. 2.0%) (Table 4). We
also found that all types of drug use were more common
among subjects with one or more criteria for drug use
disorder. Compared to subjects without any criteria for
drug use disorder, those with at least one criterion were
more likely to use/misuse multiple drugs (73.5% vs.
28.4%), including cannabis (93.2% vs. 70.2%), crack/co-
caine (52.8% vs. 12.6%), hallucinogens (60.9% vs. 21.7%),
inhalants (28.4% vs. 6.6%), methamphetamine (11.9% vs.
1.1%), heroin (11.9% vs. 0.4%), prescription pain relievers
(42.0% vs. 5.8%), prescription tranquilizers (24.7% vs.
3.8%), and prescription stimulants (30.9% vs. 4.3%).

Discussion
These results suggest that there is a modest increase in
the risk of meeting one or more criteria for drug use
disorder among adults with any exposure to PCE-
contaminated drinking water during gestation and early
childhood. No dose-response relationships were ob-
served with increasing levels of PCE exposure. Neverthe-
less, the present results are consistent with our previous
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Table 2 Distribution of Selected Characteristics of Subjects and Parents by PCE Exposure Status

Characteristic Prenatal and Early Childhood Exposure
(N = 363)

Unexposed
(N = 255)

Year of birth n % n %

1969–1974 77 21.2% 66 25.9%

1975–1980 191 52.6% 134 52.5%

1981–1983 95 26.2% 55 21.6%

Current age (mean, sd) 40 (4) 41 (4)

Sex at birth

Male 134 36.9% 79 31.0%

Female 229 63.1% 176 69.0%

% White race 359 98.9% 253 99.2%

Current educational level

High school graduate or less 18 5.0% 16 6.3%

Some college 61 16.9% 49 19.3%

Four year college grad or higher 283 78.2% 189 74.4%

Missing 1 1

Currently employed

Yes 325 90.0% 226 90.4%

No 36 10.0% 24 9.6%

Missing 2 5

Current marital status

Married or cohabitating 313 86.2% 201 78.8%

Separated, divorced, widowed, 18 5.0% 24 9.4%

Never married 32 8.8% 30 11.8%

Ever had solvent-exposed job

Yes 54 15.3% 34 13.7%

No 299 84.7% 215 86.3%

Missing 10 6

Ever had solvent-exposed hobby

Yes 306 85.0% 219 86.9%

No 54 15.0% 33 13.1%

Missing 3 3

History of learning problem

Yes 64 17.9% 46 18.2%

No 293 82.1% 207 81.8%

Missing 6 2

History of repeating a grade

Yes 33 9.2% 27 10.6%

No 325 90.8% 227 89.4%

Missing 5 1

History of military service

Yes 21 5.8% 17 6.7%

No 342 94.2% 238 93.3%

History of mental disorder*

Yes 152 42.3% 91 35.8%

Aschengrau et al. Environmental Health           (2020) 19:99 Page 6 of 12



Table 2 Distribution of Selected Characteristics of Subjects and Parents by PCE Exposure Status (Continued)

Characteristic Prenatal and Early Childhood Exposure
(N = 363)

Unexposed
(N = 255)

No 207 57.7% 163 64.2%

Missing 4 1

Mother’s age at subject’s birth
(mean sd)

27 (4) 28 (4)

Father’s age at subject’s birth
(mean, sd)

30 (6) 30 (5)

Mother’s educational level at subject’s birth

High school graduate or less 124 34.2% 71 28.0%

Some college 101 27.8% 91 35.8%

> = Four year college graduate 138 38.0% 92 36.2%

Missing 0 1

Father’s occupation at subject’s birth

White collar 208 57.8% 125 49.4%

Blue collar 107 29.7% 76 30.0%

Other 45 12.5% 52 20.6%

Missing 3 2

Mother received prenatal care during subject’s gestation

Yes 352 99.7% 243 100.0%

No 1 0.3% 0 0.0%

Missing 10 12

Mother smoked cigarettes during subject’s gestation

Yes 72 23.4% 46 21.9%

No 235 76.5% 164 78.1%

Missing 56 45

Mother consumed alcohol during subject’s gestation

Yes 150 49.0% 91 43.3%

No 156 51.0% 119 56.7%

Missing 57 45

Mother used cannabis during subject’s gestation

Yes 10 3.2% 9 4.3%

No 298 96.8% 198 95.7%

Missing 55 48

Mother had medical and obstetrical complications during subject’s gestation

Yes 59 19.3% 52 25.1%

No 246 80.7% 155 74.9%

Missing 58 48

Mother had occupational exposure to solvents

Yes 45 14.8 29 14.1

No 259 85.2 177 85.9

Missing 59 49

Birth weight (mean, sd)
Missing

3428 (504)
4

3406 (556)
27

Gestational age (mean, sd)
Missing

40 (3)
13

40 (2)
13

Multiple pregnancy 8 2.2% 10 3.9%

Aschengrau et al. Environmental Health           (2020) 19:99 Page 7 of 12



finding that illicit drug use is increased among individ-
uals with early life exposure to PCE-contaminated drink-
ing water [27]. In that study, specific increases in risk
were seen for using crack/cocaine, psychedelics/halluci-
nogens, club/designer drugs and heroin. Because the use
of these drugs may lead to further uncontrollable use
[28, 29], it is plausible that early life PCE exposure also
increases the risk of having one or more criteria for drug
use disorder.
These findings should be interpreted in light of the

study limitations. The first is likely exposure misclassifi-
cation. Because historical PCE exposure measurements
were impossible to obtain from subject residences, we
estimated PCE exposure using water distribution model-
ing software that was modified to incorporate a leaching
and transport model [41, 48]. The model was applied to
water distribution system conditions in 1980 and was
assumed to be representative of the entire exposure
period. This assumption was supported by observation
that the distribution systems changed little between the
late 1960s and the 1980s, except for adding water
sources to accommodate population growth. Further-
more, the exposure assessment predicted the annual
mass of PCE delivered to each subject’s residence during
gestation and early childhood, and did not incorporate
information on water consumption and bathing habits
due to poor recall of these behaviors. While results from

validation studies indicate reasonable correlation be-
tween our exposure estimates and PCE concentrations
in historical water samples [49, 50], non-differential ex-
posure misclassification likely biased the findings from
dichotomous comparisons (e.g., any exposure vs. none)
towards the null [50]. The expected direction of bias for
comparisons involving three exposure levels (e.g., high,
low, unexposed) is more difficult to predict. While it is
possible that the lack of a dose-response relationship ac-
cording to PCE levels may reflect bidirectional misclassi-
fication between the low and high exposure levels, it is
also possible that a non-linear dose-response relation-
ship is present as has been observed for PCE and many
other endocrine disrupting chemicals [51].
Another limitation stems from the use of self-

reports as the source of information on the criteria
for drug use disorder and did not capture diagnoses
made by clinicians who were trained in addiction
medicine. While the prevalence of drug use among
study subjects was similar or higher than reported in
independent surveys of Cape Cod and other
Massachusetts residents [52], some underreporting of
the criteria was likely in this questionnaire format.
However, since most subjects did not know their
exposure status, underreporting was likely to be non-
differential and so would not have affected the ob-
served risk ratios [50].

Table 2 Distribution of Selected Characteristics of Subjects and Parents by PCE Exposure Status (Continued)

Characteristic Prenatal and Early Childhood Exposure
(N = 363)

Unexposed
(N = 255)

Subject breast fed

Yes 198 64.9% 142 68.6%

No 107 35.1% 65 31.4%

Missing 58 48

Number of older siblings

0 168 46.3% 121 47.8%

1 128 35.3% 79 31.2%

2+ 67 18.5% 53 20.9%

Missing 0 2

Immediate family member was a problem drinker

Yes 174 49.2% 103 41.9%

No 180 50.8% 143 58.1%

Missing 9 9

Immediate family member had problems with drugs

Yes 82 23.9% 54 22.3%

No 261 76.1% 188 77.7%

Missing 20 13

*Includes anxiety, depression, post-traumatic stress disorder, bipolar disorder, eating disorder and schizophrenia
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Table 3 Lifetime Criteria of Drug Use Disorder Following Early Life Exposure to Tetrachloroethylene-contaminated Drinking Water

Outcome Exposure Level % Yes (n/N) Crude Adjusted*

RR (95% CI) GEE RR (95% CI)

Any (> = 1) Criteria Any 26.2 (95/363) 1.4 (1.0,1.8) 1.4 (1.0,1.8)

> =median 23.6 (43/182) 1.2 (0.9,1.8) 1.2 (0.8,1.7)

> 0- < median 28.7 (52/181) 1.5 (1.1,2.1) 1.5 (1.1,2.2)

None 19.2 (49/255) Reference Reference

Number of Criteria

One Criterion Any 12.4 (38/306) 1.6 (0.9,2.8) 1.6 (0.9,2.8)

> =median 11.5 (18/157) 1.5 (0.8,2.8) 1.5 (0.8,2.7)

> 0- < median 13.4 (20/149) 1.8 (1.0,3.2) 1.8 (1.0,3.4)

None 7.6 (17/223) Reference Reference

Two or More Criteria Any 17.7 (57/325) 1.3 (0.9, 1.9) 1.3 (0.9,2.0)

> =median 15.2 (25/164) 1.1 (0.7,1.8) 1.1 (0.7,1.8)

> 0- < median 19.9 (32/161) 1.5 (0.9,2.3) 1.5 (0.9,2.4)

None 13.4 (32/238) Reference Reference

Two to Three Criteria Any 6.9 (20/288) 1.2 (0.6,2.3) 0.9 (0.5,1.9)

> =median 7.3 (11/150) 1.2 (0.6,2.7) 0.9 (0.4,2.0)

> 0- < median 6.5 (9/138) 1.1 (0.5,2.5) 1.0 (0.4,2.2)

None 5.9 (13/219) Reference Reference

Four to Five Criteria Any 4.3 (12/280) 1.5 (0.6,4.0) 1.9 (0.7,5.1)

> =median 2.8 (4/143) 1.0 (0.3,3.4) 1.4 (0.4,4.6)

> 0- < median 5.8 (8/137) 2.1 (0.7,5.8) 2.3 (0.8,6.9)

None 2.8 (6/212) Reference Reference

Six or More Criteria Any 8.5 (25/293) 1.4 (0.8,2.7) 1.5 (0.8,3.0)

> =median 6.7 (10/149) 1.1 (0.5,2.5) 1.2 (0.5,2.8)

> 0- < median 10.4 (15/144) 1.8 (0.9,3.6) 1.9 (0.9,4.0)

None 5.9 (13/219) Reference Reference

*Adjusted for subject’s age, father’s occupation, mother’s educational level

Table 4 Distribution (%) of Drug Use Criteria Overall and According to Early Life Exposure to PCE Exposure

Overall
N = 618

Exposed
N = 363

Unexposed
N = 255

n % n % n %

Drug Use Criteria

Hazardous use 66 10.7 43 11.9 23 9.0

Social/interpersonal problems related to use 29 4.7 20 5.5 9 3.5

Neglected major roles to use 29 4.7 21 5.8 8 3.1

Experienced withdrawal 50 8.1 29 8.0 21 8.2

Developed tolerance 54 8.7 34 9.4 20 7.8

Used larger amounts/longer 50 8.1 35 9.6 15 5.9

Repeated unsuccessful attempts to quit or control use 71 11.5 47 13.0 24 9.4

Much time spent using 59 9.6 38 10.5 21 8.2

Physical/psychological problems related to use 41 6.6 30 8.3 11 4.3

Activities given up to use 19 3.1 14 3.9 5 2.0

Developed craving 64 10.4 45 12.4 19 7.5
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Still another limitation stems from possible residual
confounding because of missing data on risk factors for
drug use disorder (such as family dynamics and peer
pressure). However, in order to account for the associa-
tions observed in this study, these factors would need to
be causally related to PCE exposure, an unlikely scenario
given the irregular pattern of the PCE contamination
across the neighborhoods of Cape Cod. In fact, our prior
analyses of this cohort also found little or no confound-
ing for the outcomes being investigated [27, 53].
A further limitation stems from the low response rate.

Although this problem reduced the statistical power of
the study, the following evidence suggests that it did not
result in selection bias. First, many available characteris-
tics of Phase 1 and 2 participants and non-participants
were similar, including PCE exposure status. Second,
while Phase 2 participants were more likely to be female,
and have college-educated mothers, these differences
were equally present for exposed and unexposed non-
participants. Third, losses stemming from the death of
potential subjects (N = 117) were small and unrelated to
initial PCE exposure status. Our review of death records
from the Massachusetts Registry of Vital Records and
Statistics and the National Death Index suggested that
seven of the 117 deaths were associated with substance
use; four of these deaths occurred among exposed sub-
jects and three occurred among unexposed subjects.
Both animal and human studies have found neurotoxic

effects following PCE exposure [6]. Because of its small
size and lipid solubility, PCE easily crosses the blood
brain barrier and selectively concentrates in the brain
and other lipophilic tissue. Epidemiologic studies of
adults with occupational exposure to PCE and related
solvents have reported increases in anxiety and depres-
sion [8, 9, 11, 16–18] and impairments in cognition,
memory, attention, executive function and trigeminal
nerve and vestibular function [8–15].
Studies of the neurotoxic effects among individuals

with early life exposure to organic solvents have pro-
duced mixed results. Eskenazi et al. found no deficits in
intellectual ability, motor skills or memory among pre-
school children whose mothers had jobs involving solv-
ent exposure during pregnancy [19]. In addition, no
meaningful differences were seen in two studies of cog-
nitive and abnormal behavioral function among children
attending a nursery school and day care center who were
exposed to PCE from nearby dry cleaning facilities [20,
21]. Our prior cohort study on the reproductive and de-
velopmental effects of prenatal and early postnatal PCE
exposure also did not observe any associations with dis-
orders of attention, learning, and behavioral control
throughout childhood [54]. In contrast, Till et al. found
that pre-school children whose mothers were exposed to
organic solvents during pregnancy had lower scores on

language tests, reduced graphomotor skills, and more
behavioral problems than unexposed children [22]. In
addition, Laslo-Baker et al. found that preschool children
with prenatal exposure to organic solvent mixtures
scored lower on tests of general intelligence, language
and motor skills [23]. Pele et al. also found a greater fre-
quency of behaviors indicative of attention deficits,
hyperactivity, and aggression [24] and Costet et al. found
increased externalizing behavior among children with
prenatal exposure to solvents [25]. These disparate find-
ings may stem from varying exposure levels and the use
of different measures of neurobehavioral measures as
outcomes.
An important feature of these early life studies is

their focus on short-term effects in young children.
To the best of our knowledge, only three prior stud-
ies --ours and two others-- have investigated the
long-term neurotoxic impacts of early life exposure to
solvents. An Israeli study found a 3.4-fold increased
risk of schizophrenia among offspring of parents who
worked in dry cleaning during their gestation and
childhood [55], and a Danish study found a 3.2-fold
increased risk of schizophrenia among individuals
who were exposed to high levels of benzene air pollu-
tion during early life [56].
Our cohort study investigated a wider variety of

neurotoxic effects, including drug use among individuals
with prenatal and early childhood PCE exposure [26, 27,
57]. Moreover, our prior analyses found that individuals
who were exposed to PCE-contaminated drinking water
in early life experienced 30–40% increases in the risk of
using multiple drugs as a teenager or as an adult [27].
We also found that early life PCE exposure was associ-
ated with increased risks of mood disturbances and di-
minished performance on tests of learning, memory,
attention, and executive functioning [26].
The mechanism by which PCE and related solvents

may cause neurotoxic effects is presently unknown [6].
Furthermore, to the best of our knowledge, no one has
investigated how early life PCE exposure might contrib-
ute to the multifactorial etiology of drug use disorder
[30, 31]. However, available evidence suggests that PCE
may exert neurotoxic actions via the peroxidation of cell
membrane lipids [32], changes in the fatty acids in the
brain [33], demyelination of nerve cells [34], and changes
in ligand-gated ion channel activity involving the follow-
ing receptors: GABAA, glycine, NMDA, glutamate kain-
ite, and AMPA (e.g., (35–39)). It has been postulated
that exposure to agents such as ethanol during synapto-
genesis can trigger substantial apoptotic neurodegenera-
tion because these agents interfere with the action of
neurotransmitters and GABAA receptors [58].
The mechanism by which the neurotoxic impact of

PCE exposure may be sex dependent is also not well
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understood. However, sex differences are quite plausible
via differences in toxicokinetics. In this instance, possible
explanations for a greater impact of early life exposure
to chlorinated solvents such as PCE among females in-
clude increased dermal absorption [59], preferential se-
questration in fat tissue which is found at higher levels
in females [60], and permeability differences in the blood
brain barrier [59].
In summary, the results of this study suggest that the

criteria associated with drug use disorder are modestly
increased among adults exposed to PCE-contaminated
drinking water during gestation and early childhood. Be-
cause this study has several limitations, these findings
should be confirmed in follow-up investigations of other
exposed populations with more diverse racial and
socioeconomic characteristics. Because PCE remains a
common contaminant of public drinking water supplies,
it is important to determine its long-term impacts on
behavioral health.

Conclusions
We found a modest increase in the risk of having criteria
for drug use disorder among adults who were exposed
to PCE-contaminated drinking water during gestation
and early childhood. Because this study has several limi-
tations and PCE is a common environmental contamin-
ant, additional long-term studies of diverse populations
are needed to determine its possible impact on behav-
ioral health.

Abbreviations
AC: Asbestos Cement; AMPA: Alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; AUDADIS: Alcohol Use Disorder and Associated
Disabilities Interview Schedule; CI: Confidence Interval; DAG: Directed Acyclic
Graph; DSM5: Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition; EPA: US Environmental Protection Agency; EPANET: US EPA Water
Modeling Softwar; GABAA: Gamma-aminobutyric Acid (a); GEE: Generalized
Estimating Equations; NMDA: N-methyl-D-aspartate; PCE: Tetrachloroethylene;
RR: Risk Ratio; SD: Standard Deviation; VL: Vinyl-Lined

Acknowledgements
The authors would like to acknowledge the study participants who took the
time to share their experiences and the assistance of the local water
companies and the Massachusetts Department of Environmental Protection.
This work was supported by the National Institute of Environmental Health
Sciences Superfund Research Program 5P42ES00738.

Authors’ contributions
AA conceived the study and its design, coordinated data collection and
analysis, and drafted the initial manuscript. AG conducted the Phase 2 data
collection. MRW participated in the data collection and conducted the data
analyses. MGS conducted the data analysis. RFW and RS provided technical
input to the data collection, analysis and manuscript preparation. The
authors read and approved the final manuscript.

Funding
This work was supported by the National Institute of Environmental Health
Sciences Superfund Research Program 5P42ES007381.

Availability of data and materials
The datasets generated and analyzed during this study are not publically
available due to IRB restrictions. Non-identifiable data are however available

from the authors upon reasonable request and with permission from the
IRBs at Boston University and the Massachusetts Department of Public
Health.

Ethics approval and consent to participate
This research was approved by the Institutional Review Boards (IRB) of
Boston University.
Medical Center and the Massachusetts Department of Public Health. In
addition, all subjects gave their consent to participate.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Epidemiology, Boston University School of Public Health, 715
Albany Street, Boston, MA 02118, USA. 2Biostatistics and Epidemiology Data
Analytics Center, Boston University School of Public Health, 85 East Newton
Street, Boston, MA 02118, USA. 3Department of Environmental Health, Boston
University School of Public Health, 715 Albany Street, Boston, MA 02118,
USA. 4Department of Neurology, Boston University School of Medicine, 72
East Concord Street, Boston, MA 02118, USA. 5Department of Community
Health Sciences, Boston University School of Public Health, 801
Massachusetts Avenue, Boston, MA 02118, USA. 6Clinical Addiction Research
and Education Unit, Section of General Internal Medicine, Department of
Medicine, Boston University School of Medicine, Boston, MA, USA. 7Grayken
Center for Addiction, Boston Medical Center, Boston, MA, USA.

Received: 27 May 2020 Accepted: 22 July 2020

References
1. Commonwealth of Massachusetts, Department of Environmental Quality

Engineering. Status report on tetrachloroethylene contamination of public
drinking water supplies caused by vinyl-lined asbestos cement pipe; 1982.
p. 1–26.

2. Larson CD, Love T, Reynolds G. Tetrachloroethylene leached from lined
asbestos-cement pipe into drinking water. JAWWA. 1983;75:184–90.

3. Bove FJ, Fulcomer MC, Klotz JB, Esmart J, Dufficy EM, Savrin JE. Public
drinking water contamination and birth outcomes. Am J Epidemiol. 1995;
141:850–62.

4. Massachusetts Department of Public Health. The Woburn environment and
birth study synopsis. Boston: Massachusetts Department of Public Health; 1996.

5. Ruckart PZ, Bove FJ, Maslia M. Evaluation of contaminated drinking water
and preterm birth, small for gestational age, and birth weight at marine
Corps Base camp Lejeune, North Carolina: a cross-sectional study. Environ
Health. 2014;13:99.

6. EPA US. Toxicological review of tetrachloroethylene (Perchloroethylene).
Washington DC: US EPA; 2012.

7. Guyton KZ, Hogan KA, Scott CS, Cooper GS, Bale AS, Kopylev L, et al.
Human health effects of tetrachloroethylene: key findings and scientific
issues. Environ Health Perspect. 2014;122:325–3334.

8. White RF, Proctor SP, Echeverria D, Schweikert J, Feldman RG.
Neurobehavioral effects of acute and chronic mixed-solvent exposure in the
screen printing industry. Am J Ind Med. 1995;28(2):221–31.

9. Tsai SY, Chen JD, Chao WY, Wang JD. Neurobehavioral effects of
occupational exposure to low-level organic solvents among Taiwanese
workers in paint factories. Environ Res. 1997;73(1–2):146–55.

10. Daniell WE, Claypoole KH, Checkoway H, Smith-Weller T, Dager SR, Townes
BD, et al. Neuropsychological function in retired workers with previous
long-term occupational exposure to solvents. Occup Environ Med. 1999;
56(2):93–105.

11. Bowler RM, Lezak M, Booty A, Hartney C, Mergler D, Levin J, et al.
Neuropsychological dysfunction, mood disturbance, and emotional status
of munitions workers. Appl Neuropsychol. 2001;8(2):74–90.

12. Bockelmann I, Darius S, McGauran N, Robra BP, Peter B, Pfister EA. The
psychological effects of exposure to mixed organic solvents on car painters.
Disabil Rehabil. 2002;24:455–61.

Aschengrau et al. Environmental Health           (2020) 19:99 Page 11 of 12



13. Wood RL, Liossi C. Long-term neuropsychological impact of brief occupational
exposure to organic solvents. Arch Clin Neuropsychol. 2005;20(5):655–65.

14. Burg JR, Gist GL. Health effects of environmental contaminant exposure: an
intrafile comparison of the trichloroethylene subregistry. Arch Environ
Health. 1999;54:231–41.

15. Mhiri C, Choyakh F, Ben Hmida M, Feki I, Ben Messaud M, Zouari N.
Trigeminal somatosensory evoked potentials in trichloroethylene-exposed
workers. Neurosciences (Riyadh). 2004;9:102–7.

16. Morrow LA, Gibson C, Bagovich GR, Stein L, Condray R, Scott A. Increased
incidence of anxiety and depressive disorders in persons with organic
solvent exposure. Psychosom Med. 2000;62(6):746–50.

17. Condray R, Morrow LA, Steinahuer SR, Hodgson M, Kelley M. Mood and
behavioral symptoms in individuals with chronic solvent exposure.
Psychiatry Res. 2000;97(2–3):191–206.

18. Siegel M, Starks SE, Sanderson WT, Kamel F, Hoppin JA, Gerr F. Organic solvent
exposure and depressive symptoms among licensed pesticide applicators in
the agricultural health study. Int Arch Occup Environ Health. 2017;90:849–57.

19. Eskenazi BL, Gaylord L, Bracken MB, Brown D. In utero exposure to organic solvents
and human neurodevelopment. Dev Med Child Neurol. 1988;30(4):492–501.

20. Spector J, Lewandowski AG, Mott JA, Schreiber JS. Neuropsychological and
behavioral functioning in tetrachloroethylene-exposed preschool children
and controls. Arch Clin Neuropsychol. 1999;14(8):661–2.

21. New York State Department of Health: Improving human risk assessment
for tetrachloroethylene by using biomarkers and neurobehavioral testing.
Final Technical Report for US EPA STAR Grant #R827446, March 25, 2005,
http:/www.epa.gov/ncer/final/r827446fr.pdf, Accessed 11 Mar 2020.

22. Till C, Koren G, Rovet JF. Prenatal exposure to organic solvents and child
neurobehavioral performance. Neurotoxicol Teratol. 2001;23(3):235–45.

23. Laslo-Baker D, Barrera M, Knittel-Keren D, Kozer E, Wolpin J, Khattak S, et al.
Child neurodevelopmental outcome and maternal occupational exposure
to solvents. Arch Pediatr Adolesc Med. 2004;158(10):956–61.

24. Pele F, Muckle G, Costet N, Garlantezec R, Montford C, Multigner L, et al.
Occupational solvent exposure during pregnancy and child behavior at age
2. Occup Environ Med. 2013;70:114–9.

25. Costet N, Beranger R, Garlantezec R, Rouget F, Monfort C, Cordier S, et al.
Occupational exposure to organic solvents during pregnancy and
childhood behavior: findings from the PELAGIE birth cohorts (France, 2002-
2013). Environ Health. 2018;17:63.

26. Janulewicz P, White RF, Martin B, Winter MR, Weinberg JM, Vieira V, et al.
Adult neuropsychological performance following prenatal and early
postnatal exposure to tetrachloroethylene (PCE)-contaminated drinking
water. Neurotoxicol Teratol. 2012;34:350–9.

27. Aschengrau A, Weinberg JM, Janulewicz PA, Romano ME, Gallagher LG,
Winter MR, et al. Affinity for risky behaviors following prenatal and
childhood exposure to tetrachloroethylene (PCE)-contaminated drinking
water. Environ Health. 2011;10:102.

28. Lopez-Quintero C, Perez de los Cobos J, Hasin DS, Okuda M, Wang S, Grant
BF, et al. Probability and predictors of transition from first use to
dependence on nicotine, alcohol, cannabis, and cocaine: results of the
National Epidemiologic Survey on alcohol and related conditions (NESARC).
Drug Alcohol Depend. 2011;115:120–30.

29. Degenhardt L, Bharat C, Glantz MD, Sampson NA, Al-Hamzawi A, Alonso J,
et al. Association of Cohort and Individual Substance use with Risk of
transitioning to drug use, drug use disorder, and remission from disorder:
findings from the world mental health surveys. JAMA Psychiat. 2019;76:708–20.

30. Blanco C, Rafful C, Wall MM, Ridenour TA, Wang S, Kendler KS. Towards a
comprehensive developmental model of cannabis use disorders. Addiction.
2014;109:284–94.

31. Brook JS, Lee JY, Rubenstone E, Finch SJ, Seltzer N, Brook DW. Longitudinal
determinants of substance use disorders. J Urban Health. 2013;90:1130–50.

32. Cojocel C, Beuter W, Muller W, Mayer D. Lipid peroxidation: a possible
mechanism of trichloroethylene-induced nephrotoxicity. Toxicol. 1989;55:131–41.

33. Kyrklund T, Haglid K. Brain lipid composition in Guinea pigs after intrauterine
exposure to perchloroethylene. Pharmacol Toxicol. 1991;68:146–8.

34. Isaacson LG, Taylor DH. Maternal exposure to 1,1,2-trichloroethylene affects myelin
in the hippocampal formation of the developing rat. Brain Res. 1989;488:403–7.

35. Mihic SJ. Acute effects of ethanol on GABAA and glycine receptor function.
Neurochem Int. 1999;35:115–23.

36. Yamakura T, Mihic SJ, Harris RA. Amino acid volume and hydropathy of a
transmembrane site determine glycine and anesthetic sensitivity of glycine
receptors. J Biol Chem. 1999;274:23006–12.

37. Beckstead MJ, Weiner JL, Eger EI, Gong DH, Mihic SJ. Glycine and gamma-
aminobutyric acid (a) receptor function is enhanced by inhaled drugs of
abuse. Mol Pharmacol. 2000;57:1199–205.

38. Cruz SL, Mirshahi T, Thomas B, Balster RL, Woodward JJ. Effects of the abused
solvent toluene on recombinant N-methyl-D-aspartate and non-N-methyl-D-
aspartate receptors expressed in Xenopus oocytes. J Pharmacol Exp Ther. 1998;286:
334–40.

39. Harris RA, Mihic SJ, Dildy-Mayfield JE, Machu TK. Actions of anesthetics on ligand-
gated ion channels: role of receptor subunit composition. FASEB. 1995;9:1454–62.

40. National Institute of Alcohol Abuse and Alcoholism. NESARC-III
Questionnaire. Section 3C. Medicine Experiences. https://www.niaaa.nih.gov/
research/nesarc-iii/questionnaire. Accessed 20 May 2020.

41. Webler T, Brown HS. Exposure to tetrachloroethylene via contaminated
drinking water pipes in Massachusetts: a predictive model. Arch Environ
Health. 1993;48:293–7.

42. Demond AH. A source of tetrachloroethylene in the drinking water of New
England: an evaluation of toxicity of tetrachloroethylene and the prediction
of its leaching rates from vinyl-lined asbestos-cement pipe [MS thesis].
Cambridge: Massachusetts Institute of Technology; 1982.

43. Aral MM, Maslia ML, Ulirsch GV, Reyes JJ. Estimating exposure to volatile
organic compounds from municipal water-supply systems: use of a better
computational model. Arch Environ Health. 1996;51:300–9.

44. Gallagher MD, Nuckols JR, Stallones L, Savitz DA. Exposure to
trihalomethanes and adverse pregnancy outcomes. Epidemiol. 1998;9:484–9.

45. Liang KY, Zeger SL. Longitudinal data analysis using generalized linear
models. Biometrika. 1986;73:13–22.

46. Zeger SL, Liang KY. Longitudinal data analysis for discrete and continuous
outcomes. Biometrics. 1986;42:121–30.

47. Massachusetts Water Resources Authority. Annual report on your drinking
water; 2003.

48. Spence L, Aschengrau A, Gallagher L, Webster T, Heeren T, Ozonoff D.
Evaluation of a model for estimating tetrachloroethylene exposure from
vinyl-lined asbestos-cement pipes. Environ Health. 2008;7:24.

49. Gallagher LG, Vieira VM, Ozonoff D, Webster TF, Aschengrau A. Risk of breast cancer
following exposure to tetrachloroethylene-contaminated drinking water in Cape
Cod, Massachusetts: reanalysis using a modified exposure assessment. Environ
Health. 2011;19:47.

50. Rothman KJ, Greenland S, Lash TL. Modern epidemiology 3rd edition.
Philadelphia: Wolters Kluwer, Lippincott Williams and Wilkins; 2008. p. 139–43.

51. Alofe O, Kisanga E, Inayat-Hussain SH, Fukumura M, Garcia-Millian R, Perera L,
et al. Determining the endocrine disruption potential of industrial chemicals
using an integrative approach: public databases, in vitro exposures, and
modeling receptor interactions. Environ Int. 2019;131:104969.

52. Massachusetts Department of Public Health. Health of Massachusetts,
Boston, MA; 2010. p. 191–209.

53. Aschengrau A, Weinberg J, Rogers S, Gallagher L, Winter M, Vieira V, et al.
Prenatal exposure to tetrachloroethylene-contaminated drinking water and the
risk of adverse birth outcomes. Environ Health Perspect. 2008;116:814–20.

54. Janulewicz P, White R, Winter M, Weinberg J, Gallagher L, Vieira V, et al.
Learning disabilities following prenatal and early postnatal exposure to
tetrachloroethylene (PCE)-contaminated drinking water. Neurotoxicol
Teratol. 2008;30:175–85.

55. Perrin MS, Opler MG, Harap S, Harkavy-Friedman J, Kleinhaus K, Nahon D, et al.
Tetrachloroethylene exposure and risk of schizophrenia: offspring of dry cleaners in
a population birth cohort, preliminary findings. Schizophr Res. 2007;90:251–4.

56. Pedersen CB, Raaschou-Nielsen O, Hertel O, Mortensen PB. Air pollution
from traffic and schizophrenia risk. Schizophr Res. 2004;66:83–5.

57. Aschengrau A, Weinberg JM, Janulewicz PA, Romano ME, Gallagher LG, Winter MR,
et al. Mental illness among adults following prenatal and childhood exposure to
tetrachloroethylene (PCE)-contaminated drinking water. Environ Health. 2012;11:2.

58. Olney JW, Farber NB, Wozniak DF, Jevtovic-Todorovic V, Ikonomidou C.
Environmental agents that have the potential to trigger massive apoptotic
neurodegeneration in the developing brain. Environ Health Perspect. 2000;108:383–8.

59. Gochfeld M. Sex differences in human and animal toxicology. Toxicol
Pathol. 2017;45:172–89.

60. Pastino GM, Yap WY, Carroquino M. Human variability and susceptibility to
trichloroethylene. Environ Health Perspect. 2000;108(suppl2):201–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Aschengrau et al. Environmental Health           (2020) 19:99 Page 12 of 12

http://www.epa.gov/ncer/final/r827446fr.pdf
https://www.niaaa.nih.gov/research/nesarc-iii/questionnaire
https://www.niaaa.nih.gov/research/nesarc-iii/questionnaire

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population and follow-up
	PCE exposure assessment
	Statistical analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

