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Abstract
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This population-based retrospective cohort study examined the association between developmental
disorders of learning, attention and behavior and prenatal and early postnatal drinking water exposure
to tetrachloroethylene (PCE) on Cape Cod, Massachusetts. Subjects were identified through birth
records from 1969 through 1983. Exposure was modeled using information from town water
departments, a PCE leaching and transport algorithm, EPANet water flow modeling software, and a
Geographic Information System (GIS). Mothers completed a questionnaire on disorders of attention,
learning and behavior in their children and on potential confounding variables. The final cohort
consisted of 2,086 children. Results of crude and multivariate analyses showed no association
between prenatal exposure and receiving tutoring for reading or math, being placed on an Individual
Education Plan, or repeating a school grade (adjusted Odds Ratios (OR)=1.0–1.2). There was also
no consistent pattern of increased risk for receiving a diagnosis of Attention Deficit Disorder (ADD)
or Hyperactive Disorder (HD), special class placement for academic or behavioral problems, or lower
educational attainment. Modest associations were observed for the latter outcomes only in the low
exposure group (e.g., adjusted ORs for ADD were 1.4 and 1.0 for low and high exposure,
respectively). (All ORs are based on an unexposed referent group.) Results for postnatal exposure
through age five years were similar to those for prenatal exposure. We conclude that prenatal and
early postnatal PCE exposure is not associated with disorders of attention, learning and behavior
identified on the basis of questionnaire responses and at the exposure levels experienced by this
population.
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1. Introduction
Tetrachloroethylene (PCE, Perc or perchloroethylene) is a manufactured chemical used mainly
for fabric dry cleaning and metal degreasing. PCE is one of the most commonly detected
solvents in groundwater1 and at United States Environmental Protection Agency (USEPA)
Superfund sites2. As of 1997, 771 National Priority List (NPL) sites around the United States
had evidence of PCE contamination2. In addition, PCE had been found in 38% of the 9,232
surface water sampling sites in the United States2.
PCE and its main metabolite dichloroacetylene (DCA) are recognized human and animal
neurotoxicants3–7. These fat soluble substances have a high affinity for the lipophilic tissues
of the central nervous system8. PCE also readily crosses both the placental and blood brain
barriers5.
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Most of the relevant epidemiological literature has examined neurological sequelae among
adults with occupational exposures to mixtures of organic solvents. Impairments in cognition
and vision have been observed, as have mood changes9–25. The cognitive sequelae observed
following mixed organic solvent exposures included diminished performance on measures of
memory, attention/executive function, and motor skills. The results from the few studies
examining adult occupational exposures to only PCE are mixed. Some studies found
diminished performance on measures of attention/executive function among the PCE exposed
subjects compared to unexposed controls [3,24,55,56], while other studies did not find adverse
effects [21,24]. All studies that examined visuospatial abilities found a diminished performance
in the PCE exposed group compared to unexposed controls [3,21,55].
The maturation of the nervous system is more complex than any other organ, thus making it
exquisitely vulnerable to chemical insults. Depending on timing, type, and dose, an exposure
occurring during the developmental period can result in long-term alterations in brain structure
and function. The vulnerable window for neurotoxic agents is long, extending from the prenatal
period through adolescence and early adulthood. The functional domains of the nervous system
(language, visuospatial, learning and memory and motor abilities) develop at different times
with different windows of vulnerability and different sensitivities to environmental
agents26–35.
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To date, three studies have examined effects of maternal occupational mixed solvent exposure
during the prenatal period on neurodevelopment. The study by Eskanazi et al.36 showed no
significant difference in general mental abilities, using the McCarthy Scales of Children’s
Abilities, between exposed and unexposed children at ages 3– 4 years. Domain specific
functions (i.e. memory or language specific tests) were not examined.
In contrast, Till et al.37 found that prenatal maternal exposure to organic solvent mixtures was
associated with worse performance on measures of expressive and receptive language, and
reduced graphomotor skills (using NEPSY tests) among children at ages 3–7 years. Study
parents also rated exposed children as having more behavioral problems on the child behavior
checklist than unexposed children.
Laslo-Baker et al.38 examined children exposed to organic solvent mixtures during the prenatal
period and neurobehavioral performance at ages 3–7 years. Exposed children scored lower on
neurobehavioral tests of general intelligence, language and motor abilities. General intelligence
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.
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was assessed with the Wechsler Preschool and Primary Scale of Intelligence (WPPSI) and
Wechsler Intelligence Scale for Children III (WISC III). Language was assessed using the
Preschool Language Scale 3 (PSL 3) and Clinical Evaluation of Language Fundamentals 3
(CELF 3). Motor abilities were assessed with the grooved pegboard test.
Unlike the occupational studies described above, the present study examined PCE exposure
from an unusual environmental scenario. In early 1980 it was discovered that PCE had been
leaching into the drinking water supplies of many New England towns during the previous 15
years. Investigations revealed that the public water distribution systems in many of these towns
had installed vinyl-lined asbestos-cement (VL/AC) pipes and that PCE had leached into the
water from the liner. Approximately 660 miles of these pipes were installed in Massachusetts
from 1968 through early 1980; a large proportion was installed in eight Cape Cod towns39
(Figure 1). The pipe manufacturing practice involved spraying a mixture of vinyl toluene resin
and PCE onto the interior of the pipe. It was believed that the PCE would volatilize and
disappear before the pipes were installed. However, PCE measurements taken in 1980 from
Cape Cod public drinking water supplies ranged from 1.5 µg/L to 7,750 µg/L40. State officials
decided that the most appropriate remedy was to flush and bleed the VL/AC pipes in order to
reduce the PCE concentrations to levels determined to be safe at the time. The 1980 action
level was set to 40 µg/L to address this problem; the current United States Environmental
Protection Agency (USEPA) maximum contaminant level (MCL) is 5 µg/L4.
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This scenario presented a unique and valuable setting for examining the health effects of PCE
exposure because many people were exposed to a large range of levels, and other water
contaminants were rare. Furthermore, the VL/AC pipes were irregularly distributed according
to the replacement and expansion needs of the towns. As part of a population-based study that
examined the connection between exposure to PCE-contaminated drinking water and adverse
reproductive and developmental outcomes, the current study investigated the impact of prenatal
and early postnatal PCE exposure on learning, attention and behavior.

2. Material and Methods
2.1. Study Population Selection
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All children born between 1969 and 1983 whose mothers lived in one of eight Cape Cod towns
with VL/AC water distribution pipes at the time of birth were eligible for the study. These
towns were Barnstable, Brewster, Bourne, Chatham, Falmouth, Mashpee, Provincetown, and
Sandwich (Figure 1). Eligible children were identified by reviewing Massachusetts birth
certificates. The residence listed on the birth certificate was crossmatched with a database of
all street locations with VL/AC pipes to tentatively designate a subject as “exposed” or
“unexposed.” This tentative designation was based on visual inspection of the maps of water
pipe distribution in the immediate vicinity of the birth residence. The database contained
information on the location, installation year, and diameter of the pipes.
Two groups of children were selected: 1) children who were tentatively designated as
“exposed” to PCE prenatally 2) children who were tentatively designated as “unexposed” to
PCE prenatally. Based on the initial exposure designation, 1,910 “exposed” children and 1,928
“unexposed” children were selected for enrollment. The “unexposed” children were randomly
selected and were frequency matched to exposed children on the month and year of birth. The
“exposed” group comprised 1,862 singleton births and 24 sets of twins. The “unexposed” group
consisted of 1,853 singleton births and 37 sets of twins or triplets. More extensive exposure
assessments were conducted following the return of self-administered questionnaires which
included detailed residential histories as well as information on the drinking water source.
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2.2. Follow up and Enrollment
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Mothers (or fathers, if the mother was deceased) were traced to find current addresses and
phone numbers using Massachusetts residence lists; death, marriage, divorce, credit bureau
and alumni records; telephone books, directory assistance, and the Internet White Pages.
Recruitment letters explaining the purpose of the study and accompanying self-administered
questionnaires were sent to all traced parents. Eight percent of the selected population was not
located, 17.1% were located but never responded to any contact attempts (4 attempts were
made by mail and telephone) and 9.1% refused to participate (Table 1). Another 0.2% of the
subjects were deemed ineligible, primarily because the birth certificate address was later found
to be a temporary residence. These percentages were similar for both the exposed and
unexposed groups. In all, 1,240 exposed and 1,250 unexposed subjects were enrolled and
returned the study questionnaires.
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The non-participants were similar to participants with regard to the distribution of births, the
child’s sex, race, and prevalence of children who were born with low birth weight or
prematurely. Non-participating mothers were younger (mean age 26.0 years), less educated
(11.3% did not graduate from high school) and had more prior births (51.1% had three or more
prior births) than participating mothers (mean age 27.5 years, 3.6% did not graduate from high
school, and 24.3% had three or more prior births). These differences held true for both exposed
and unexposed non-participants. For example, 11.2% vs. 11.4% of exposed and unexposed
non-participants did not graduate high school, and 52.9% and 49.3% of exposed and unexposed
non-participants had three or more prior births.
2.3. Data Collection
Review of birth certificates provided information on child’s date of birth, gestational duration
and birth weight and parents’ ages, occupations and educational level. Self-administered
questionnaires, filled out by the mother in 2002–2003 (or father, if the mother was deceased)
were used to gather information on developmental and educational histories and learning and
behavioral disorders in the child, as well as possible confounders and residential history.
Questions determined if the child ever received a diagnosis of Attention Deficit Disorder
(ADD) or Hyperactive Disorder (HD), tutoring for math or reading, a special class placement
for academic or behavioral problems, an Individual Education Plan (IEP) from the school
system; and if the child ever repeated a school grade. Highest level of educational attainment
of the child was also obtained; all children were old enough to have completed high school by
the time the questionnaire was administered.
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Demographic information collected about the parents included race, marital status, age at time
of the child’s birth, educational and occupational histories including current occupation and
highest level of education achieved, as well as history of learning difficulties. Information on
parental age, education and occupation was also collected from the birth certificate. The
primary source of information on these three variables was the birth certificate; missing birth
certificate information was filled in with the questionnaire data. Maternal medical history
information was collected from the questionnaire on diseases before and during pregnancy,
including diabetes and high blood pressure; pregnancy complications including gestational
diabetes and preeclampsia; use of legal and illicit drugs, and vitamins and iron supplements
during pregnancy. Birth weight and gestational age were obtained from the birth certificate.
Other information on child’s medical history was collected from the self-administered
questionnaire, including a breast feeding history, and the presence of birth defects, severe
mental retardation, cerebral palsy, fetal alcohol syndrome and lead poisoning. Questions about
the use of professional dry cleaners, spot removers, and occupations provided information on
other potential sources of solvent exposure. Information on water sources, uses of water
treatment devices, and tap and bottle water; and bathing habits were also collected.
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2.4. PCE Exposure Assessment
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As described previously, children received tentative exposure designations using a visual
inspection of maps of the pipe distribution network in the immediate vicinity of the birth
address. To determine a child’s final exposure designation, information was integrated from
several additional sources. Along with information from town water departments on the
location of vinyl-lined pipes, other sources incorporated into the exposure assessment included:
1) a Geographic Information System (GIS, ArcGIS 8.1) to spatially locate the vinyl-lined pipes
and the residences; 2) EPANET water distribution system modeling software to model water
flow and direction; and 3) a leaching and transport model to estimate the amount (grams) of
PCE that was delivered to each reported residence during the prenatal and postnatal periods.
The leaching and transport model was developed by Webler and Brown41,42 and the leaching
rate was estimated from experiments by Demond40. The Webler and Brown model estimates
the amount of PCE entering the drinking water using information on the initial PCE stock in
the pipe liner, the pipe’s age, and the leaching rate of PCE from Demond’s experiments. The
pipe’s initial stock of PCE was based on the size of the pipe (e.g., diameter, length) and
information from the pipe manufacturer on the application of the liner. The EPANET software
was developed by the U.S. Environmental Protection Agency and has been used in multiple
epidemiologic studies43–47. Study subjects may be exposed to PCE in drinking water either
through ingestion, dermal absorption and inhalation, particularly during bathing48. However,
we did not consider questionnaire data on water consumption and bathing habits decades before
to be reliable enough to further refine the exposure measure. Instead, exposures values
represent the modeled cumulative mass of PCE entering the homes of study participants and
are not a direct measure of PCE intake by the subjects. For example, the modeled cumulative
mass of PCE was diluted before entering the home in an estimated 90,000 gallons of water
used by an average household in a year. We assumed that all users on the water distribution
network drew the same amount of water because the study area consisted mostly of residences.
We also assumed that water sources did not change over the study period. The distribution
systems that were in place by the 1960s and early 1970s remained generally unchanged until
population growth during the 1980s required some systems to expand and add water sources.
Our model was applied to the water distribution system conditions in 1980, near the end of the
study period.
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PCE exposure levels were calculated for 94.8% of the study children who had completely
geocoded residential histories and information on their mother’s last menstrual period (LMP).
The LMP was based on birth certificate information on date of birth and gestational duration.
There were inadequate residential histories for 182 children and missing information on LMP
for 19 children (Table 1). Cumulative exposure to PCE in grams was calculated by summing
the amount of PCE delivered to each subject’s residence during two periods of interest.
Cumulative exposure for the prenatal period was measured from the month and year of the
LMP through the month and year of birth. Cumulative exposure for the early postnatal period
was measured from the month and year of the child’s birth through the month and year of his/
her fifth birthday.
2.5. Statistical Analysis
Separate analyses were conducted evaluating the effects of PCE exposure during the prenatal
period and early postnatal period. The prenatal period analysis compared subjects whose
residential drinking water was contaminated with PCE during the prenatal period to those
whose drinking water was, according to the exposure assessment, free of PCE contamination
during the prenatal period. The postnatal period analysis compared subjects whose residential
drinking water was contaminated with PCE during the five-year postnatal period to those whose
water was uncontaminated during this period. Prenatal and postnatal PCE exposures were
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highly correlated (Spearman correlation coefficient 0.87, p-value <.0001). Therefore, we could
not examine prenatal exposure while taking into account postnatal exposure and vice versa.
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A locally weighted regression smoother (LOESS) was used to determine the shape of the
relationship between the exposures and outcomes49. The results suggested no natural cut points
for the exposure. Therefore, other logical cut points were derived to designate “low” and “high”
exposure (in addition to no exposure). For the prenatal period analysis, a cut point of 10 g for
the nine month exposure period was used. For the postnatal period, a cut point of 66.7 g for
the five year exposure period was used. Given the duration of exposure and using a typical
household water use over a year (90,000 gallons/year), these cut points correspond to being
exposed to an average drinking water concentration of 40 ug/L, the suggested action level when
the contamination was discovered in 1980, for nine months and five years respectively.
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A total of 404 subjects were excluded from the analyses because they fell into one or more of
the following categories (Table 1): multiple birth; died before age 21 years; diagnosed with
lead poisoning, fetal alcohol syndrome, mental retardation, or cerebral palsy; prenatal exposure
to a known teratogen; daily or weekly marijuana use; 7+ drinks of alcoholic beverages per
week during the prenatal period; or non-calculable exposure. These exclusions were made
because of the known associations between these variables and the outcomes under
investigation. Children who died before the age of 21 were excluded because they were unlikely
to have attained their highest level of education.
The following eight measures of learning, attention and behavior were examined: whether the
child ever had a diagnosis of Attention Deficit Disorder (ADD) or Hyperactive Disorder (HD),
received tutoring for reading or math, had special class placement for academic or behavioral
problems, had an Individual Education Plan, repeated a school grade, and the highest level of
education achieved. Each outcome was defined as a dichotomous variable (yes or no, for most
variables). Highest level of education was divided into high school degree or less and more
than a high school degree. There was minimal loss of information due to missing outcome data
for either the prenatal (2.3%–5.9%) or postnatal (2.1% – 5.6%) analyses.
Because many mothers had more than one child in the study (16% had two or more births),
generalized estimating equation (GEE) analyses with a logit link function were used to account
for potential correlation between sibling outcomes. For all analyses, odds ratios (ORs) were
used to measure the strength of the associations and 95% confidence intervals were used to
assess their statistical stability. An unexposed group was used as the reference category in all
analyses.
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First, a crude OR was calculated without adjusting for potential confounders or accounting for
the correlation between children. Next, a simple GEE analysis was conducted to account for
the non-independent outcomes arising from multiple siblings. Lastly, a multivariate GEE
analysis was conducted to control for confounding variables. Six core variables were included
in all multivariate models --maternal age, education and race, and child’s sex, and a combined
variable based on birth weight and gestational duration-- because of their known association
with the outcomes. Birth weight and gestational duration were highly correlated, so a combined
variable was created designating low birth weight and/or premature birth. The remaining
possible confounders (maternal learning history; paternal education and occupation; maternal
smoking, alcohol, and marijuana use during pregnancy, pregnancy complications, pregnancy
induced high blood pressure and pre-eclampsia, gestational and non gestational diabetes, viral
infection during pregnancy) were entered into the model one at a time so that we could compare
the two sets of multivariate GEE odds ratios50. This procedure revealed that no additional
variables changed the core-adjusted odds ratios by more than 10%, and so no additional
variables were included in the final multivariate models.
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Criteria related to model fit were not applied for two reasons: First, our goal was to examine
the relationship between PCE exposure and disorders of learning and attention while
controlling for confounding and not to find the best fitting model. Secondly, our dichotomous
outcomes limited the number of confounders we could practically include in our model.
Stratified analyses were also conducted to determine if there was effect measure modification
by the following characteristics: child’s sex (male/female), occupational solvent exposure
during pregnancy (yes/no), alcohol use during pregnancy (1–3 drinks per month or less/ 1–2
drinks per week or more), smoking during pregnancy (none/ 10 cigarettes a day or less/ 10+
cigarettes a day), caffeine intake during pregnancy (less than 3 cups per day/ 3+ cups per day),
breast feeding (yes/no), tap water use during pregnancy (less than 4 glasses per day/ 4+ glasses
per day), bottled water use during pregnancy (ever/never), and showering habits during
pregnancy (ever/never took hot or very hot showers; ever/never showered greater than 70
minutes per week). Past water use such as water consumption and bathing habits may be
difficult to recall accurately because these events occurred long ago. Patterns of water use do
not also appear to significantly alter an individual’s exposure rank because there is insufficient
variability in consumption and bathing patterns48. Thus, we did not incorporate these factors
into our exposure assessment but rather examined them as possible effect modifiers.

3. Results
NIH-PA Author Manuscript

A total of 2,086 subjects were available for the final analysis. According to the initial exposure
designation, there were 1,063 exposed and 1,023 unexposed children. Following the in-depth
exposure assessment, there were 1,349 exposed and 737 unexposed children (Table 1). A total
of 444 subjects switched exposure groups: 365 unexposed children switched to the exposed
group and 79 exposed children switched to unexposed group. The primary reason for switching
from the unexposed to exposed group was having a residence down gradient from a VL/AC
pipe that was originally considered unexposed by visual inspection. The primary reason for
switching from the exposed to unexposed group was questionnaire data indicating that the
source of the subject’s drinking water was a private well. This information was not available
when the original exposure designations were made.
Of the 2,086 subjects available for analysis, 1,349 children had either prenatal or postnatal
exposure and 737 children had neither prenatal nor postnatal exposure (Table 1). Subjects in
the prenatal analyses included 1,244 subjects with any prenatal exposure and 842 subjects with
no prenatal exposure. Subjects in the postnatal analyses included 1,326 subjects with any
postnatal exposure and 760 subjects with no postnatal exposure.
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There was a wide distribution of estimated exposures during the prenatal and postnatal periods
(Table 2). Among exposed individuals, levels ranged from 4 × 10−5g to 1328g during the
prenatal exposure period and from 2.9 × 10−4g to 3310g during the postnatal exposure period.
These values represent the modeled cumulative mass of PCE entering the homes of study
participants and are not a direct measure of PCE intake by the subjects. For example, the
modeled cumulative mass of PCE was diluted before entering the home in an estimated 90,000
gallons of water used by an average household each year.
The characteristics of the exposed and unexposed groups were, for the most part, very similar
(Table 3). The births were equally distributed over the study years because of matching. There
was an equal distribution of males and females, low birth weight, preterm and breastfed infants.
Mothers in both groups were, on average, 27 years old at the birth, predominately white, and
educated beyond high school. There were some differences in paternal occupations. The
percent of white collar jobs was higher in the exposed group while the percent of ‘other’ jobs
(which included military jobs) was higher in the unexposed group. The association between
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exposure status and ‘other’ occupations likely arose because a military base located in the study
region had an independent water distribution system with no VL/AC pipes. The use of caffeine,
alcohol, cigarettes or marijuana during pregnancy was also comparable between the groups.
High and similar percentages of women took multivitamins and iron supplements. Because
PCE can be smelled in water when levels reach 0.33 mg/L, it is noteworthy that a slightly
higher percent of unexposed women reported drinking tap water and a slightly higher percent
of exposed women reported drinking bottled water. In addition, a slightly higher percentage
of women in the unexposed group took long and hot showers.
There was a wide range of ages at which the study diagnoses and other outcomes occurred.
However, the mean age at diagnosis or first occurrence of all assessed outcomes was
comparable between the exposed and unexposed groups: diagnosis of ADD (unexposed = 12.5
years, exposed = 11.8 years), diagnosis of HD (unexposed = 10.5 years, exposed = 10 years),
tutoring for reading (unexposed = 7.7 years, exposed = 7.6 years), tutoring for math (unexposed
= 10.8 years, exposed = 10.7 years), special class placement (unexposed = 8.1 years, exposed
= 8.6 years), Individual Education Plan (unexposed = 8.1 years, exposed = 8.6 years), repeated
a grade (unexposed = grade 2.2, exposed = grade 2.4).
3.1. Prenatal Analysis Results
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The crude, simple and multivariate prenatal analysis results are presented in Table 4. There
were no meaningful associations between prenatal PCE exposure and receiving tutoring for
reading or math, being placed on an IEP, or repeating a school grade. The pattern of increased
risk was inconsistent (e.g., lacked dose response) for receiving a diagnosis of ADD (low
exposure multivariate OR 1.4, 95% CI 0.9–2.0; high exposure multivariate OR 1.0, 95% CI
0.7–1.6), or HD (low exposure OR 1.5, 95% CI 0.9–2.7; high exposure OR 0.8, 95% CI 0.4–
1.6), special class placement for academic or behavioral problems (low exposure OR 1.3, 95%
CI 0.9 –1.7; high exposure OR 0.8, 95% CI 0.6– 1.2), or lower educational attainment (low
exposure OR for high school education less 1.3, 95% CI 1.0–1.7; high exposure OR 1.0, 95%
CI 0.8–1.4). The positive associations were modest, statistically unstable, and seen only in the
low exposure group.
3.2. Postnatal Analysis Results
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The simple, crude and multivariate postnatal analysis results are presented in Table 5. Again,
there were no meaningful associations between postnatal PCE exposure and receiving tutoring
for reading or math, special class placement for academic or behavioral problems, repeating a
grade in school or lower education attainment. As in the prenatal exposure analyses, the pattern
of increased risk was inconsistent according to exposure level for several outcomes, including
receiving a diagnosis of ADD (low exposure multivariate OR 1.3, 95% CI 0.9–1.9; high
exposure multivariate OR 1.0, 95% CI 0.6–1.7), or HD (low exposure OR 1.4, 95% CI 0.8–
2.5; high exposure OR 0.7, 95% CI 0.3–1.6), and being placed on an Individual Education Plan
(low exposure OR 1.3, 95% CI 1.0–1.8; high exposure OR 0.8, 95% CI 0.6–1.2). Again, the
positive associations were modest, statistically unstable, and seen only in the low exposure
group.
3.3. Stratified Analysis Results
There was no evidence of effect measure modification by alcoholic beverage consumption
during pregnancy or breast feeding. Furthermore, the evidence for effect modification
according to the following variables was contrary to our dose-response hypotheses: smoking
during pregnancy, caffeine intake during pregnancy, maternal occupational solvent exposure,
taking hot or very hot showers, and showering for greater than 70 minutes per week. For
example, for the highest level of education achieved, the OR for smoking 10+ cigarettes/day
during pregnancy was lower than the ORs for smoking 10 or less cigarettes/day during
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.
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pregnancy and not smoking at all during pregnancy (smoking 10+ cigarettes/day during
pregnancy OR 0.8; smoking 10 or less cigarettes/day during pregnancy OR 1.9; not smoking
during pregnancy OR 1.0). (These results were not presented in a table.)
3.4 Additional Analysis
Since there was a relatively higher prevalence of military personnel among the unexposed
group a sensitivity analysis excluding military families was conducted. The ORs did not change
for any of the outcomes examined.

4. Discussion
The results of this study suggest that prenatal and early postnatal exposure to PCE are not
associated with later disorders of attention, learning and behavior using questionnaire-based
outcome measures and at the exposure levels experienced by this study population. While
modest associations were seen for some outcomes (i.e., received a diagnosis of ADD or HD,
special class placement for academic or behavioral problems, and lower educational
attainment, being placed on an IEP), the dose-response pattern was inconsistent because modest
associations were seen with the low but not the high exposure group.
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Two of the outcomes examined in this study were diagnoses (ADD, HD) while the other
outcomes were indicators of learning disabilities. The prevalences of ADD and HD in our
population were 8.5% and 3.5%, respectively. Published prevalence rates for ADHD range
from 3–12% (with the majority in the 3–5% range) in the U.S. population. The other study
outcomes are indicators of learning disabilities with few available statistics and so it is difficult
to make comparisons with published norms.
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This study was likely affected by both exposure and outcome misclassification. Historical
exposures were calculated using a leaching and transport model and a computer simulation
program that estimated the mass of PCE delivered to each residence. While preliminary results
from a validation study suggest reasonable agreement between the modeled exposure estimates
and historical PCE water samples (Spearman correlation coefficient = 0.48, p<0.0001), some
non-differential misclassification was likely due to errors in estimating the magnitude and
direction of the water flow. While individual exposure may differ due to differences in water
ingestion and bathing habits, previous work suggests that taking these factors into account does
not change the exposure ranking in a meaningful way48. Outcome misclassification also likely
occurred because these data were collected through maternal reports on self-administered
questionnaires. All sources of misclassification were likely non-differential, that is,
misclassification of an outcome variable was unrelated to the exposure, and vice versa. When
the exposure classification is dichotomous, non-differential misclassification tends to bias
results towards the null. However, when there are three exposure groups as we had (none, low
and high), results for the low exposure group may be biased either towards or away from the
null, while results for the high exposure group are likely biased toward the null51. This
phenomenon may likely explain why slightly elevated odds ratios were observed only in the
low exposure group. While it is likely that there may have been more misclassification in the
highly exposed group there would have to be a very large amount of misclassification to
produce null results.
Despite these limitations, this study has many strengths. The study population was large, and
was exposed to a wide range of PCE levels from an environmental source. In addition, there
was little confounding by other water contaminants. Information was available for a large
number of important confounding variables from birth certificates and questionnaires. Little
difference between the crude and multivariate adjusted results indicates that there was little
confounding by the measured covariates and suggests that there is minimal residual
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confounding from unmeasured covariates. There was also a minimal loss of subjects from
unsuccessful tracing, a high participation rate (73.8%), and little missing data. While nonparticipants tended to be younger, less educated and have more children than participants, this
was true for both exposed and unexposed non-participants and so selection bias was unlikely.
Recall bias was also unlikely. While there were news reports in the 1980s reporting the streets
where the VL/AC pipes were located, most participants did not accurately report their exposure
status on the questionnaire. When asked whether they believed their water was contaminated,
67.7% of the exposed subjects believed their water was contaminated while 32.3% did not
believe it was contaminated. Furthermore, 49.4% of the unexposed group believed their water
was not contaminated while 50.6% believed it was contaminated.

NIH-PA Author Manuscript

Two prior epidemiologic studies of pregnant women occupationally exposed to solvents found
that the offspring had neuropsychological impairments when tested at ages 3–9 years37,38.
These studies by Till et al.37 and Laslo-Baker et al.38 used sensitive measures to assess deficits
in brain function and found that exposed children performed worse on measures of general
intelligence, expressive and receptive language abilities as well as motor performance as
compared to unexposed children. In contrast, one previous epidemiologic study of pregnant
women occupationally exposed to solvents found no association with general intelligence
among children at ages 3–4 years36. The latter measure used by Eskenazi et al.36 is less
sensitive that those used by Till et al.37 and Laslo-Baker et al38. The present study also
investigated only major outcomes of learning, attention and behavior and so we cannot rule
out an effect of prenatal and postnatal PCE exposure on more subtle cognitive outcomes.
Our study also differs from the three prior occupational studies in the type and intensity of the
exposure. Mixed solvents were examined in the prior studies while a single solvent was
examined in the current one. Also, occupational exposures tend to be more intense than
environmental ones. Because our population was highly educated, predominately white, and
had good access to prenatal care, the present results may not be generalizable to more ethnically
diverse and disadvantaged populations.

NIH-PA Author Manuscript

In summary, there was no consistent relationship between prenatal or early postnatal exposure
to PCE and later disorders of learning, attention or behavior as measured by self-administered
maternal reports. Results suggest that PCE exposure during these critical periods of brain
development does not have an adverse impact on these measures of learning, attention and
behavior at the exposure levels experienced in this population. Because PCE remains a
commonly used commercial solvent and common ground and surface water contaminant and
our study did not employ the most sensitive measures of brain function, it is important to
continue to study the impact of prenatal and postnatal exposure. Further studies exploring the
adverse impacts of PCE exposure using more sensitive outcome instruments, including
neuropsychological testing and brain imaging, are currently underway among this study
population.
Acknowledgements
This research was supported by a grant from the National Institute of Environmental Health Sciences, Superfund Basic
Research Program (5 P42 ES007381). The study sponsors have had no role in study design, data collection, analysis,
interpretation of results, manuscript writing or the decision to submit this paper for publication. This paper’s contents
are solely the responsibility of the authors and do not necessarily represent the official views of NIEHS, NIH. This
study was approved by the Institutional Review Boards of the Massachusetts Department of Public Health and Boston
University Medical Center, and by the 24A/B/11B Review Committee at the Massachusetts Department of Public
Health. Figure 1 was supplied by Nathanael Lloyd, GIS Director at the Massachusetts Department of Conservation
and Recreation.

Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.

Janulewicz et al.

Page 11

References
NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

1. Moran MJ, Zogorski JS, Squillace PJ. Chlorinated solvents in groundwater of the United States.
Environ Sci Technol 2007;41(1):74–81. [PubMed: 17265929]
2. Toxicological profile for 1,1,2,2-tetrachloroethylene. U.S. Department of Health and Human Services;
1997. Registry AfTSaD.
3. Toxics Ooppa. Agency USEP, editor. 1994. OPPT Chemical Fact Sheet EPA 749-F-94-020.
4. Toxics Ooppa. Agency USEP, editor. 1994. Chemical summary for perchloroethylene.
5. Klaassen, CD., editor. Casarett and Doull's Toxicology: The basic science of poisons. New York:
McGraw-Hill: Medical Publishing Division; 2001.
6. Stevens, YW.; Eisenmann, C. Agency for Toxic Substances and Disease Registry. Services USDoHaH,
editor. 1997. Toxicological profile for 1,1,2,2-tetrachloroethylene.
7. Feldman, RG. Occupational and Environmental Neurotoxicology. Philidelphia, PA: Lippincott-Raven
Publishers; 1999.
8. Altmann L, Neuhann HF, Kramer U, Witten J, Jermann E. Neurobehavioral and neurophysiological
outcome of chronic low-level tetrachloroethene exposure measured in neighborhoods of dry cleaning
shops. Environ Res 1995;69(2):83–89. [PubMed: 8608774]
9. Wood RL, Liossi C. Long-term neuropsychological impact of brief occupational exposure to organic
solvents. Arch Clin Neuropsychol 2005;20(5):655–665. [PubMed: 15939188]
10. Ichihara G, Li W, Shibata E, Ding X, Wang H, Liang Y, Peng S, Itohara S, Kamijima M, Fan Q, et
al. Neurologic abnormalities in workers of a 1-bromopropane factory. Environ Health Perspect
2004;112(13):1319–1325. [PubMed: 15345346]
11. Reif JS, Burch JB, Nuckols JR, Metzger L, Ellington D, Anger WK. Neurobehavioral effects of
exposure to trichloroethylene through a municipal water supply. Environ Res 2003;93(3):248–258.
[PubMed: 14615234]
12. Fiedler N, Weisel C, Weisel C, Lynch R, Kelly-McNeil K, Wedeen R, Jones K, Udasin I, OhmanStrickland P, Gochfeld M. Cognitive effects of chronic exposure to lead and solvents. Am J Ind Med
2003;44(4):413–423. [PubMed: 14502770]
13. 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–
750. [PubMed: 11138992]
14. Morrow LA, Scott A. Comparison of neuropsychological test scores between men and women with
prior exposure to organic solvents. Appl Neuropsychol 2002;9(4):240–243. [PubMed: 12665461]
15. Morrow LA, Steinhauer SR, Condray R, Hodgson M. Neuropsychological performance of
journeymen painters under acute solvent exposure and exposure-free conditions. J Int Neuropsychol
Soc 1997;3(3):269–275. [PubMed: 9161106]
16. 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(9):455–461. [PubMed:
12097214]
17. Rosenberg NL, Grigsby J, Dreisbach J, Busenbark D, Grigsby P. Neuropsychologic impairment and
MRI abnormalities associated with chronic solvent abuse. J Toxicol Clin Toxicol 2002;40(1):21–34.
[PubMed: 11990201]
18. Kilburn KH. Is neurotoxicity associated with environmental trichloroethylene (TCE)? Arch Environ
Health 2002;57(2):113–120. [PubMed: 12194155]
19. Bowler RM, Lezak M, Booty A, Hartney C, Mergler D, Levin J, Zisman F. Neuropsychological
dysfunction, mood disturbance, and emotional status of munitions workers. Appl Neuropsychol
2001;8(2):74–90. [PubMed: 11515244]
20. Condray R, Morrow LA, Steinhauer SR, Hodgson M, Kelley M. Mood and behavioral symptoms in
individuals with chronic solvent exposure. Psychiatry Res 2000;97(2–3):191–206. [PubMed:
11166090]
21. Daniell WE, Claypoole KH, Checkoway H, Smith-Weller T, Dager SR, Townes BD, Rosenstock L.
Neuropsychological function in retired workers with previous long-term occupational exposure to
solvents. Occup Environ Med 1999;56(2):93–105. [PubMed: 10448313]

Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.

Janulewicz et al.

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

22. Tsai SY, Chen JD, Chao WY, Wang JD. Neurobehavioral effects of occupational exposure to lowlevel organic solvents among Taiwanese workers in paint factories. Environ Res 1997;73(1–2):146–
155. [PubMed: 9311540]
23. Pauling TL, Ogden JA. Screening and Neuropsychological Assessment of Spray Painters at Risk for
Organic Solvent Neurotoxicity. Int J Occup Environ Health 1996;2(4):286–293. [PubMed: 9933883]
24. Grosch JW, Neale AV, Demers RY. Neurobehavioral and health-related deficits in solvent-exposed
painters. Am J Ind Med 1996;30(5):623–632. [PubMed: 8909612]
25. 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–
231. [PubMed: 8585519]
26. Mendola P, Selevan SG, Gutter S, Rice D. Environmental factors associated with a spectrum of
neurodevelopmental deficits. Ment Retard Dev Disabil Res Rev 2002;8(3):188–197. [PubMed:
12216063]
27. Adams J, Barone S Jr, LaMantia A, Philen R, Rice DC, Spear L, Susser E. Workshop to identify
critical windows of exposure for children's health: neurobehavioral work group summary. Environ
Health Perspect 2000;108:535–544. [PubMed: 10852852]
28. Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous system: evidence
from humans and animal models. Environ Health Perspect 2000;108:511–533. [PubMed: 10852851]
29. Garry VF. Pesticides and children. Toxicol Appl Pharmacol 2004;198(2):152–163. [PubMed:
15236951]
30. Dunn AM, Burns C, Sattler B. Environmental health of children. J Pediatr Health Care 2003;17(5):
223–231. [PubMed: 14576626]
31. Landrigan PJ. Risk assessment for children and other sensitive populations. Ann N Y Acad Sci
1999;895:1–9. [PubMed: 10676405]
32. Landrigan PJ, Claudio L, Markowitz SB, Berkowitz GS, Brenner BL, Romero H, Wetmur JG, Matte
TD, Gore AC, Godbold JH, et al. Pesticides and inner-city children: exposures, risks, and prevention.
Environ Health Perspect 1999;107:431–437. [PubMed: 10346991]
33. Landrigan PJ, Suk WA, Amler RW. Chemical wastes, children's health, and the Superfund Basic
Research Program. Environ Health Perspect 1999;107(6):423–427. [PubMed: 10339440]
34. Bearer CF. How are children different from adults? Environ Health Perspect 1995;103:7–12.
[PubMed: 8549494]
35. Bearer CF. Environmental health hazards: how children are different from adults. Future Child 1995;5
(2):11–26. [PubMed: 8528683]
36. Eskenazi B, Gaylord L, Bracken MB, Brown D. In utero exposure to organic solvents and human
neurodevelopment. Dev Med Child Neurol 1988;30(4):492–501. [PubMed: 3169389]
37. Till C, Koren G, Rovet JF. Prenatal exposure to organic solvents and child neurobehavioral
performance. Neurotoxicol Teratol 2001 23;3:235–245. [PubMed: 11418265]
38. Laslo-Baker D, Barrera M, Knittel-Keren D, Kozer E, Wolpin J, Khattak S, Hackman R, Rovet J,
Koren G. Child neurodevelopmental outcome and maternal occupational exposure to solvents. Arch
Pediatr Adolesc Med 2004;158(10):956–961. [PubMed: 15466682]
39. Larson CD, Love T, Reynolds G. Tetrachloroethylene leached from lined asbestos-cement pipe into
drinking water. J AWWA 1983:184–190.
40. Demond, 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, MA: Massachusetts Institute of Technology; 1982.
41. Webler T, Brown HS. Exposure to tetrachloroethylene via contaminated drinking water pipes in
Massachusetts: a predictive model. Arch Environ Health 1993;48(5):293–297. [PubMed: 8215592]
42. Aschengrau A, Rogers S, Ozonoff D. Perchloroethylene-contaminated drinking water and the risk of
breast cancer: additional results from Cape Cod, Massachusetts, USA. Environ Health Perspect
2003;111(2):167–173. [PubMed: 12573900]
43. Rossman, LA. EPANET Users Manual. Cincinnati, OH: Environmental Protection Agency, Risk
Reduction Engineering Laboratory; 1994.

Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.

Janulewicz et al.

Page 13

NIH-PA Author Manuscript

44. 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. Environ Health Arch
1996;51(4):300–309.
45. Maslia ML, Sautner JB, Aral MM, Reyes JJ, Abraham JE, Williams RC. Using Water-Distribution
System Modeling to Assist Epidemiologic Investigations. J Water Res Plan Mgmt 2000;126(4):180–
198.
46. Reif J, Burch J, Nuckols J, Metzger L, Anger W. Neurobehavioral effects of exposure to
trichloroethylene through a municipal water supply. Environmental Research 2003;9:248–258.
[PubMed: 14615234]
47. Aschengrau, A.; Weinberg, J.; Rogers, S.; Gallagher, L.; Winter, M.; Vieira, V.; Webster, T.; Ozonoff,
D. Prenatal Exposure to Tetrachloroethylene-Contaminated Drinking Water and the Risk of Adverse
Birth Outcomes. Boston University School of Public Health;
48. Vieira V, Aschengrau A, Ozonoff D. Impact of tetrachloroethylene-contaminated drinking water on
the risk of breast cancer: using a dose model to assess exposure in a case-control study. Environ
Health 2005;4(1):3. [PubMed: 15733317]
49. Hastie, TJ.; Tibshirani, RJ. Generalized Additive Models. London: Chapman and Hall; 1990. p. 29-31.
50. Aschengrau, A.; Seage, G. Essentials of Epidemiology in Public Health. Boston: Jones and Bartlett
Publishers; 2003.
51. Rothman, KJ.; Greenland, S. Modern Epidemiology. Philadelphia, PA USA: Lippincott-Raven
Publishers; 1998.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.

Janulewicz et al.

Page 14

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Figure 1.

Cape Cod region of Massachusetts with Study Towns Highlighted
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Table 1

Selection, Enrollment, Exposure Status and Exclusions of Study Population

NIH-PA Author Manuscript

Selected
Excluded During Enrollmenta
Never located or contacted
Located but No response
Ineligible
Refusal
Returned Questionnaire
Excluded During Exposure Assessmenta
Non calculable residential exposure
Non calculable during pregnancy exposure (unknown LMP)d
Excluded During Analysisa
Multiple birth
Died before age 21 years
Diagnosed with lead poisoning, mental retardation, cerebral palsy or CNS
related malformations
Used known teratogen(s) during pregnancy
Daily or weekly marijuana use during pregnancy and/or 7+ drinks per
week during pregnancy
Missing information on any one core confounder
Available for Analysisa, c
Final Exposure Status of subjects available for analysisb
Exposed (prenatal and/or postnatal exposure)
Unexposed (neither prenatal nor postnatal exposure)

NIH-PA Author Manuscript

Prenatal Exposure Analysis
Postnatal Exposure Analysis
a
based on initial exposure assessment.

Exposed
1,910a

Unexposed
1,928a

Total
3,838a

161
306
3
200
1,240a

147
375
5
151
1,250a

308
681
8
351
2,490a

76
10

106
9

182
19

38
15
21

55
18
16

93
33
37

11
20

4
34

15
54

13
1,063c

11
1,023c

24
2,086c

984
79
1,063

365
658
1,023

1,349b
737b
2,086b

1,244
1,326

842
760

2,086b
2,086b

b

based on questionnaire data and in depth exposure assessment.

c
exclusions2 exclusions do not add up to the number available for analysis because some subjects are counted in multiple categories of exclusion.
d

unknown LMP or location of residence.
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Table 2

Distribution of PCE exposure (grams) for subjects with Prenatal Exposure and Postnatal Exposure
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Prenatal Exposurea
Postnatal Exposure (birth to age 5)b
1,244
1,326
Sample sizec
Minimum
4 × 10−5
3 × 10−4
10th Percentile
0.37
1.00
25th Percentile
1.82
4.16
Median
7.34
20.34
75th Percentile
26.62
87.00
90th Percentile
71.13
232.32
Maximum
1328.00
3309.85
a
59% of the population was exposed to some amount of PCE during the prenatal period, while 41% were unexposed during the prenatal period.
b

64% of the population was exposed to some amount of PCE during the postnatal period, while 36% were unexposed during the postnatal period.

c
Unexposed not included in this table.
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Table 3

Population Characteristics by Exposure Group
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Characteristic
Year of birth
1969–1973
1974–1978
1979–1983
Sex
Male
Female
Maternal race
White
Non-White
Birth weight
Low birth weight
(<2500 g)
Normal birth weight
(2500+ g)
Gestation
Preterm (<37weeks)
Full term (37+
weeks)
Breastfed
Yes
No
Unknown
Maternal age
(mean (sd))
Maternal
education
< High school
High school grad
Some college
4 year college grad
or higher
Paternal
occupation
White collar
Blue collar
Other
Unknown
Cigarette smoking
during pregnancy
Never smoked
during pregnancy
10 cigarettes or
fewer/day
11–20 cigarettes/
day
21+ cigarettes/day
Unknown
Alcohol
consumption
during pregnancy
Never drank during
pregnancy
1–3 drinks/month
1–6 drinks/week
Unknown
Occasional
marijuana use
during pregnancy
Yes
No
Unknown
Consumption of
caffeinated
beverages during
pregnancy
3+ cups/day
<3 cups/day
Unknown
Pregnancy
complications
Yes
No
Unknown

Exposed (prenatal) n=1,244
%

Unexposed (prenatal) n=842
%

Exposed (postnatal) n=1,326
%

Unexposed (postnatal) n=760
%

10.6
33.4
56.0

11.9
30.8
57.4

11.1
33.3
55.6

11.2
30.5
58.3

50.6
49.4

49.3
50. 7

50.7
49.3

48.9
51.1

95.1
4.9

97.9
2.1

95.3
4.7

97.8
2.2

2.3

2.6

2.2

2.8

97.7

97.4

97.8

97.2

4.6
95.4

3.7
96.3

4.4
95.6

3.8
96.2

62.1
35.0
2.9
27.4 (4.6)

62.4
34.9
2.7
27.6 (4.5)

61.1
36.0
2.9
27.2 (4.6)

64.1
33.3
2.6
27.8 (4.5)

4.3
35.3
29.9
30.5

2.7
34.9
32.5
29.8

4.3
36.3
29.3
30.2

2.5
33.2
33.9
30.4

51.0
32.8
14.5
1.7

46.3
31.0
21.0
1.7

50.2
33.8
14.5
1.6

47.2
29.1
21.8
1.8

72.0

71.6

71.6

72.4

11.7

12.1

11.5

12.4

9.8

10.6

10.1

10.1

4.4
2.1

4.0
1.7

4.8
2.0

3.4
1.7

59.6

60.7

59.9

60.3

25.7
12.1
2.6

24.9
12.7
1.7

25.7
11.9
2.5

24.9
13.2
1.7

2.9
94.7
2.4

2.9
95.0
2.1

2.9
94.6
2.4

2.8
95.1
2.1

21.1
77.0
1.9

19.7
78.3
2.0

21.3
76.8
2.0

19.2
78.8
2.0

26.0
72.8
1.2

24.8
74.3
0.8

25.7
73.1
1.2

25.1
74.1
0.8
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Characteristic
Maternal history of
occupational
solvent exposure
Yes
No
Unknown
Maternal
multivitamin use
during pregnancy
Yes
No
Unknown
Maternal iron
supplementation
during pregnancy
Yes
No
Unknown
Average number
glasses of tap water
consumed during
pregnancy
>4 glasses/day
4 or fewer glasses/
day
Unknown
Ever regularly
drank bottled
water during
pregnancy
Yes
No
Unknown
Ever regularly
took hot or very hot
showers during
pregnancy
Yes
No
Unknown
Ever showered for
>70 minutes per
week during
pregnancy
Yes
No
Unknown

Page 18
Exposed (prenatal) n=1,244
%

Unexposed (prenatal) n=842
%

Exposed (postnatal) n=1,326
%

Unexposed (postnatal) n=760
%

11.7
84.2
4.0

9.5
86.9
3.6

11.5
84.6
3.8

9.6
86.6
3.8

92.3
5.5
2.3

91.3
6.3
2.4

92.2
5.6
2.2

91.3
6.2
2.5

67.2
26.0
6.8

64.5
29.0
6.5

66.7
26.4
6.9

65.0
28.6
6.4

40.4
41.4

46.3
39.8

38.9
42.5

49.6
37.6

18.2

13.9

18.6

12.8

19.8
54.7
25.5

16.9
63.3
19.8

19.3
55.3
25.4

17.4
63.3
19.3

65.3
20.7
14.1

66.5
24.2
9.3

64.0
21.4
14.6

68.8
23.3
7.9

19.7
61.9
18.4

22.7
64.0
13.3

19.0
62.1
18.9

24.2
63.9
11.8
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Exposure Group– Prenatal Periodb
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
N - Yes
62
69
42
25
33
13
130
116
92
118
106
78
98
98
54
113
109
79
100
86
69
171
178
114

N - No
756
626
480
802
667
516
701
582
437
710
584
450
731
592
469
704
583
446
714
596
447
650
518
408

N - Total
818
695
522
827
700
529
831
698
529
828
690
528
829
69 0
523
817
692
525
814
682
516
821
696
522

Crude OR
1.3 (0.9,1.9)
1.1 (0.7,1.6)
1.6 (0.9,2.7)
0.8 (0.4,1.6)
1.1 (0.8,1.4)
1.1 (0.8,1.5)
1.1 (0.8,1.5)
1.0 (0.8,1.4)
1.2 (0.9,1.7)
0.9 (0.6,1.2)
1.2 (0.9,1.5)
1.1 (0.8,1.5)
1.0 (0.8,1.4)
1.1 (0.8,1.5)
1.3 (1.0,1.7)
1.1 (0.8,1.4)

Simple GEE OR
1.4 (1.0,2.0)
1.1 (0.7,1.6)
1.7 (1.0,2.9)
0.8 (0.4,1.7)
1.1 (0.8,1.4)
1.1 (0.8,1.5)
1.1 (0.8,1.5)
1.0 (0.8,1.4)
1.3 (1.0,1.8)
0.9 (0.6,1.3)
1.2 (0.9,1.6)
1.1 (0.8,1.5)
1.0 (0.8,1.4)
1.1 (0.8,1.5)
1.3 (1.0,1.7)
1.1 (0.8,1.4)

Cumulative prenatal exposure was designated low for a dose of PCE <10 g and high if the dose was >10 g over the nine months of gestation.

b

Adjusted for maternal age, race, and education, child's sex, and prematurity and/or low birth weight.

a

High school graduate or less

Repeated a grade

Individual education plan

Special class placement

Tutoring for math

Tutoring for reading

Diagnosis of HD

Outcome
Diagnosis of ADD

NIH-PA Author Manuscript
Table 4
Multivariate GEE ORa
1.4 (0.9,2.0)
1.0 (0.7,1.6)
1.5 (0.9,2.7)
0.8 (0.4,1.6)
1.1 (0.8,1.4)
1.1 (0.8,1.5)
1.1 (0.8,1.5)
1.0 (0.8,1.4)
1.3 (0.9,1.7)
0.8 (0.6,1.2)
1.2 (0.9,1.6)
1.1 (0.8,1.5)
1.0 (0.7,1.4)
1.1 (0.8,1.5)
1.3 (1.0,1.7)
1.0 (0.8,1.4)
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Exposure Group - Postnatal Periodb
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
None
Low
High
N - Yes
56
88
29
22
41
8
117
174
47
107
153
42
87
130
33
99
158
44
98
122
35
155
226
82

N - No
682
834
346
723
892
370
633
757
330
639
770
335
660
791
341
640
764
329
633
791
333
588
700
288

N - Total
738
922
375
745
933
378
750
931
377
746
923
377
747
921
374
739
922
373
731
913
368
743
926
370

Crude OR
1.3 (0.9,1.8)
1.0 (0.6,1.6)
1.5 (0.9,2.6)
0.7 (0.3,1.6)
1.2 (1.0,1.6)
0.8 (0.5,1.1)
1.2 (0.9,1.6)
0.7 (0.5,1.1)
1.2 (0.9,1.7)
0.7 (0.5,1.1)
1.3 (1.0,1.8)
0.9 (0.6,1.3)
1.0 (0.7,1.3)
0.7 (0.5,1.0)
1.2 (1.0,1.5)
1.1 (0.8,1.5)

Simple GEE OR
1.3 (0.9,1.9)
1.1 (0.7,1.7)
1.6 (0.9,2.8)
0.8 (0.3,1.7)
1.3 (1.0,1.6)
0.8 (0.5,1.1)
1.2 (0.9,1.6)
0.8 (0.5,1.1)
1.3 (1.0,1.7)
0.7 (0.5,1.1)
1.4 (1.0,1.8)
0.9 (0.6,1.3)
1.0 (0.8,1.3)
0.7 (0.4,1.0)
1.2 (1.0,1.5)
1.1 (0.8,1.4)

Cumulative prenatal exposure was designated low for a dose of PCE <66.7g and high if the dose was >66.7 g over the nine months of gestation.

b

Adjusted for maternal age, race, and education, child's sex, and prematurity and/or low birth weight

a

High school graduate or less

Repeated a grade

Individual education plan

Special class placement

Tutoring for math

Tutoring for reading

Diagnosis of HD

Outcome
Diagnosis of ADD
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Table 5
Multivariate GEE ORa
1.3 (0.9,1.9)
1.0 (0.6,1.7)
1.4 (0.8,2.5)
0.7 (0.3,1.6)
1.2 (1.0,1.6)
0.8 (0.5,1.1)
1.2 (0.9,1.6)
0.7 (0.5,1.1)
1.2 (0.9,1.7)
0.7 (0.5,1.1)
1.3 (1.0,1.8)
0.8 (0.6,1.2)
0.9 (0.7,1.3)
0.6 (0.4,1.0)
1.1 (0.9,1.5)
1.0 (0.7,1.4)
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