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An Analysis of Contaminated Well Water and
Health Effects in Woburn, Massachusetts

S. W. LAGAKOS, B. J. WESSEN, and M. ZELEN*

In 1979, two of the eight municipal wells servicing Woburn,
Massachusetts, were discovered to be contaminated with
several chlorinated organics. Shortly afterwards, the town
was found to have an elevated rate of childhood leukemia.
Using recent information about the space—time distribution
of water from the two contaminated wells, we find positive
statistical associations between access to this water and the
incidence rates of childhood leukemia, perinatal deaths
(1970-1982), two of five categories of congenital anoma-
lies, and two of nine categories of childhood disorders. We
find no associations with spontaneous abortions, low birth
weight, or the other categories of congenital anomalies and
childhood disorders. This article discussed these results and
other features of the data relevant to their interpretation.

KEY WORDS: Environmental exposure; Health survey;
Observational study; Proportional hazards model; Time-
dependent covariate.

1. INTRODUCTION

Woburn, Massachusetts, is a community of 37,000 res-
idents located 12 miles from Boston. It has been an in-
dustrial site for more than 130 years. The town was a major
chemical and leather processing center, a producer of ar-
senic compounds for insect control, and a producer of tex-
tiles, paper, TNT, and animal glues.

The town’s drinking water was supplied by eight munic-
ipal wells, two of which (designated by G and H) are con-
tiguous and operated as a single source in eastern Woburn.
The chance discovery of some toxic wastes near wells G
and H led to testing of them in May 1979 for 32 volatile
organics in the Environmental Protection Agency’s (EPA)
list of 129 priority pollutants. Trichloroethylene (267 ppb),
tetrachloroethylene (21 ppb), and chloroform (12 ppb) were
detected, whereupon the wells were shut down (Massa-
chusetts Department of Environmental Quality and En-
gineering 1979). Trichlorotrifluoroethane (23 ppb) and
dichloroethylene (28 ppb) were also detected (U.S. EPA
1979) in water samples taken several months later. The
types and amounts of contamination in wells G and H prior
to 1979 are not known. The remaining town wells, located
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near Horn Pond in southwest Woburn (Fig. 1), were tested
and found to meet both state and federal drinking-water
standards.

Independently, during site excavations in July 1979 for
an industrial complex located north of wells G and H (Fig.
1), large pits of buried animal hides and chemical wastes
were discovered. A nearby abandoned lagoon was found
to be heavily contaminated with lead, arsenic, and other
metals. Subsequently, the groundwater under eastern
Woburn was sampled at 61 test wells and found to contain
48 EPA priority pollutants and raised levels of 22 metals
(Ecology and Environment, Inc. 1982).

The closing of the two municipal wells and the discovery
of the abandoned waste sites occurred at about the same
time as the Love Canal incident and alerted Woburn resi-
dents to possible health hazards. One resident contacted
the Centers for Disease Control (CDC), asking if cancer
rates were elevated in Woburn. A citizens’ group formed
and, in late 1979, produced a list of children diagnosed
with leukemia.

These events led to a series of studies in 1980-1981 by
the Massachusetts Department of Public Health (MDPH)
and CDC. A review of mortality statistics for 1969—-1979
showed that the overall cancer mortality rate in Woburn
was significantly higher than those of the state and six
adjacent communities (Kotelchuck and Parker 1979). An-
other investigation (Parker and Rosen 1981) found a po-
tential concentration of adult renal cancer in the Horn
Pond area. The study also concluded that there was a sig-
nificantly elevated rate of childhood leukemia in Woburn
between 1969 and 1979, with 12 cases diagnosed when only
5.3 were expected (O/E = 2.3, P = .008). The study noted
that the leukemia excess was accounted for primarily by six
cases occurring in one (3334) of the town’s six census tracts
(Fig. 1). As part of the same report, a case-control study
did not identify any etiologic factors for the leukemias.
Because of a lack of information on exposure to the con-
taminated wells, however, it was not possible to assess the
association between access to this water and the risk of
leukemia.

We attempted to build on these earlier results in two
ways. First, by using recent information on the space—time
distribution of water from wells G and H, we were able to
assess the association between access to this water and the
incidence rate of childhood leukemia. Second, we under-
took a sample survey of adverse pregnancy outcomes and
childhood disorders to determine whether any of these
were correlated with exposure to water from the contam-
inated wells. Such disorders are much more common and
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Figure 1. Outline of Woburn, Massachusetts, Showing 1960—1969 and 1970-1982 Zones of Graduated Exposure to Wells G and H. Zones 1
and A represent the greatest G and H exposure, and Zones 5 and E represent the least (no) G and H exposure.

presumably have a shorter latency period than leukemia
and adult cancers and, therefore, may be more sensitive
indicators of adverse health effects. In this article we pre-
sent and discuss our findings. Because of limitations of
space, a number of details could not be included in this
article but are contained in a technical report (Lagakos,
Wessen, and Zelen 1985) available upon request.

2. SOURCES OF DATA
21 Childhood Leukemia

We obtained information on 20 cases of childhood leu-
kemia (ages 19 and under) diagnosed in Woburn between
1964, the year wells G and H began pumping, and 1983.
The 20 cases are all those identified by the state and Dana-
Farber Cancer Institute/Children’s Hospital tumor regis-
tries. These include the 12 cases used in the 1969-1979
MDPH study, 1 case identified by the MDPH but not used
because it was diagnosed prior to 1969, and 7 new cases
diagnosed since 1980. Overall, 15 of the 20 cases were
males, 17 had acute lymphocytic leukemia, and 15 were
born in Woburn. The median age at diagnosis was 7 years.

2.2 The Health Survey

In 1982, a telephone sample survey of Woburn house-
holds gathered information on adverse pregnancy out-
comes and childhood disorders occurring to former and
current family members between 1960 and 1982. The sur-

vey is discussed here. Potential biases and results of efforts
to corroborate survey findings are discussed in Section 5.

To carry out the survey, we recruited 301 volunteer in-
terviewers, of whom 235 actually participated in the inter-
view process. About half were from Woburn and the re-
maining were from nearby towns or the university
community. Interviewers attended a training session that
included an explanation of the items in the interview and
two practice interviews, one as interviewer and one as re-
spondent. They were then randomly assigned a packet of
interview forms bearing 25 consecutive telephone numbers
selected from the 1982 town directory. The interviewers
knew neither the names nor the addresses corresponding
to their assigned phone numbers and were instructed to
keep the entire interview anonymous. The telephone num-
bers themselves are noninformative with respect to loca-
tion within Woburn. After the interviewers returned their
packets (some finished several packets), we reviewed each
questionnaire and recontacted the households of any with
missing or ambiguous information. In a follow-up phase
we also attempted to contact and complete interviews for
households that had never been called or had been called
but never reached.

A total of 8,109 telephone numbers were called at least
once, and 7,134 (88%) of these were completed. The re-
maining 975 numbers were called an average of 3.9 times.
Of the completed calls, 915 were businesses, second phones,
or disconnected numbers, leaving 6,219 distinct residences
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that were reached. Of these 6,219, 1,149 (18%) refused to
be interviewed and 60 were excluded from analysis because
the respondent was not sufficiently fluent in English (32
households) or because the data were too incomplete (28
households). We estimate that the sample of 5,010 com-
pleted interviews represents 57% of the town’s residences
with listed telephones.

The telephone interview itself followed a scripted self-
coding questionnaire. Households were first asked if any
members resided in Woburn prior to 1979, and the inter-
view was terminated for those with no such members. For
the remaining households, the interviewer obtained data
on all pregnancies ending between 1960 and 1982 of women
born since 1920, including when the pregnancy ended, ma-
ternal age and smoking status during pregnancy, offspring
vital status at delivery, and offspring weight, gender, and
congenital anomalies. Information was also collected on
chronic and recurrent health problems in children and on
the residence history of each current or former family mem-
ber, excluding the current address (which was kept in a
separate file and only later linked to the interview data).

For the purposes of the survey we defined a spontaneous
abortion as a pregnancy in which the embryo or fetus is
prematurely expelled in the first six months and a perinatal
death as a pregnancy lasting over 6 months and resulting
in a stillbirth or a livebirth that survives fewer than 7 days.
The reported data on pregnancy outcomes exclude an un-
known number of spontaneous abortions that occur early
in pregnancy and go unnoticed, as well as information on
elective abortions. We defined the cutoff for low birth weight
to be 6 pounds (2,722 g) instead of the customary 2,500
grams because we felt that respondents would be more
familiar with the English system and might sometimes re-
member only the number of pounds (but not ounces) that
their children weighed at birth.

Medically diagnosed congenital anomalies were grouped
according to the involved organ or system using the Inter-
national Classification of Disease (ICD) codes. Apart from
musculoskeletal, cardiovascular, and eye/ear defects (Hei-
onen, Slone, and Shapiro 1977), the remaining major sys-
tem-grouped categories of congenital anomalies contained
too few cases to be analyzed separately. Rather than ana-
lyze these remaining anomalies as one large “catch-all”
category, two subcategories were formed: (a) central ner-
vous system (CNS), chromosomal, and oral cleft anoma-
lies, for which we could find assertions in the literature of
potential links with chemicals, pesticides, or trace elements
(see Bennett and Aborns 1979; Dorsch, Scragg, Mc-
Michael, Baghurst, and Dyer 1984; Gordon and Shy 1981;
Holmberg 1979; Klingberg, Papier, and Hart 1983; Polad-
nek and Janerich 1983) and (b) “other” defects, for which
we could find no specific assertions of a potential environ-
mental link. All groupings of congenital anomalies and
childhood disorders (described subsequently) were made
prior to examination of any residence, risk factor, or G
and H exposure data.

The survey questionnaire grouped medically diagnosed
childhood disorders into 14 categories. For the purpose of
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analysis, these categories were collapsed into 9 broader
categories of disorders, each with at least 20 cases: anemia
and other blood disorders, heart and blood pressure dis-
orders, kidney and other urinary tract disorders, lung and
other respiratory disorders, neurologic and sensory organ
disorders, allergy and skin disorders, learning disabilities,
diabetes and glandular disorders, and “other” disorders.

Information on socioeconomic status (SES) was ob-
tained from census data for 1960, 1970, and 1980 (Bureau
of the Census 1960, 1970, 1980). On the basis of four
socioeconomic indicators (median family income, median
home value, percentage of high school graduates, and per-
centage of families above poverty level), two of Woburn’s
six census tracts (3333 and 3331) consistently ranked lowest
and highest, respectively, and the remaining four were sim-
ilar. We defined, therefore, a three-point SES scale, where
tract 3333 was low, tract 3331 was high, and the remaining
four tracts were middle SES.

2.3 Exposure to Water From Contaminated Wells

Wells G and H operated as a single source in eastern
Woburn. They are 88 feet and 84 feet deep, respectively,
and tap a different aquifer than the six other municipal
wells, which are located in southwest Woburn. Since the
town’s water pipes are interconnected, however, each
Woburn residence received a ‘‘blend” of water from several
wells. The specific blend varied with the location of the
residence within Woburn and with chronologic time.

In the 15-year period (October 1964-May 1979) of their
operation, wells G arid H pumped for 3,162 days, or 59%
of the time, and supplied some water to an average of 23%
of the town’s households per year. A report by the Mas-
sachusetts Department of Environmental Quality and En-
gineering (DEQE) estimated the regional and temporal dis-
tribution of water from wells G and H during this period
(Waldorf and Cleary 1983). The DEQE study relied on a
detailed model of the Woburn water distribution system
and partitioned the town into five zones of graduated ex-
posure to wells G and H. Because of a substantial change
in industrial demand in 1970, a different set of five zones
was used before and after 1970 (Fig. 1). The irregular
shapes and sizes of the zones of graduated exposure reflect
the uneven population density of Woburn. The DEQE
study estimated, on a monthly basis, which zones received
none, some, or all of their water from wells G and H.
These results, obtained in August 1983, were combined to
estimate the percentage of each household’s annual water
supply that arose from wells G and H (Table 1). For ex-
ample, in 1970 a residence located in Zone B received an
estimated 27% of its water from wells G and H, the re-
mainder coming from the town’s other municipal wells.
Note that wells G and H are estimated never to have ser-
viced residences in “West” Woburn (the intersection of
Zones 5 and E), which contains about % of the town’s
population. The G and H water distribution in the rest of
Woburn (“East” Woburn) varied markedly with both re-
gion and chronologic time.

We merged G and H exposure information with our
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Table 1. Annual G and H Exposure Scores by Zone

1960-1969 Zones
Year 1 2 3 4

1960-1963 0 0 0 0
1964 .23 .05 0 0
1965 .08 .08 .08 .08
1966 .95 .70 .25 A2
1967 .51 A7 .32 A7
1968 72 .34 0 0
1969 .75 40 0 0

1970-1982 Zones

Year A B C D
1970 .54 .27 .03 0
1971 .46 .38 .08 0
1972 .29 .29 14 0
1973 0 0 0 0
1974 37 .32 .25 14
1975 .55 44 13 .01
1976 .49 .38 .09 0
1977 .94 .52 .04 .01
1978 1.00 .88 .61 .05
1979 .39 .39 .29 0
1980-1982 0 0 0 0

NOTE: Table entries give estimated fraction of residential water supply derived from wells G
and H by year and residential zone. Refer to Figure 1 for zonal definitions. Exposure scores are
zero for Zones 5 and E in all years.

other data and assigned to each pregnancy the annual ex-
posure score corresponding to the mother’s residence in
the year the pregnancy ended. We also determined for each
child an exposure “history,” consisting of his or her set of
annual exposure scores, beginning from the first year of
Woburn residency. For example, an exposure of .49 would
be assigned to a pregnancy ending in 1976 for a mother
residing in Zone A. Similarly, a child born in 1967 and
residing in the intersection of Zones 1 and B for the first
4 years of life would generate cumulative exposures of .51,
1.23, 1.98, and 2.25 during this period. If a child changed
residences, we arbitrarily defined his or her exposure score
for that year to be the score corresponding to the former
residence.

3. STATISTICAL METHODS
34 Childhood Leukemia

Based on national rates (SEER 1981), the 20 childhood
leukemia cases observed between 1964 and 1983 are sig-
nificantly higher than expected (E = 9.1, P = .001). To
determine whether the space-time distribution of these
cases within Woburn is correlated with water from wells

G and H, we used the failure time regression model (Cox
1972)

ht | x(0), y} = hy(D)explax(n)}, ey

where x(¢) is some expression of G and H exposure history
from birth to age ¢, y is the year of birth, A{t | x(¢), y} is
the leukemia risk (hazard function) at age ¢ for an individ-
ual born in year y and with exposure x(¢), and A,(¢) is the
baseline Woburn risk at age ¢ for an unexposed person
born in year y. With this model, the relative risk at age ¢

Joumal of the American Statistical Association, September 1986

for someone with exposure x(), relative to an unexposed
individual born in the same year, is exp{ax(#)}. The hy-
pothesis of no association is given by « = 0.

We used two exposure metrics x(¢): (a) cumulative G
and H exposure from birth until age ¢ and (b) a binary
indicator of whether there had been any G and H exposure
by age t. With the first of these measures, risk increases
steadily with cumulative exposure. With the latter, an in-
dividual’s hazard function jumps from 4,() to h,(t)exp(a)
upon exposure. Partial-likelihood-based tests of a = 0 from
this ““none versus some” exposure model are closely related
to the variation of the log-rank test proposed by Mantel
and Byar (1974) (see also Aitkin, Laird, and Francis 1983;
Crowley and Hu 1977). Misspecification of the form of x(t)
with either test results in a loss of efficiency but not in a
distortion of size.

The partial likelihood score test for « = 0 can be ex-
pressed in the form (see Kalbfleisch and Prentice 1980)

> (X - E)IC V) )

where the sum is over the leukemia cases and X; is the
observed value of x(¢) for the ith case at ¢, the age of
diagnosis. The quantities E; and V; are the average and
variance of the x(¢;) for the “risk set” of children born in
the same year as the ith case and not diagnosed with leu-
kemia before age ¢, and represent the null mean and vari-
ance of X;, conditional on this risk set. When a = 0, the
distribution of (2) is approximately N(0, 1). A closed-form
approximation to the maximum likelihood estimator (MLE)
of a is given by 2 (X; — E;)/2 V;. This will closely ap-
proximate the MLE for « close to 0 but may be conser-
vative for large |a.

In our situation we had the exposure histories for all of
the leukemia cases. We had only the exposures, however,
for those noncases identified in the sample survey. Ac-
cordingly, E; and V; could not be computed directly and
were estimated. One approach is to adopt a form of risk-
set sampling and estimate E; and V; from the survey data
(see Breslow, Lubin, Marek, and Langholtz 1983; Cox and
Oakes 1984; Liddell, McDonald, and Thomas 1977; Pren-
tice 1985); that is, for each case we identified all surveyed
children who were born in the same year and were residents
at the same time as the case and then computed the average
and variance of their x(¢) values for the period of residency
of the case. The results of this approach are presented in
detail in Section 4.1. Alternatively, since each individual’s
exposure history is uniquely determined by his or her res-
idence history, E; and V; can be estimated from the pop-
ulation distributions of the G and H exposure zones. De-
tails of this approach are given in the Appendix.

When x(¢) is positively associated with the risk of leu-
kemia, the number of leukemia cases that are statistically
“explained” by the association is

2 (A X y) - h,(t)1/h(t; | Xi, y)
= 2 [1 - exp(—aX))],

where the sum is over cases (see National Research Council
1985).
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3.2 Adverse Pregnancy Outcomes

Adverse pregnancy outcomes were analyzed using the
method of maximum likelihood applied to a logistic regres-
sion model (see Cox 1970); that is,

log [p/(1 = p)]
=putox + pizy + Pz + 0+ Pz,

©)
where p is the probability of an event, z;, z,, . . . , z; are
risk factors, and x is the mother’s G and H exposure score
for the year her pregnancy ended. Note that exp(ax) is the
odds-ratio of an event for a pregnant woman who receives
100x% of her residential water from wells G and H relative
to one with the same risk factors who receives none of her
residential water from wells G and H.

Analyses of spontaneous abortions and perinatal deaths
were based on all reported pregnancies. Analyses of low
birth weight and birth anomalies were based on 7-day sur-
vivors rather than all live births, since these events were
not well documented in some of the surveyed children who
died before 7 days.

The risk factors used in the analysis were maternal age
and smoking status during pregnancy, year of pregnancy,
SES, sex, and mother’s pregnancy history. We first iden-
tified important risk factors by fitting Equation (3) with
a = 0 and then controlled for these in evaluating G and
H exposure by fitting Equation (3) and testing a = 0 versus
a > 0. Risk factors involving a mother’s pregnancy history
were controlled by the inclusion of indicator variables of
pregnancy number into the regression models. If there was
no statistically significant association between G and H
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exposure and an adverse pregnancy outcome, we also tested
for an interaction between G and H exposure and time
period (1960-1969 vs. 1970-1982). The approach of fitting
x only after screening for important risk factors can, in
theory, fail to identify a risk factor that is strongly corre-
lated with x. Each of the risk factors that we examined,
however, was essentially uncorrelated with x (r* < .01),
so this is unlikely to have occurred.

3.3 Childhood Disorders

Childhood disorders were analyzed using a “‘survival time”
model, where time was the age of diagnosis. Ideally, we
would like to have used Cox’s (1972) model with covariates
x(8), z1, 2, . . . , z,, where x(¢) is cumulative exposure to
age ¢ and the z; are risk factors. Given the large number
of observations and the time-dependent covariate x(¢),
however, such an approach was not computationally fea-
sible. Instead, we first identified important risk factors by
fitting Cox’s model without x(#) and then controlled for
these in assessing G and H exposure by applying model
(1), with y indexing strata corresponding to combinations
of important risk factors.

4. RESULTS
41 Childhood Leukemia

Using either the cumulative (P = .03, & = .33) or none
versus some (P = .02, & = 1.11) exposure metrics, there
is a positive association between G and H exposure and
the incidence rate of childhood leukemia. Table 2 gives
information on the 20 cases and their contributions to the
score tests of @ = 0. For example, case 13 was born in

Table 2. Observed and Expected Exposures to Wells G and H for 20 Childhood Leukemia Cases

Year Year Observed  Size of Expected Proportion
of of Period of cumulative  risk set cumulative of risk set
Case diagnosis birth residency exposure sample exposure (var) exposed
1 1966 1959 1959-1966 1.26 218 .31 (.26) .33
2 1969 1957 1968-1969 0 290 .34 (.36) .26
3 1969 1964 1969 .75 265 17 (10) .25
4 1972 1965 1965-1972 430 182 .90 (2.23) .36
5 1972 1968 1968-1972 2.76 183 .58 (.88) .32
6 1973 1970 1970-1973 .94 170 .20 (.20) 19
7 1974 1965 1968-1974 0 213 .56 (1.04) .29
8 1975 1964 1965-1975 0 239 .99 (2.78) .38
9 1975 1975 1975 0 115 .09 (.03) .25
10 1976 1963 1963-1976 .37 219 1.18 (3.87) .40
11 1976 1972 1972-1976 0 132 .24 (.32) .18
12 1978 1963 1963-1978 7.88 219 1.41 (6.23) .40
13 1979 1969 1969-1979 241 164 .73 (2.56) .31
14 1980 1966 1966—-1980 0 199 1.38 (6.00) .39
15 1981 1968 1968-1981 0 187 1.14 (4.20) .35
16 1982 1979 1979-1982 .39 154 .08 (.02) .23
17 1983 1974 1974-77, 1980-83 0 84 .25 (.45) .23
18 1982 1981 1981-1983 0 — 0 (0) 0
19 1983 1980 1980-1982 0 — 0 (0) 0
20 1983 1980 1981-1983 0 — 0 (0) 0
Totals 21.06 10.55 (31.52) 5.12
Score test statistic: 1.87 2.08
Significance level: P = .03 P = .02

NOTE: Risk set for a case consists of children born in the same year as the case and who were residents of Woburn when the case
was. Variance of proportion, say p, of risk set exposed equals p(1 — p). Cases 18-20 do not contribute to the test statistic because birth

occurred after closure of wells G and H.
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1969 and resided in Woburn until being diagnosed in 1979,
at which time his cumulative G and H exposure was 2.41.
The corresponding 164 surveyed children who were born
in Woburn in 1969 and resided there until 1979 had an
average cumulative G and H exposure of .73, and 31% of
these were exposed. Overall, given the years of birth and
periods of Woburn residence of the 20 cases, the expected
number exposed to wells G and H when @ = 0is 2, E; =
5.1, compared with 9 observed, and the sum of their ex-
pected cumulative exposures is 10.6, compared with an
observed number of 21.1. The alternative approach (see
the Appendix) based on estimating E; and V; from the
regional distribution of the population gave very similar
results for both the cumulative (2; E; = 11.0, P = .04,
& = .29) and none versus some (2; E; = 4.9, P = .02,
& = 1.22) exposure metrics.

Although both G and H exposure metrics are associated
with leukemia risk, there are two few cases to be confident
of which, if either, best describes this relationship. Fur-
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thermore, it does not logically follow that Woburn’s entire
leukemia excess, based on national rates, is explainable by
these associations. Indeed, the cumulative and none versus
some metrics of G and H exposure statistically explain
about 4 and 6 leukemia cases, respectively, whereas na-
tional rates suggest a townwide excess of about 11 cases
between 1964 and 1983 (Sec. 3.1). We return to this point
in Section 6.

4.2 Adverse Pregnancy Outcomes

The surveyed households provided information on 4,396
pregnancies that terminated in Woburn between 1960 and
1982. The median maternal age at pregnancy was 29 years,
and 40% of the mothers smoked during pregnancy. Only
16% of mothers received any water from wells G and H
in the year their pregnancy ended. The age distribution of
the population and the age-specific smoking rates of preg-
nant women exhibited no unusual regional variations within
Woburn.

Table 3. Frequency and Exposure Status of Specific Birth Anomalies

Anomaly (ICD 9 code) Frequency Anomaly (ICD 9 code) Frequency
Musculoskeletal anomalies 55 (7, 48) CNS, chromosomal, oral cleft anomalies 27 (8, 19)
Congenital hip defect (754.3) 13 (2, 11) Central nervous system 15 (5, 10)
Clubfoot (754.7) 0 (4, 6) Spina bifida (741.9) 3(,1)
Scoliosis (754.2) 6 (0, 6)
Various foot deformities (754.5) 5 (0, 5)
Lower limb anomalies (755.6) 4 (0, 4)
Diaphragmatic hernias (756.6) 4 (0, 4)
Unspecified limb (755.8) 3(0,3)
Reduction deformities, lower limb (755.3) 2(0,2)
Polydactyly (755.0) 2(0,2)
Syndactyly (755.1) 2 (0 2)
Anomalies of skull (756.0) 2(0,2)
Other muscular anomalies (756.8) 2(1,1)
Cardiovascular anomalies 43 (5, 38)
Hole in heart (745.9) 8(1,7)
Ventricular septal defect (745.4) 2(0, 2
Tetralogy of Fallot (745.2) 2(1,1)
Mitral insufficiency (746.6) 1(0, 1)
Patent ductus arteriosus (747.0) 1(0,1)
Endocardiofibroelastosis (425.3) 1(0, 1)
Unspecified heart defect (746.9) 9(1,8)
Coarctation of aorta (747.1) 3(0,3)
Aortic atresia (747.2) 1(0, 1)
Heart murmur (785.2) 15 (2, 13)
Eye, ear anomalies 18 (9, 9)
Eye anomalies 16 (8, 8)
Amblyopia (368.0) 3(1,2)
Strabismus (378.9) 3(3,0)
Blindness since birth (369.6) 5(3,2)
Eyes severely crossed (378.0) 1(0,1)
Coloboma (743.4) 1(1,0)
Congenital cataract (743.3) 1(0,1)
Hereditary retinal dystrophy (362.7) 1(0, 1)
Enlarged eye (743.8) 1(0, 1)
Ear anomalies 2(1,1)
Born deaf (744.0) 2(1,1)

Hydrocephalus (742.3)
Cerebral gigantism (742.4) 1(1,0)
Mental retardation (319.0)
Cerebral palsy (343.9)

Chromosomal anomalies (3, 6)
Down’s syndrome (758.0) (3, 4)
Other chromosomal (758.9) 0, 2)

Oral cleft (0, 3)
Cleft palate (749.0) 0, 3)

Other congenital anomalies 45 (5, 40)

Genitourinary anomalies 1 , 10)

Anomaly of ureter (753.4)
Anomaly of kidney (753.3)
Extroversion of bladder (753.5)
Atresia of bladder (753.6)
Other bladder anomaly (753.8)
Hypospadius (752.6)
Undescended testicle (752.5)
Digestive anomalies
Pyloric stenosis (750.5)
Hiatal hernia (750.6)
Malrotation of small intestine (751.4)
Tongue tie (750.0)
Integument anomalies
Vascular hematomas (757.3)
Breast enlargement (778.7)
Congenital lymphedema (757.0)
Other anomalies 1
Hyperkinesis (314.9)
Hemangioma (228.0)
Hypertrophy of adenoids (474.1)
Inguinal hernia (550.9)
Omphalocele (553.1)
Pilonidal cyst (685.1)
“Genetic” Legg Perthes (732.1)
Anomaly of larynx (748.3)
Thyroglossal cyst (759.2)
Paraciticus (759.4)
Rubenstein Tabi (759.8)
Deformities of head, fingers, toes (759.8)
Abnormal liver, kidney (751.6)
Unspecified defect (759.9)
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NOTE: In parentheses are numbers of exposed and unexposed cases, respectively.
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Overall, 12% (520) of the 4,396 pregnancies resulted in
a spontaneous abortion, and 1.5% (67) resulted in a peri-
natal death (46 stillbirths and 21 deaths before 7 days).
Of the 7-day survivors with known birth weights, 6.4%
(220/3,462) were under 6 pounds at birth. Among 177
(4.6%) with congenital anomalies, 167 had a single anom-
aly, 9 had 2 anomalies, and 1 had 3 anomalies. Table 3
lists the ICD code and G and H exposure status corre-
sponding to each anomaly. Of the 3,809 7-day survivors,
18 died before 1 year of age. These 18 infants had no
unusual exposure to wells G and H.

Logistic regression analyses identified several important
risk factors for the adverse pregnancy outcomes (Table 4).
The importance of maternal age, smoking status, and preg-
nancy history that we found for spontaneous abortions,
perinatal deaths, and low birth weight have all been noted
elsewhere (Butler, Goldstein, and Ross 1972; Kline 1977,
Kline, Stein, Susser, and Warburton 1977; Naylor and War-
burton 1979; Niswander, Gordon, and Berendes 1972;
Shapiro, Jones, and Densen 1962; Taffel 1976; U.S. Dept.
of Health, Education and Welfare 1979). Similarly, others
have noted the increased risk of musculoskeletal defects
in children with an older sib who had this anomaly (Hei-
onen et al. 1977), the increasing rate in cardiovascular
defects over time (CDC 1981), the declining rate of peri-
natal deaths (Reed and Stanley 1977), and the association
between eye/ear defects and maternal smoking (Chris-

tianson, 1980; Heionen et al. 1977; Rantakallio, Krause,
and Krause 1979).

Controlling for the important risk factors, there were no
statistically significant associations between access to water
from wells G and H in the year of pregnancy and the
incidence rate of spontaneous abortions (P = .66), low
birth weight (P = .77), or perinatal deaths before 1970
(P = .55), or with musculoskeletal (P = .78), cardiovas-
cular (P = .91), or “other” (P = .62) birth anomalies.
Positive associations were found, however, with perinatal
deaths since 1970 {exp(&) = 10.0, P = .003}, eye/ear
anomalies {exp(&) = 14.9, P < .0001}, and CNS/chro-
mosomal/oral cleft anomalies {exp(&) = 4.5, P = .01}.
Similar results were obtained when the analyses of low
birth weight and congenital anomalies were based on all
live births rather than on 7-day survivors and when x was
taken to be the average of the G and H exposure scores
for the year the pregnancy ended and the previous year.

Table 5 summarizes the unadjusted data, with exposure
scores grouped into four intervals. For perinatal deaths,
the positive association with G and H exposure is primarily
due to the three events in the ““.51-1.00” exposure interval,
these were stillbirths and occurred in 1977-1978 to women
with G and H exposure scores of .94, .94, and 1.00. All
but two of the eye/ear anomalies were eye anomalies,
primarily blindness, amblyopia, and strabismus. We ex-
amined the individual eye anomalies to see if the associ-

Table 4. Risk Factors for Adverse Pregnancy Outcomes and Childhood Disorders

Adverse pregnancy Estimated odds-ratio
outcome Risk factor (reference group) (95% Cl)
Spontaneous abortion Smoking during pregnancy (no) 1.4 (1.1-1.7)
Age at pregnancy 1.2 (1.1-1.4)
Prior spontaneous abortion (no) 2.2 (1.7-2.9)
Prior perinatal death (no) 1.5( .9-2.4)
Perinatal death Smoking during pregnancy (no) 2.2 (1.3-3.6)
Year pregnancy ended (1970-1982) 2.8 (1.5-5.0)
Prior perinatal death (no) 6.4 (2.8-13.9)
Low birth weight Smoking during pregnancy (no) 1.9 (1.4-2.5)
Age at pregnancy 1.2 (1.1-1.4)
Prior low birth weight (no) 10.1 (6.2-16.5)
Prior perinatal death (no) 2.5 (1.0, 6.1)
Musculoskeletal anomaly Prior musculoskeletal anomaly (no) 83 (36, 192)
Cardiovascular anomaly Age at pregnancy 7 ( .5-.9)
Year pregnancy ended (1960-1969) 2.4 (1.2-4.6)
Eye, ear anomaly Smoking during pregnancy (no) 2.4 (1.0-5.6)
Age at pregnancy 1.4 (1.0-2.2)
CNS, chromosomal, Age at pregnancy 2.3 (1.5-3.3)
oral cleft anomaly
Estimated
Childhood disorder Risk factor (reference group) relative risk
Anemia/Blood Year pregnancy ended (1960-1969) 2.4 (1.3-4.3)
Age at pregnancy 7 ( .6-1.0)
Allergy/Skin SES (middle:low or high:middle) 1.3 (1.1-1.6)
Year pregnancy ended (1960—1969) 1.7 (1.4-2.2)
Kidney/Urinary tract Females (males) 4.6 (1.9-11.1)
Lung/Respiratory tract Males (females) 1.4 (1.0-1.8)
Year pregnancy ended (1960—1969) 2.0 (1.5-2.8)
Neurologic/Sensory Year pregnancy ended (1960—1969) 2.3 (1.5-3.6)
Learning disability Males (females) 3.1 (2.1-4.4)
Year pregnancy ended (1960—1969) 1.6 (1.2-2.3)
Other disorders Year pregnancy ended (1960-1969) 3.2 (1.8-5.9)

NOTE: Odds-ratios and relative risks for age based on age intervals <26, 26-30, 31-35, >35, referring to comparisons of successive

intervals. Approximate 95% confidence intervals based on normal approximation for the MLE of regression coefficient .
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Table 5. Unadjusted Rates (x 10°) of Adverse Pregnancy Outcomes by Fraction of Residential
Water Obtained From Wells G and H in Year Pregnancy Ended

G and H exposure score

End point 0

.01-.20 .21-.50 .51-1.0

117 (436/3697)
66 (193/2908)
22 (42/1932)

7 (13/1765)

Spontaneous abortion
Low birth weight

Perinatal death (1960-69)
Perinatal death (1970-82)

Congenital anomalies

Musculoskeletal 15 (48/3206)
Cardiovascular 12 (38/3206)
Eye/Ear 3 (9/3206)
Eye 2 (8/3206)
Ear 0 (1/3206)
CNS/Chromosomal/Oral cleft 6 (19/3206)
CNS 3 (10/3206)
Chromosomal 2 (6/3206)
Oral cleft 1 (3/3206)

Other anomalies 10 (32/3206)

153 (27/176) 111 (25/226) 108 (32/297)

38 (5/132) 33 (6/183) 67 (16/239)
27 (3/113) 10 (1/96) 19 (4/209)
0 (0/63) 8 (1/130) 34 (3/88)
14 (2/146) 15 (3/199) 8 (2/258)
21 (3/146) 10 (2/199) 0 (0/258)
7 (1/146) 15 (3/199) 19 (5/258)
7 (1/146) 10 (2/199) 19 (5/258)
0 (0/146) 5 (1/199) 0 (0/258)
7 (1/146) 20 (4/199) 12 (3/258)
7 (1/146) 20 (4/199) 0 (0/258)
0 (0/146) 0 (0/199) 12 (3/258)
0 (0/146) 0 (0/199) 0 (0/258)
14 (2/146) 5 (1/199) 12 (3/258)

NOTE: Regression analyses based on actual G and H exposure

scores. Parentheses contain events/pregnancies for spontaneous

abortions and perinatal deaths and events/7-day survivors for other disorders. Low birth weight results exclude 347 pregnancies with

unknown birth weights.

ation with G and H was confined to specific subcategories
(see Table 3), but no unusual pattern was evident. For the
CNS/chromosomal/oral cleft group, the association with
G and H exposure is evident in the CNS and chromosomal
subcategories but not in the oral cleft category. The CNS
anomalies are mainly cerebral palsy, mental retardation,
and spina bifida, and all but two of the chromosomal anom-
alies are Down’s syndrome.

4.3 Childhood Disorders

The survey collected information on 5,018 past and cur-
rent household members who were born since 1960 and
resided in Woburn sometime before age 19. We excluded
from analysis the 39 infant deaths described earlier and
one other child whose records were uninterpretable. Of
the 4,978 evaluable children, 3,775 were born in Woburn

and 1,203 became residents at some later age. The average
period of Woburn residency for the evaluable children is
11.9 years, and 27% had some G and H exposure.

Table 4 lists the important risk factors for childhood
disorders that were used as stratification variables in the
analysis of G and H exposure. The higher rates of allergies
in children from higher SES families (Sultz, Schlesinger,
Mosher, and Feldman 1972), of kidney disorders in females
(Smallpiece 1969), and of lung (Gordis 1973) and learning
disabilities (Kinsbourne and Caplan 1979) in males have
been noted previously by others.

Table 6 summarizes the analyses for association with
cumulative G and H exposure. For each disorder, the table

- gives the number of cases, their median age at diagnosis,
and the sum of their observed (X;) and expected (E;) cu-
mulative G and H exposures at diagnosis. There is evidence

Table 6. Observed and Expected Cumulative Exposures for Children With Disorders

Cumulative G and H exposure

Median
Number age of Expected
Disorder of cases diagnosis Observed (standard error)
Allergies 476 7 276.5 268.8 (26.8)
Anemia 77 4 33.7 36.5 (10.8)
Diabetes 19 10 10.4 14.3 (6.8)
Heart/Blood pressure 21 13 2.0 14.3 (6.6)
Kidney/Urinary tract 43 5 319 18.5 (6.5)
Females 32 5 21.7 11.7 (6.1)
Males 11 8 10.2 6.8 (4.1)
Learning disability 218 8 122.7 135.3 (17.4)
Lung/Respiratory tract 192 3 83.9 63.1 (12.5)
Females, born 1960—1969 40 6 25.8 20.5 (8.2)
Females, born 1970-1982 36 2 7.4 4.3 (2.3)
Males, born 1960—1969 55 5 324 259 (8.1)
Males, born 1970-1982 61 2 18.3 12.4 (4.9)
Neurologic/Sensory 113 4 47.7 49.6 (11.1)
Other disorders 77 7 26.2 37.7 (10.8)

NOTE: Expected cumulative exposure and corresponding variance obtained by summing, over cases, averages and variances of
cumulative exposures of children of the same age and in the same stratum as the case. Stratification factors are given in Table 4.
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of a positive association between cumulative G and H ex-
posure and the risk of kidney/urinary tract (& = .30, P =
.02) and lung/respiratory disorders (& = .15, P = .05).
The table also decomposes the statistics for lung and kidney
disorders by the stratification variables used in their cal-
culation. Higher-than-expected G and H exposure is evi-
dent within each stratum. Note also that if a two-sided test
for association between G and H exposure and heart/blood
pressure disorders had been used, we would have obtained
P = .06, suggesting a possible negative association.

The 43 kidney/urinary tract disorders are primarily kid-
ney or urinary tract infections. These children had a com-
bined cumulative G and H exposure of 31.9, compared
with an expectation of 18.5. The 192 children with lung/
respiratory tract disorders (mostly asthma, chronic bron-
chitis, or pneumonia) had a cumulative G and H exposure
of 83.9 versus an expectation of 63.1. The exposed cases
did not appear to be confined or clustered in any subcat-
egories of lung/respiratory or kidney/urinary tract disor-
ders.

4.4 Rate Changes Since the Closure of
Wells G and H

Table 7 indicates how the numbers of adverse health
events in areas formerly serviced by wells G and H have
changed since their closure in 1979. For the high exposure
area consisting of Zones A-C, the table gives the frequency
of the three adverse pregnancy outcomes for the 3-year
periods immediately preceding (1977-1979) and following
(1980-1982) the closing of wells G and H. There is a clear
decline (P = .02) in the rates of these events after the
wells were shut down. The table also gives the correspond-
ing data for the remainder of Woburn (Zones D-E), where
virtually none of the water came from wells G and H during
1977-1979. The rates for Zones A—C are higher (P = .004)
than those for the rest of Woburn between 1977 and 1979,
but comparable (P = .34) thereafter. This pattern is what
we might expect if wells G and H had generated increased

Table 7. Adverse Pregnancy Outcomes in Areas of High and Low
Exposure Before (1977-1979) and After (1980—-1982)
Closure of Wells G and H

1977-1979 1980-1982
Zones A-C (high exposure)
Average G and H exposure 58% 0%
Number of pregnancies 107 78
Perinatal deaths 4 0
Eye/Ear anomalies 1 0
CNS/Chromosomal/Oral cleft 2 0
Zones D—E (low exposure)
Average G and H exposure .01% 0%
Number of pregnancies 436 397
Perinatal deaths 2 3
Eye/Ear anomalies 0 0
CNS/Chromosomal/Oral cleft 3 3

NOTE: Average G and H exposure refers to average exposure scores corresponding to preg-
nancies.

risk. It could also be a regression-to-the-mean phenome-
non, though this is unlikely. Similar patterns were not evi-
dent with the other adverse pregnancy outcomes.

None of the three cases of childhood leukemia among
children born since 1980 (Table 2) resided in Zones A—C.
In addition, from the survey data, there have been no
kidney disorders and only one lung disorder among chil-
dren from Zones A—C born since 1980. There is still in-
sufficient follow-up time, however, to determine whether
these results reflect a decline in risk in Zones A—C since
the closing of the wells.

5. ADDITIONAL ANALYSES, POTENTIAL BIASES

51 Baseline Rates in East and West Woburn

Recall that West Woburn never received any water from
wells G and H. Even though the amount of water supplied
by wells G and H to East Woburn varied markedly over
time, the regional nature of the distribution raises the pos-
sibility that a difference in the baseline rates of adverse
health events for East and West Woburn might have caused
some of the positive statistical associations between wells
G and H and these events.

We assessed this question by comparing the rates of ad-
verse health effects in East and West Woburn among unex-
posed individuals. For the three adverse pregnancy out-
comes, we compared the East and West Woburn rates for
the years wells G and H were not operating (1960-1963,
1973, 1980-1982). For leukemia and childhood disorders,
we used the stratified log-rank test (see Kalbfleisch and
Prentice 1980), censoring each child’s period of observa-
tion at the point of first exposure to wells G and H. Strat-
ification was by year of birth for leukemia, by gender for
kidney/urinary tract disorders, and by gender and year of
birth (1960-1964, 1965-1969, 1970-1975, 1976-1982) for
lung/respiratory tract disorders. Table 8 summarizes the
results and indicates that the risks to unexposed individuals
are similar in East and West Woburn. Thus it does not
appear as though the positive associations with G and H
exposure were caused by a difference in baseline rates
between East and West Woburn. There were sufficient data
to compare also the baseline rate of the adverse pregnancy
outcomes and lung disorders in Zones A-C (easternmost
Woburn) to the rest of East Woburn. No evidence of a
difference was found.

The similarity of baseline rates between East and West
Woburn implies that the elevated event rates among ex-
posed individuals are also evident when focusing only on
East Woburn. This can be seen for the adverse pregnancy
outcomes by combining the zero exposure results for East
Woburn with the nonzero exposure data in Table 5. Al-
ternatively, Table 9 expands the results in Table 7 for Zones
A-C to include the entire study period and indicates how
the rates of perinatal deaths, eye/ear anomalies, and CNS/
chromosomal/oral cleft anomalies are higher in years in
which wells G and H were pumping than in years in which
they were not pumping.
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Table 8. Comparison of Baseline Rates in East and West Woburn

Adverse pregnancy outcomes in years 1960-1963, 1973, 19801982
(wells G and H were not pumping)

West Woburn East Woburn Significance
rate x 10° rate x 10° level
Perinatal deaths 17.3 (18/1,042) 16.7 (10/599) .55
Eye/Ear anomalies 4.4 (4/914) 2.0 (1/507) .58
CNS/Chromosomal/Oral cleft 41
anomalies 5.5 (5/914) 7.9 (4/507)
Childhood disorders and leukemia in unexposed children
No. residing in East Woburn
Total no. Significance
of cases Observed Expected (var.) level
Kidney/Urinary tract 28 4 3.7 (3.1) .33
Lung/Respiratory tract 136 26 23.3 (17.8) .26
Leukemia 11 3 3.7 (2.3) .68

NOTE: Significance levels for adverse pregnancy outcomes and childhood disorders based on one-sided exact tests and one-sided
stratified log-rank tests, respectively. Fractions in parentheses are events/pregnancies for perinatal deaths and events/7-day survivors

for congenital anomalies.

5.2 Potential Biases From the Sample Survey

Information about adverse pregnancy outcomes and
childhood disorders was obtained from a sample survey.
In the following sections we identify and discuss several
features of the survey that could have biased the tests of
association between G and H exposure and adverse health
events.

5.2.1. Sampling Frame. The sampling frame for the
survey was Woburn households with a listed telephone in
1982. The target population was pregnancies ending be-
tween 1960 and 1982 in women born since 1920. Families
that moved from Woburn prior to 1982 are not in the
sample. The omission of these families could distort the
association between G and H exposure and an adverse
health event if both (a) emigration rates varied with ex-
posure to wells G and H and (b) the adjusted (for risk
factors) event rates for families that moved from Woburn
differed from those of families that remained. We checked
the first condition by examining U.S. census records and
found the transiency rates for East and West Woburn to
be nearly identical. The second condition was more diffi-
cult to check because of limited published data and dif-
ferences in the ways in which adverse health events are
reported. The rates, however, of spontaneous abortion,
low birth weight, and musculoskeletal and cardiovascular

Table 9. Rates (x 10°) of Adverse Pregnancy Outcomes in Zones
A-C by Pumping Status of Wells G and H

Years wells Years wells

Gand H Gand H
Adverse pregnancy outcomes not pumping pumping
Perinatal deaths, 1970-1982 0 (0/103) 16 (4/258)
Eye, ear anomalies 4 (1/228) 19 (8/414)
CNS, chromosomal,
oral cleft anomalies 9 (2/228) 19 (8/414)

NOTE: Parentheses contain events per pregnancies for perinatal deaths and events per 7-day
survivors for congenital anomalies.

birth anomalies in the survey data are similar to those
reported elsewhere (Heionen et al. 1977; National Center
for Health Statistics 1972-1976, 1980; Shapiro et al. 1962).

5.2.2. Incompleted Calls and Refusals. Of the batches
of 25 telephone numbers distributed to the participating
interviewers, an average of 2 numbers were never called,
3 were called at least once but never completed, and 20
were completed. Phone numbers that were never distrib-
uted are, by the survey design, a random sample of the
numbers in the directory. Since telephone numbers are
noninformative with respect to location within Woburn,
those that were distributed but never called are also a
random sample. On the other hand, the households among
the 975 numbers that were called but never completed
might not be representative of those in the directory (e.g.,
more likely to be single-parent families). The proportions
of telephone numbers that were not completed, as well as
the average number of attempts to complete these, were
virtually identical in East and West Woburn. It still is pos-
sible that the omission of these households caused bias,
since the reasons they were not reached could have been
different in East and West Woburn in ways related to the
risks of adverse health events.

Among completed calls, the overall interview refusal
rate was 18%, which is quite good for a telephone or mail
survey (see Marks, Hogelin, Jones, Gentry, and Trow-
bridge 1983), and the rates for East (17.3%) and West
(19.0%) Woburn were similar. The size of tests of asso-
ciation with G and H exposure, however, could still be
distorted if the rates of adverse health events among re-
fusing households in East Woburn differed from those in
West Woburn (see Schlesselman 1982).

5.2.3. Interviewers and Respondents. Random errors
by respondents in the reporting of adverse health events,
or by interviewers in ascertaining and recording this in-
formation, cause a loss of sensitivity in tests for association
between G and H exposure and adverse health events.
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When error rates vary with exposure, the sizes of these
tests can also be distorted. Of particular concern are higher
rates of overreporting among exposed respondents and
higher rates of underreporting among unexposed respon-
dents, as these would increase the chances of a false-pos-
itive association with G and H exposure.

Recall that interviewers were not given the location of
their assigned households and were instructed to keep the
interview anonymous. Provided this anonymity was not
compromised, the error rates of interviewers should not
depend on the exposure status of the respondents. We
checked the accuracy of interviewers in ascertaining infor-
mation by recontacting certain respondents. We first re-
contacted 154 women who were reported to have a preg-
nancy loss to recheck information about this loss and about
their smoking status during pregnancy. In only three of the
callbacks was the initial information recorded by the in-
terviewers not confirmed. We also attempted to recontact
all households in which a perinatal death (post-1970), eye/
ear, or CNS/chromosomal/oral cleft anomaly was re-
ported, and the households corresponding to a random
sample of 30 and 10 of the lung/respiratory and kidney/
urinary disorders, respectively. We were able to reach the
households for 96 of these 102 adverse health events. All
96 events were confirmed by the respondents, although in
three instances the reported date of the disorder was dif-
ferent from that obtained in the original interview. These
results suggest that the rates of overreporting events by
interviewers are negligible and not dependent on the ex-
posure status of the respondent.

We also checked whether the survey results depended
on the residence (East Woburn, West Woburn, outside
Woburn) of the volunteer interviewer to which the survey
forms were assigned. Of the nine categories of childhood
disorders and eight categories of adverse pregnancy out-
comes, the only evidence of a difference in rates was with
CNS/chromosomal/oral cleft anomalies, where the results
for interviewers from outside Woburn were lower than
those for interviewers from East or West Woburn. In ad-
dition, since six interviewers were from the families of the
20 leukemia cases, and some of these are involved in liti-
gation concerning the contaminated water, we checked to
see if their survey results differed from those of the other
interviewers. There was no evidence of a difference, and
virtually identical study results would have been obtained
if the data from these six interviewers were omitted.

To check the accuracy of respondents in reporting health
information, we attempted to obtain medical verification
for the 96 confirmed disorders discussed previously. For
14 of these, the parents either refused to sign and witness
the required consent form that we sent them or they never
returned it to us. Of the remaining 82 events for which
consent was obtained, the physicians for 16 could not be
located, did not respond to our request for verification, or
were not the individual’s attending physician at the time
of the event. Thus we obtained responses for 66 events,
of which 62 were verified (37 unexposed, 25 exposed), 2
were equivocal (1 unexposed, 1 exposed), and 2 were not
verified (both unexposed). The nonverified conditions were
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a perinatal death (to a woman diagnosed as having a false
pregnancy) and a kidney infection (symptoms but negative
culture). These small false-positive rates for unexposed (2/
37) and exposed (0/25) respondents suggest that over-
reporting is infrequent and not more common among ex-
posed respondents.

Distortions to the size of tests for association with wells
G and H can also be caused by differential underreporting
of adverse health events by exposed and unexposed re-
spondents. It is well known that the ability to recall certain
adverse health events diminishes with time, especially with
less serious conditions. If respondents from East Woburn
had greater recall than those from West Woburn, perhaps
due to anxiety from a perception that they were exposed
to wells G and H, the probability of a false-positive as-
sociation with water from wells G and H would be in-
creased. We did not have the resources to check for this
potential bias directly by examining the medical records of
individuals who did not report an adverse health effect.
Nor did we ask about perception of exposure to wells G
and H in the survey. The data provide indirect evidence,
however, that differential recall did not play an important
role in the positive associations that were found. Specifi-
cally, if perception of G and H exposure among East Wo-
burn respondents caused them to have greater recall than
respondents from West Woburn, we would expect unex-
posed individuals from East Woburn to have higher event
rates than those from West Woburn. This was not evident,
however, with any of the disorders that were associated
with wells G and H (Sec. 5.1), nor with any of the other
adverse pregnancy outcomes. In addition, differential re-
call between respondents of East and West Woburn would
not explain the results in Table 9, where rates of adverse
health events in East Woburn depended on G and H ex-
posure status.
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Since the monthly amounts of water pumped by each of
Woburn’s municipal wells are routinely recorded, the pro-
portion of the town’s total water supply arising from wells
G and H is known. The estimation of this proportion for
individual residences, however, required a number of as-
sumptions and approximations and did not account for
water consumed by individuals at locations other than the
residence (e.g., at school). It is, therefore, important to
consider how errors in the estimation of G and H exposure
might have affected the analyses of association with ad-
verse health effects.

The DEQE estimates of G and H exposure did not de-
pend on the locations of any adverse health events. Thus
if there were no association between actual G and H ex-
posure and the risk of some disorder, a positive association
between estimated exposure and risk would necessarily be
a chance occurrence; that is, errors in the measurement of
exposure do not distort the size of tests. They do, however,
reduce the sensitivity of these tests.

To determine whether our results depended critically on
the specific exposure estimates that were used (i.e., those
in Table 1), we repeated the analyses of adverse pregnancy

Inexact Measurement of G and H Exposure
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outcomes using two coarser measures of G and H exposure.
First, keeping the same zones as before, we replaced each
original exposure score by 0, 1, 2, or 3 corresponding to
the intervals used in Table 5. Second, we partitioned Wo-
burn into two zones based on the city engineer’s 1980 de-
termination of the area of coverage of wells G and H under
average pumping conditions (Parker and Rosen 1981). We
then assigned a yearly score of 0 to the region of Woburn
that was estimated to have received no water from wells
G and H, and for the other region, a yearly score equal
to the percentage of all town water supplied by wells G
and H. Both analyses resulted in the same significant as-
sociations as the original analyses.

6. DISCUSSION

The motivation for this study was the MDPH’s finding
of a high rate of childhood leukemia in Woburn in the
wake of the discovery of contaminated drinking water and
their inability to assess the relationship between these events
because of inadequate G and H exposure information. There
is little doubt that leukemia rates in Woburn are high.
Between 1964 and 1983, 20 cases were diagnosed when
only 9.1 were expected. Our objective was not to compare
these rates with those elsewhere but to determine whether
the space-time distribution within Woburn of the 20 cases
was correlated with access to water from wells G and H.
Using a test derived from Cox’s (1972) regression model,
we found that both a “cumulative” and ‘‘none-some” met-
ric of G and H exposure were positively associated with
leukemia rates.

It does not appear that Woburn’s entire leukemia excess,
based on national rates, is statistically explainable by wells
G and H. The cumulative and none-some metrics statis-
tically explain about four and six cases, which still leaves
an excess of five or six cases. This difference is partially
due to recent results in West Woburn, which is estimated
never to have received any water from wells G and H.
Here four cases have been diagnosed since 1980, compared
with only four in the preceding 16 years (based on national
rates, only .9 cases were expected since 1980). Thus even
if wells G and H were responsible for some leukemia cases,
it does not appear that all of Woburn’s problems have
ended with their closure.

The sample survey collected information on 4,396 preg-
nancies, and in 16% of these there was some exposure to
wells G and H. For spontaneous abortions and low birth
weight, there was a relatively large number of events (520
and 220, respectively) and no evidence of an increasing
risk with increasing G and H exposure. For perinatal deaths,
there was a positive association [exp(&) = 10.0, P = .003]
with G and H exposure after 1970, primarily due to 3
stillbirths occurring among the 39 pregnancies with very
high (over 90%) G and H exposure. It is not clear why an
association was evident after 1970, but not earlier. If con-
taminants in the water did elevate the risk of a perinatal
death, these may have been present only in recent years
or may have elevated risk only at higher exposure levels.

The analysis of congenital anomalies in this or any study
is complicated by the many different types of anomalies
that can occur and by the infrequency of each type (see
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Table 3). If anomalies are grouped too finely in analyses,
there are problems of insensitivity due to the small numbers
of events per category and problems of interpretation due
to the multiplicity of analyses that must be carried out.
The use of broader categories reduces these problems but
has less interpretative value, since a factor that is associated
with a category need not be associated with each type of
anomaly in that category. Moreover, associations confined
to only a few types of anomalies in the category could go
unnoticed. For example, Saxen (1969) noted that thalido-
mide would not have been detected as a cause of anomalies
of the extremities if all birth anomalies had been grouped
into a single category.

Our grouping of anomalies into five categories, including
two (CNS/chromosomal/oral cleft and “other”) with dif-
ferent types of anomalies, was an attempt to strike a bal-
ance between these two extremes and to use prior knowl-
edge about which anomalies might be more susceptible to
environmental insults. We found no evidence of an asso-
ciation between G and H exposure and the categories of
musculoskeletal, cardiovascular, and ‘“other” anomalies,
but found positive associations with eye/ear [exp(&) =
149, P < .0001] and CNS/chromosomal/oral cleft
[exp(&) = 4.5, P = .01] anomalies. For the latter, exposed
women had higher rates of CNS and chromosomal defects,
but not of oral cleft defects. Of the nine chromosomal
anomalies, seven were Down’s syndrome, including the
three with nonzero (.54, .95, .95) G and H exposure scores.
This is noteworthy because of the association between
Down’s syndrome and leukemia in sibships (Miller 1963)
and a previously reported double population cluster of leu-
kemia and Down’s syndrome (Dowsett 1966).

The survey also collected health information about 4,978
children, of whom 27% had some exposure to wells G and
H. Five categories of childhood disorders (allergies, ane-
mia, learning disabilities, neurologic, and other) gave no
indication of an association with wells G and H and in-
volved a sufficiently large number of events to make us
confident that a moderate or large effect is unlikely to have
gone undetected. There were far fewer events in the dia-
betes (19) and heart/blood pressure (21) categories, al-
though neither gave any indication of a positive associa-
tion. On the other hand, positive associations were found
between cumulative G and H exposure and lung/respira-
tory tract and kidney/urinary tract disorders. We are not
aware of any reported associations between these two types
of disorders and the contaminants found in wells G and
H. The plausibility of such an effect, however, cannot be
ruled out because, once blood-borne, contaminants can be
circulated throughout the body. Indeed, both of these types
of disorders have been associated with other contaminants
(see CDC 1984; Ehrenreich 1977; Nakanishi et al. 1985).

Because this was an observational study, some or all of
the six positive associations with wells G and H could be
purely statistical, having occurred because the true causal
factor (confounder) was not controlled for and has a dis-
tribution that is correlated with that of water from wells
G and H. U.S. Census data show East and West Woburn
to be very similar with respect to ethnicity, socioeconomic
status, and job types (Bureau of the Census 1960, 1970,
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1980), and hence it does not seem likely that these would
be confounders. In addition, the MDPH leukemia study
examined information on family and occupational history,
previous medical treatment, church membership, and cer-
tain environmental factors, and none of these distinguished
their cases and controls. More generally, the similarity of
baseline rates in East and West Woburn and the higher
rates within East Woburn for exposed individuals suggest
that a potential confounding factor would not be a purely
“regional” variable, but one whose distribution also varied
over time similar to the distribution of water from wells G
and H.

A difficulty in trying to determine whether wells G and
H caused any adverse health events is the lack of knowl-
edge about the contaminants in wells G and H and the
effects of these contaminants on human health. Several of
the chemicals detected in 1979 have been shown to cause
cancer in laboratory animals (National Cancer Institute
1976, 1977; Page and Safiotti 1976) when given in high
concentrations, and others found in the surrounding
groundwater are suspected of causing cancer in humans
(see Davies 1978; Fraumeni 1975; White, Infante, and Chu
1984). The effects on humans, however, of exposure to
these chemicals at lower concentrations and in combination
are not well understood. Furthermore, the types and levels
of contaminants in wells G and H prior to 1979 are not
known. Thus wells G and H might have become contam-
inated shortly before they were tested in 1979, or might
have been contaminated for many years, at much higher
levels and with chemicals other than those found in 1979.
The EPA is currently conducting geological studies to de-
termine the sources of the contaminants found in wells G
and H and the surrounding groundwater. These studies
might make it possible to predict the types and levels of
contamination in earlier years. Without this information,
it is unlikely that the role of wells G and H as a cause of
adverse health outcomes will ever be fully understood.

A key question among citizens is whether individuals
who were formerly exposed to wells G and H might still
be at elevated risk. One way this can be investigated is by
monitoring adverse health outcomes in Woburn over the
next few years. In the 3 years following the closure of wells
G and H, the rates of perinatal deaths, eye/ear, and CNS/
chromosomal/oral cleft anomalies in Zones A—C have de-
clined to levels comparable with the rest of Woburn (Table
7). If these rates, as well as those of leukemia, lung, and
kidney disorders, continue to remain low in these areas,
individuals who were formerly exposed to wells G and H
will have reason to believe that any earlier elevation in
risk that might have been due to wells G and H is no longer
present.

APPENDIX: ESTIMATES OF E, AND V, FOR
LEUKEMIA SCORE TEST OF « = 0 BASED
ON REGIONAL DISTRIBUTION
OF THE POPULATION

Suppose that the town is partitioned into R exposure regions
and that e(r, u) denotes the annual G and H exposure score for
individuals who reside in region r in year u. Assume that a child
can live in at most one of the R regions of the town and that the
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age-specific transition rates into (i.e., birth and immigration) and
out of (i.e., death and emigration) the town do not vary by region.

Let d(u) equal 1 if a child lived in the town in year u, and
equal 0 otherwise, and let A be the vector whose rth component
is 1 if the child lived in region r, and 0 otherwise. Then under
the null hypothesis, A has the multinomial distribution with pa-
rameter II = (n,, 7y, . . ., mz)7, where 7, is the fraction of children
in the town that live in region r.

The vector of possible cumulative exposure scores for the child
is given by

e = D d(ue(w),

where e(u) = (e(1, u), e(2, u), . . . , e(R, u))". The observed
cumulative exposure score is X = e’A. Conditional on the d(u),
the mean and variance of X under the null hypothesis are, there-
fore,

eIl = > S(u)e(u)’l (A1)

and
e’[diag(Il) — MII"]e = i {2 e(r, u)é(u)}2 — (eI

(A.2)

Modifications of this formula for other exposure metrics are
straightforward. In addition, it can be shown that the right side
of (A.2) is greater than the variance of X when children can move
between different regions of the town. In these circumstances, a
test based on (A.2) will be conservative.

[Received July 1984. Revised January 1986.]
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