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ABSTRACT
Organochlorines are a diverse group of persistent synthetic compounds, some of
which are detectable in nearly everyone. Many organochlorines are endocrine
disruptors or carcinogens in experimental assays. p,p’-DDE (dichlorodiphenyl-
dichloroethene) and PCBs (polychlorinated biphenyls) comprise the bulk of orga-
nochlorine residues in human tissues. We reviewed relevant human data cited in
the 1991-1995 Medline database and elsewhere. High-level exposure to selected
organochlorines appears to cause abnormalities of liver function, skin (chloracne),
and the nervous system. Of more general interest, however, is evidence suggest-
ing insidious effects of background exposure. Of particular concern is the finding
of neonatal hypotonia or hyporeflexia in relation to PCB exposure. The epidemio-
logic data reviewed, considered in isolation, provide no convincing evidence that
organochlorines cause a large excess number of cancers. A recent risk assessment
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212 LONGNECKER, ROGAN & LUCIER

that considered animal data, however, gives a cancer risk estimate for background
exposure to dioxin and dioxin-like compounds (e.g. some PCBs) with an upper
bound in the range of 10~ per year.

INTRODUCTION

Overview

The decades after World War II saw the large-scale production of cheap, long-
lasting synthetic petrochemicals, e.g. pesticides, dielectrics, plasticizers, and
fire retardants. The realization that persistent chemicals could be both uncon-
trollable and unexpectedly toxic is usually attributed to Rachel Carson, who
published Silent Spring in 1962 (18).

The halogenated organic compounds that resist degradation, are lipophilic,
and that tend to bioaccumulate are often considered as a group in toxicology
and public health. Tables 1 and 2 list important examples of this diverse group
of synthetic compounds; several of these have been widely distributed in the
ecosystem, are frequently found at low levels in human tissue, and are toxic.
Most organohalogens of public health importance are organochlorines. The
exception is PBBs (see Tables 1 and 2 for definition of all acronyms used), man-
ufactured as a flame retardant (11), which entered the food chain in Michigan
in the 1970s when accidentally fed to livestock.

One way to broadly classify organochlorines is according to whether they are
(Table 1) or are not (Table 2) pesticides. Most of the organochlorine pesticides
are insecticides; hexachlorobenzene is a fungicide. Among the nonpesticide
organochlorines is 2,3,7,8-TCDD (a PCDD), the most toxic synthetic chemical
known. Throughout this review dioxin is defined as 2,3,7,8-TCDD, and PCDDs
in general are called dioxins. Dioxin exerts most of its toxicity by occupying a
receptor, the Ah receptor. Many specific compounds among the nonpesticide
organochlorines exert toxicity by the same (dioxin-like) mechanism. For ex-
ample, the “coplanar” PCBs (see Table 2, column 3) and 2,3,7,8-PCDF have
dioxin-like activity. Most PCBs, however, do not have dioxin-like activity.
PCBs were produced in large quantities until the 1970s for use in electrical
equipment and other applications. When PCBs or other materials are subjected
to extreme heat, such as in incinerators, PCDFs and PCDDs are produced.
PCDFs and PCDDs also are produced as contaminants in chemical manufac-
turing; contamination of the herbicide Agent Orange with dioxin is an example.

Many organochlorine compounds can be detected in the blood of general
population samples in the United States (Tables 1, 2) (99, 107). PCDDs and
PCDFs are present at concentrations about one thousandth or one ten thousandth
of p,p’-DDE and PCBs levels. The median concentration of p,p’-DDE in serum
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(12.6 ppb =37.7 nm/L) (107) is more than 100-fold greater than that of estradiol
in premenopausal women on a molar basis and is about the same as that of
testosterone in men. Many organochlorines have been shown to be carcinogenic
in animal models (61).

Many organochlorines, most notably o,p’-DDT, are weakly estrogenic
(Tables 1, 2) (64, 106), with estrogenic activity a thousandth or less than that
of estradiol. Most exposure to 0,p’-DDT is a consequence of direct exposure to
pesticide application. In the general population, the less estrogenic p,p’-DDT,
and its metabolite, p,p’-DDE, are present in blood in much higher concentra-
tions than o,p’-DDT (107), reflecting their slower metabolism and the fact that
the primary source of exposure is diet. p,p’-DDE was recently found experi-
mentally to inhibit androgen binding to the androgen receptor (64). Because
dioxin has antiestrogenic properties (94), the dioxin-like coplanar PCBs would
also be expected to have antiestrogenic activity.

p.p’-DDE and PCBs comprise the bulk of organochlorine residues found in
human adipose tissue, milk, or blood. In this review, we focus on DDT (and
derivatives) and PCBs because of their higher levels in humans. We briefly re-
view the health effects of dioxin because some PCBs have low-potency dioxin-
like activity. In addition, although dioxins are present at much lower concen-
trations than p,p’-DDE and PCBs, their extreme potency make it biologically
plausible that health effects could occur at ambient levels of exposure. We
also briefly consider the health effects of PCDFs because some have dioxin-
like activity and therefore assessment of the potential toxicity of dioxin-like
compounds is informed by data on PCDF effects. Data on other organochlo-
rine compounds are not considered here, because blood levels in humans are
less often detectable and fewer human data on health effects are available. We
note, however, a mass poisoning with hexachlorobenzene (46), and epidemics
of seizures due to endrin-contaminated food (116).

Methods

We identified data for consideration in this review as follows: the WinSPIRS-
Medline software (Silver Platter Software International, N.V., 1995) was used
to search the Medline Express database covering 1991-1995; the search was
executed in February 1996. For each medical subject heading (MESH) searched
(DDT, DDE, polychlorinated biphenyls, and dioxins), the term was “exploded”
and the scope was limited to human studies published in English. From the result
of the search, we identified reports of cross-sectional, case-control, and cohort
studies, and reviews. Other relevant data were identified from the reference
lists in the publications so identified. In addition, other relevant materials were
identified by consultation with subject matter experts. Data were considered
supportive of a causal relation if findings of an effect were consistent and the
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216 LONGNECKER, ROGAN & LUCIER

potential for bias limited. Along with human data, animal data are needed for
a complete risk assessment, but are outside the scope of this review.

For each type of organochlorine reviewed, we provide a note on history
and background exposure and then group the findings according to the type of
outcome.

Chemistry

The persistent organochlorines have at least one ring in their structure. The
chemical structure of the compounds considered in greatest detail in this re-
view are shown in Figure 1. The dichlorodiphenylethanes and PCBs have
two aromatic rings, and the PCDFs and PCDDs have three. The PCBs found in
greatest quantity in human tissues have 6 or 7 chlorines. The PCBs with the most
dioxin-like activity (coplanar PCBs) are chlorinated at both para positions (4,4'-
chlorinated) and two or more meta positions (3,5,3, and 5'- are meta positions).
In fact, all the PCBs, PCDFs, and PCDDs with the greatest dioxin-like activ-
ity have chlorines at the far ends of the molecule and not elsewhere. The term
congener is used to refer to acompound with a specific arrangement of chlorine.

Toxic Equivalency Factors and Other
Mechanistic Considerations

Most, if notall, 2,3,7,8-TCDD toxicity and that of other compounds with dioxin-
like activity is mediated through binding with the Ah receptor (113). To quantify
the dioxin-like activity of a compound on a scale reflecting toxicologic activ-
ity relative to pure dioxin, the toxic equivalency factor (TEF) approach is used,
where the concentration of the compound with dioxin-like activity is multiplied
by a weight (TEF). TEFs are based on findings from a variety of experimental
settings and species, and no specific set of TEFs has achieved universal accep-
tance. For a mixture of compounds, the product of the concentration and TEF
for each compound (the toxic equivalence [TEq] for the compound) is summed
across all compounds present to obtain a total toxic equivalency for the mixture.
Because dioxin and dioxin-like compounds are often present as complex mix-
tures, expressing their toxicity as total TEq facilitates regulation and evaluation
of effects. An example calculation follows: Suppose a subject was found to
have a blood level of OCDD of 1 x 10~ g/g, and of dioxin of 1 x 107!2 g/g (both
expressed per gram of blood lipid). With a TEF for OCDD of 0.001, and a TEF
for dioxin of 1 (93), the total TEq presentis 1 x 107° x 0.001+1x 10712 x I, or
2 pg/g. TEq calculations based on analyses of dioxins and PCBs in samples of
human milk from The Netherlands showed that about half the total TEq could
be attributed to dioxins and the other half was from PCBs (67). Estimates of this
type made in human samples from several other countries, however, suggest
PCBs contribute the majority of total TEq (86).
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Figure 1 The chemical structures of the compounds considered in detail in this review.
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218 LONGNECKER, ROGAN & LUCIER

Organochlorines in groups that include congeners with dioxin-like activity
may affect health via mechanisms other than that comparable to dioxin. For
example, several lower molecular weight PCBs with TEFs of O cause neurologic
damage in rats and primates (93).

The Problem éf Mixed Exposures

For many organochlorines, particularly the nonpesticides, exposure tends to be
to a mixture of congeners of the same group, to mixtures of congeners from
different groups, or to mixtures including other chemicals. In the case of Agent
Orange, the health effects of the active ingredients (2,4-dichlorophenoxyacetic
acid [2,4-D], 2,4,5-trichlorophenoxyacetic acid [2,4,5-T]) are hard to distin-
guish from that of the Agent Orange contaminant dioxin. In the Yu-Cheng
incident in Taiwan, rice oil was accidentally contaminated with a mixture of
PCBs, PCDFs, and other compounds. Occupational exposure to dioxin has
been shown to be correlated with exposure to 4-aminobiphenyl, a known hu-
man carcinogen (22). Furthermore, background exposure to dioxins and PCBs
appears to be highly correlated (67, 86). Thus, the available data on health
effects of organochlorine exposure frequently cannot be readily interpreted as
due to a specific compound.

The health effects of occupational and general population exposures to org-
anochlorine compounds are often considered together in this review. We note,
however, that the nature of exposure, apart from dose, in the two settings is often
different, and so may be the effects. Exposure to DDT by pesticide applicators,
for example, is primarily to p,p’-DDT, whereas it is the p,p’-DDE metabolite
to which nearly all of the general population is exposed via diet. Similarly,
occupational exposure to PCBs results in exposure to more lower molecular
weight congeners than does the general population exposure, which also comes
from diet.

DDT AND RELATED COMPOUNDS

A Note on History and Background Exposure

From the 1940s to the 1960s, organochlorine pesticides, including DDT, saw
widespread use in the United States, especially in agriculture and forestry (27).
Production and use of DDT in the United States has been banned since 1972,
and similar policies regarding most other organochlorine compounds have been
enacted (Lindane is a notable exception).

The DDT preparation typically used was technical grade DDT, a mixture
made primarily of p,p’-DDT, with a lesser quantity of o,p’-DDT and related
dichlorodiphenylchloroethanes. Although p,p’-DDT and o,p’-DDT have half-
lives of about 7 years (125), the half-life of p,p’-DDE, a metabolite of p,p’-DDT,
1s much longer, accounting for its greater concentration in humans (Table 1).
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With the decrease in use of DDT, blood levels of dichlorodiphenylchloroeth-
anes have fallen; levels among those in the general population in the 1960s
were about five times higher than at present. Nonetheless, exposure is ongoing
because of accumulation in the biosphere. Meat and fish are the main sources of
exposure for adults. Children also get organochlorines in their mother’s milk.

Data on Human Health Effects

PANCREATIC CANCER Garabrant et al (42) found that among workers at a
chemical manufacturing plant, exposure to technical grade DDT was associated
with increased risk of pancreatic cancer (odds ratio for ever-exposed, 4.8, 95%
CI 1.3-17.6). Risk increased with duration of exposure. Effects of exposure to
related compounds, such as DDD [1,1-dichloro-2,2,-bis(p-chlorphenyl)ethane,
a dichlorodiphenylethane] were also evaluated and were associated indepen-
dently with increased risk. The findings were based on 28 cases, and asso-
ciations with over 400 chemicals were studied. Other studies among cohorts
of workers highly exposed to DDT in chemical manufacturing (26, 123) have
been too small to be informative regarding an association with pancreatic or
other specific cancers.

NON-HODGKIN'S LYMPHOMA  In two large US case-control studies, agricult-
ural exposure to DDT, as assessed by questionnaire, was associated with in-
creased risk of non-Hodgkin’s lymphoma (17, 126). Subjects who handled
DDT without protective equipment when applying it to crops had an odds ratio
of 2.0 (95% CI 1.3-3.1) in an analysis adjusted for exposure to other insectides
and risk factors (17). In the other large study (126), use of DDT was associated
with an odds ratio of 1.8 (95% CI 1.0-3.2). One (51) of two smaller Swedish
case-control studies also suggested an increased risk with exposure [odds ratio
1.6 (no CI given)], whereas in the other (85) none of the cases had been ex-
posed to DDT. Overall the data suggest an association between increased risk of
non-Hodgkin’s lymphoma and exposure to DDT in farming or related activities.

BREAST CANCER Data on the relation between p,p’-DDE levels and risk of
breast cancer can be categorized into two groups, according to degree of in-
formativeness. The first group of studies (25, 35, 82, 114, 117) is relatively
uninformative. In the five studies, all with fewer than 50 cases, the level of
p.p’-DDE in adipose tissue of cases and controls was compared. Controls were
not carefully selected to represent exposure in the population where the cases
originated. A summary measure of the association in the five studies, the aver-
age log, ratio of mean p,p’-DDE levels in cases and controls (1), was 1.03 (95%
CI1 0.98-1.08). On the whole, the data from the five studies are not especially
supportive of a p,p’-DDE-breast cancer relation.

Data from two larger studies of p,p’-DDE and breast cancer are more infor-
mative (Table 3) (70, 122). In each study, the cases and controls were from
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Table 3 Results of two studies of serum DDE and PCB levels in relation to risk of breast cancer

Mean serum levels Adjusted Odds Ratio (95% CI)
Number of in controls (ug/L) for high: low levels®
Author cases controls DDE PCB DDE PCB
Wolff (122) 58 171 77 6.7 3.68 (1.01-13.50) 4.35(0.90-22.0)
Krieger (70) 150 150 43.1 4.8 1.33 (0.68-2.62) 0.94 (0.48-1.84)
White 50 50 35.0 42 2.38(0.54-10.64) 0.45(0.09-2.20)
Black 50 50 43.4 4.5 3.85(0.93-16.05)  2.21 (0.70-6.98)
Asian 50 50 50.8 5.6 0.71 (0.23-2.18) 0.78 (0.24-2.58)

“For the Wolff et al study (122) the contrast is between high and low quintiles; for the Krieger et al study (70) it
is between high and low tertiles. The confidence interval for the PCB value from the Wolff et al study (122) was
estimated from a graph.

the same well-defined population, and the results were adjusted for potential
differences between subjects with high and low p,p’-DDE levels. The lower
p.p’-DDE levels in the study by Wolff et al (122) are due to the samples being
obtained after 1984, whereas those in the study by Krieger et al (70) were from
the 1960s. Adami et al (1) calculated the odds ratio per standard deviation
increase in p,p’-DDE level in the Wolff and Krieger studies; on that scale, the
odds ratios for the Wolff results were markedly higher, possibly because of
an anomalous relation of lactation with p,p’-DDE levels in the study subjects
(74). The odds ratio per standard deviation increase in p,p’-DDE for both stud-
ies combined was 1.27 (95% CI 0.95-1.69). While the data from the study
by Wolff et al (122) clearly support an association, the overall data from the
study by Krieger et al (70) do not. Krieger et al (70) studied the p,p’-DDE-
breast cancer association by race because of the higher organochlorine levels in
some groups (107). Among the most highly exposed group (Asians), however,
evidence of a direct p,p’-DDE-breast cancer relation was weakest. Although
effect modification by race could account for the associations suggested among
whites and blacks in the Kreiger study, the logic behind focusing on findings
that support an association (96) rather than on the results as a whole is based on
conjecture. Overall, the data on p,p’-DDE exposure and risk of breast cancer
are inconclusive.

OTHER CANCERS  Case-control studies using questionnaires to assess exposure
to DDT in relation to risk of other cancers suggest that for soft-tissue sarcoma
no association exists (34, 52, 126), and that for leukemia (15, 41) and Hodgkin’s
disease (51, 85) the results are mixed and inconclusive.

REPRODUCTIVE EFFECTS By modern standards, good data on the relation of
DDT expesure to adverse reproductive outcomes are nearly nonexistent. The
two most statistically powerful studies of this issue (72, 84) were case-control
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studies of maternal blood DDT (primarily p,p’-DDE) levels in relation to spon-
taneous abortion. In neither study were case-control differences evident. Data
from several small studies (88, 97, 98) showed cord tissue or cord blood DDT
(mostly p,p’-DDE) levels were higher in premature infants than in term infants.
The importance of these findings, however, is unclear owing to the possibility
that the results are confounded by lipid levels or risk factors for prematurity,
and because early fetal loss was not assessed in these studies.

IMPAIRED LACTATION  Higher levels of p,p’-DDE in maternal milk have been
associated with shorter duration of lactation (45, 92). In the first study (92),
among women lactating for the first time, lactation was 0.9 week shorter (95%
CI —1.7 to —0.1) for each 1 ppm increase in p,p’-DDE/g milk fat, and a similar
association was observed for subsequent lactations. In the later study (45),
done among a Mexican population where exposure to p,p’-DDE was higher, an
association of milk p.p’-DDE with shorter duration of lactation was seen among
women who had previously lactated, but not among women who were lactating
for the first time. Because p,p’-DDE is excreted in milk and the duration of
breast-feeding for each of a woman’s children tend to be similar, a short first
lactation, resulting in higher milk p,p’-DDE levels, is likely to be followed by
a short second lactation, independent of a biologic effect of p,p’-DDE on dura-
tion of lactation. In a simulation done by Gladen & Rogan (45), however, the
effects of breast-feeding duration and p,p’-DDE excretion via lactation were
taken into account, and an independent effect of p,p’-DDE level on duration of
lactation after the first child was evident in their data. Atany rate, an association
of p,p’-DDE with duration of first lactation is more directly interpretable than
associations with later lactations. The absence of an association of p,p’-DDE
with duration of first lactation in the Mexican population is a notable inconsis-
tency with the findings in the first study, and thus overall the data on lactation
duration and p,p’-DDE levels remain suggestive but inconclusive.

ANDROGEN RECEPTOR ANTAGONISM  Recent concerns that environmental hor-
mones might be related to falling sperm counts and disorders of the male re-
productive tract (101) merit consideration. Increased rates of testicular cancer
and cryptorchidism (43), and decreased sperm counts and quality (4) remain
unexplained. Kelce et al (64) recently reported that p,p’-DDE binds to the rat
androgen receptor, thereby antagonizing the effect of androgen, and noted that
the levels of p,p’-DDE that had measurable effects in their in vitro system were
comparable to those observed in humans in areas contaminated with DDT. Bush
et al (16) found the levels of p,p’-DDE in the semen of men with and without
fertility problems were similar. Due to hormonal regulation in the fully de-
veloped human, however, compensation for antagonism by p,p’-DDE could be
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complete. But in the embryo or fetus, the absence of a mature endocrine system
increases the possibility of adverse effects of androgen antagonists.

NEUROLOGIC EFFECTS DDT is an insecticide because it inhibits neuronal re-
polarization. Manifestations of DDT poisoning in humans arise by the same
mechanism (27). Symptoms of poisoning include perioral and lingual pares-
thesia, apprehension, hypersensitivity to stimuli, irritability, dizziness, vertigo,
tremor, and convulsions (28, 53). Workers who were highly exposed to DDT
and monitored for neurologic abnormalities showed no consistent evidence of
adverse sequelae (53). In North Carolina children with ambient exposure to
p.p’-DDE, levels of exposure were not associated with neurologic or develop-
mental abnormalities (44).

OTHER HEALTH EFFECTS  Highly exposed workers have lower serum bilirubin
and slightly elevated serum levels of selected liver function tests (81). The
lower serum bilirubin levels are possibly due to activation of hepatic cytochrome
oxidases. Levels of plasma p,p’-DDT showed a strong inverse correlation with
natural killer lymphocyte levels in a small study including some frequent fish
consumers (109), but levels of other organochlorine compounds were correlated
with those of DDT, complicating interpretation.

Summary

Other than the long-recognized neurologic toxicity associated with DDT poi-
soning, and laboratory abnormalities in DDT-exposed workers, human health
effects of DDT exposure are not established.

The data relating occupational exposure to DDT and pancreatic cancer, and
questionnaire-assessed DDT exposure with non-Hodgkin’s lymphoma are sus-
picious and worthy of follow-up. The report that exposure to p,p’-DDE at levels
not much above background may antagonize androgen activity, coupled with the
potential decline of sperm counts and normalcy, is of note. Many other factors,
however, could be responsible for the decline, and rates of cryptorchidism ap-
pear to have been increasing when DDT levels were falling. Whether p,p’-DDE
or related DDT compounds decrease duration of lactation remains unresolved.
In developing countries where DDT is still in use. a concomitant decrease in
lactation could contribute to infant mortality.

Many studies of serum p,p’-DDE levels and breast cancer are now under
way. If a positive association is found, its interpretation may be difficult. For
example, a recent study reported that central obesity, itself a potential breast
cancer-risk factor, is associated with higher serum p,p’-DDE levels (24). Thus
blood levels of this compound may reflect a subject’s metabolism and p,p’-DDE
levels themselves may not be responsible for an increased risk.
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PCBs

A Note on History and Background Exposure

From the 1920s until 1977 PCBs were produced in the United States for use
in capacitors, transformers, carbonless copy paper, and other applications (12).
The PCB mixtures used varied according to the average level of chlorination and
distribution of congeners. By far the best-selling PCB mixture was 42% chlo-
rine by weight (Aroclor 1242), which consisted of 1% monochlorobiphenyls,
13% bichlorobiphenyls, 45% trichlorobiphenyls, 31% tetrachlorobiphenyls,
and 10% pentachlorobiphenyls. The half-life of PCBs varies according to the
specific congener and ranges from 1 day to 70 years (78). With few exceptions,
extant epidemiologic data on health and PCBs address exposure to total PCBs,
not congener-specific exposure.

Few good data exist on trends in levels of PCBs in humans. Over the past
25 years levels may have declined slightly. As with DDT, exposure is ongoing
owing to accumulation in the biosphere. Meat and fish are the main sources of
exposure for adults, and children get additional exposure from human milk.

Data on Human Health Effects

CANCER  For the cancer sites shown in Table 4 (except breast), data from at
least one study have suggested an association with occupational PCB expo-
sure. For these sites (and breast), we have summarized all the data available
from cohort studies of PCB-exposed workers. Most studies were of capaci-
tor workers (8, 13, 48, 59, 83, 103; PR Taylor, unpublished manuscript), and
two were of transformer workers (73, 127). The small number of expected
cases for any given cancer site (Table 4) reflects that, in general, the cohorts
were relatively small and had limited lengths of follow-up. Published results
were supplemented via correspondence with investigators to complete the table
where possible. The minimum length of employment required for inclusion in
the studies ranged from one day (103) to six months (48), and the level of expo-
sure varied widely among those included in the cohorts. The summary SMRs
and their Poisson-based 95% confidence intervals (10) shown at the bottom of
Table 4 therefore provide only a rough indication of overall association.

The SMR in Table 4 for skin cancer and occupational PCB exposure was 1.8.
The association is driven almost entirely by the results from Sinks etal (103). All
of the skin cancers observed in that study were melanomas. Risk of melanoma,
however, was not related to estimated cumulative PCB exposure. An associa-
tion between melanoma and occupational PCB exposure in an additional cohort
was reported in a letter (5) (2 cases observed, 0.04 expected). Another finding
of note from Table 4 was that the observed number of kidney cancers exceeded
the number expected in all cohorts except one. In addition, a cluster of three
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cases with kidney cancer among PCB-exposed utility company workers has
been reported (100). The elevated summary SMR for pancreatic cancer reflects
primarily the increase found by Yassi et al (127). In that study, the increase in
pancreatic cancer was greatest among those who were most exposed—workers
who assembled transformers for more than six months. In the largest of the
PCB-exposed cohorts, a greater-than-expected number of deaths from pancre-
atic cancer was also observed (PR Taylor, unpublished manuscript). Overall,
data on occupational PCB exposure and cancer risk are inconclusive.

BREAST CANCER  Much of what was said above regarding p,p’-DDE and breast
cancer applies to the data on PCBs and breast cancer. In the smaller, less
informative case-control studies (4 had PCB data), the average log. ratio of
mean PCB levels in cases and controls (1) was 1.06 (95% CI 0.95-1.19). The
results for PCBs presented in the study by Wolff et al study (122) suggest
an association (Table 3), although the original authors noted that when the
estimate was adjusted for p,p’-DDE the PCB effect was decreased by half (not
shown). The results overall of the study by Kreiger et al (70) do not support
an association. The odds ratio per pug/L increase in serum PCB level for both
studies combined was 1.02 (95% CI 0.94-1.11) (1). The summary SMR for
breast cancer (Table 4) for occupational PCB exposure does not support an
association. Overall the data on PCB exposure and risk of breast cancer are
inconclusive, but suggest no association.

REPRODUCTIVE EFFECTS  Studies of pregnancy outcome in relation to PCB
exposure have been prompted by the results of experiments among animals
(80) and the experience in Taiwan and Japan with mixed PCB/PCDF exposure
(discussed later). Women occupationally exposed to PCBs gave birth to children
who were ~60 g lighter than children of women from the same plant who
were less exposed (112). This difference was partially explained by a shorter
gestation (1/3 of a day) among those exposed.

In populations less exposed to PCBs, the relation between birth weight,
gestational age, and level of exposure has been inconsistent, with some studies
showing lighter babies among those with greater exposure (36, 118), others
showing no effect (91), and still others where increased exposure was associated
with slightly heavier babies (23, 105).

With respect to effects on spontaneous abortion or stillbirth, exposure to
PCBs was not found to increase risk among women living near the Great Lakes
(23, 80). Blood PCB levels among women with miscarriage were found to be
higher than in women with normal deliveries in one study (72). but the level
of many potentially confounding factors were related to PCB levels and the
analysis included no adjustment for these.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



226 LONGNECKER, ROGAN & LUCIER

SPERM FUNCTION Among PCB-exposed workers sperm counts were nearly
identical to those in acomparison group (32). In a study of men with background
exposure, PCB levels in seminal fluid were unrelated to sperm count or motility
(16). In a subgroup of infertile subjects in that study, however, sperm motility
was inversely related to PCB level, but whether the reduction in motility was
due to PCBs was unclear.

NEUROLOGIC DEVELOPMENT Neurologic and developmental status in chil-
dren, as assessed at birth with the Brazelton Behavioral Assessment Scale
and subsequently with other measures, has been examined in relation to PCB
exposure among two US cohorts, one in North Carolina (89) and a second in
Michigan (62, 63). In the North Carolina children, who were essentially a pop-
ulation cross-section, those whose level of prenatal exposure was among the
highest 5-10% showed hypotonia (decreased muscle tone) and hyporeflexia
at birth and slower motor development on serial examinations until 2 years
of age. The PCB-hypotonia/hyporeflexia association was not confounded by
other known determinants of neurologic or behavioral abnormalities at birth.
The Michigan children were born to mothers who were frequent lake (PCB-
contaminated) fish consumers, or lake fish abstainers. Among children whose
mother ate the most fish, hyporeflexia at birth was observed more often. When
level of prenatal PCB exposure in Michigan was based on measured values, as
it was in North Carolina, however, the relation of exposure to this finding was
less clear. Nonetheless, at various points during follow-up up to 4 years of age,
slower cognitive development was found in those with the highest measured
transplacental PCB exposure.

In a more recent study, neurologic “optimality” in newborns was examined
in relation to PCB levels in The Netherlands (57). Among those with greater
PCB exposure the prevalence of hypotonia was increased and prevalence of
neurologic optimality was reduced—findings like of those in the US studies. In
the Dutch study, however, the levels of PCBs were highly correlated with those
of dioxins (67). Thus, whether the associations observed were attributable to
PCBs is unclear. Despite the occurrence of ambiguous or inconsistent findings
within and across studies of neurologic development and PCB exposure, the
data overall indicate that high prenatal PCB exposure encountered in general
populations in developed countries may be adversely affecting children. The
greater but later exposure from the mothers’ milk, however, is so far without
consistent effect (89).

LIVER FUNCTION ABNORMALITIES A relation between occupational exposure

to PCBs and abnormal findings on routine physical and laboratory examination
has been reported in a number of cross-sectional studies (20, 30,71, 76, 104). A
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frequent finding was subtle elevations of serum enzymes of hepatic origin,
especially y-glutamyl transferase (GGT). The particular PCB mixture used, the
level of exposure, the degree of contamination with PCDFs, and the concurrent
exposure to other compounds, however, varied across studies. In addition, the
number of exposed subjects was generally less than 100 and a rudimentary
analysis of data obtained. These obfuscating factors aside, the data suggest
that exposure to large amounts of PCBs causes alteration of liver function.
Whether this alteration merely reflects induction of liver metabolizing enzymes
or whether it has clinical significance is not clear. Because of the relatively
small size of the occupational cohorts exposed to PCBs, few investigators have
reported findings for death from liver cirrhosis. SMRs for cirrhosis of 107 (95%
CI39-233)(14), 50 (95% CI 10-146) (PR Taylor, unpublished manuscript), and
9 (95% CI 0-50)(103), however, have been observed. Background exposure to
PCBs, slightly higher than average due to frequent fish consumption, was found
to be associated with GGT level in a survey of 458 people in Alabama (69).

INDUCTION OF THE P450 SYSTEM  Experimental data from animal studies clear-
ly show that PCBs induce P450 metabolizing enzymes (93). The half-life of
antipyrine, a drug metabolized by this enzyme system like phenobarbital, was
studied in PCB-exposed workers and controls, and was found to be 50% shorter
among the exposed (2). A less dramatic, but similar decrease was found in a
second group of workers exposed to higher-molecular-weight PCBs (30).

THYROID In men occupationally exposed to PCBs (31), thyroid hormone lev-
els bore no clear relation to measured PCB levels. In mothers and their children
from Rotterdam, background levels of PCB exposure, as assessed in breast
milk, was associated with lower maternal Ty and T4 levels and higher infant
TSH levels (68). The hormone levels observed, however, were within normal
limits, and the associations observed may have been due to dioxins (PCB and
dioxin levels were highly correlated in that population). In addition, gender
or pregnancy-related effects, or differences in PCB composition may account
for the discrepancy between the results of the occupational and background-
exposure studies.

IMMUNOLOGIC Among workers with high-level exposure to PCBs, the cu-
taneous delayed hypersensitivity response to mumps and trychophyton was
examined and found to be no different than in a control group (32). In another
group of workers, PCB levels were related to higher lymphocyte counts when
PCB exposure was ongoing; in addition, the composition of the white cell pop-
ulation was related to exposure but in an inconsistent manner (71). Studies
of background-level exposure to PCBs have had mixed results with respect
to clinical outcomes. In a Dutch study, the frequency of infectious illnesses
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among breast-fed infants in the first 18 months of life were unrelated to PCB
levels (120). In Wisconsin, however, PCB exposure was associated with the
frequency of infectious illness in the first four months of life (105). Additional
data from background-exposed populations suggest that PCBs may account
for alterations in levels of lymphocyte subtypes (109, 120), but these findings
are in populations where dioxins or fatty acids from fish might confound the
PCB-lymphocyte relation.

DERMATOLOGIC  Several skin abnormalities in addition to chloracne appear to
be caused by occupational exposure to PCBs. For example, 10% of capacitor
manufacturing workers had hyperpigmentation (39), a prevalence presumably
higher than in the general population. Studies of skin abnormalities in rela-
tion to occupational exposure to PCBs have been supportive of a relation, but
often weakened by lack of control groups (39, 76), or small sample size (20).
Fischbein et al (39) showed, however, that workers with skin abnormalities had
higher plasma PCB levels than did those without abnormalities. In another
report, a causal relation between PCB exposure and chloracne was especially
convincing because after PCBs were used to replace another heat exchange
material, the exposed workers developed the characteristic skin lesions (79).
Given the consistency of data that implicate aromatic chlorinated compounds
as a cause of chloracne, there seems little reason to doubt that PCBs cause
chloracne.

OTHER HEALTH EFFECTS Background exposure to PCBs, in a community
where some people had high levels due to fish consumption (69), was asso-
ciated with increased blood pressure. The association has not been replicated
elsewhere.

Summary

Occupational exposure to PCBs has been consistently associated with abnormal
liver function tests and chloracne. We also found that occupational exposure
to PCBs was associated with a consistent increase in kidney cancer, though the
number of cases in any single study was, at most, five. Although the potential
for substantial occupational exposure is ongoing due to handling of transform-
ers, modern workplace practices probably limit this. Additional follow-up of
established cohorts may be the best option available to investigate the potential
association with risk of kidney and other cancers.

The data relating occupational exposure to decreased weight of offspring
at birth and shorter gestational age are suggestive but investigations of this
association from other plants have not been reported.

Background exposure to PCBs may have subtle effects on neurologic devel-
opment, immune function, and, in susceptible groups, thryoid function. The
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finding in three of three studies that hypotonia or hyporeflexia at birth is greater
among those with higher PCB levels in particular supports an effect that may
have other more serious manifestations. Few data exist on the correlation be-
tween PCBs and dioxins in samples from subjects with background exposure,
but where available (67, 86), a high correlation was found. Future investiga-
tions of background PCB effects may be especially informative, therefore, if
confounding by dioxin can be ruled out.

MIXTURES OF PCBs AND PCDFs

The Asian Mass Poisonings

In two Asian communities, in incidents about 10 years apart, people consumed
rice oil contaminated with a mixture of PCBs, PCDFs, polychlorinated ter-
phenyls (PCTs), and polychlorinated quaterphenyls (PCQs) (55, 77). In both
instances, the rice oil was contaminated during processing by machines that
used PCBs as heat exchangers. The PCBs, subjected to high temperatures,
formed the other polychlorinated hydrocarbon compounds, and leaks within
the processors mixed the organochlorine contaminants with the rice oil. Thus,
about 1700 people in western Japan (1968) and 2000 in western Taiwan (1979)
were poisoned. Because the toxicity of PCTs and PCQs are not well charac-
terized and tissue levels among the exposed were generally less than for PCBs,
the effects of exposure to the mixture have been attributed primarily to PCBs
and PCDFs, the latter being recognized for its dioxin-like activity. The total
amounts of organochlorine mixture consumed among the exposed in both in-
cidents were similar (55), as were the manifestations of exposure. The average
total intake of PCBs in contaminated rice oil was about 1 gram. During the
Asian incidents the intake of PCBs exceeded average US intake (65) by more
than a thousand-fold. In both locations, exposure to PCBs was much greater
than for PDCFs, but in terms of TEqs, PCDFs contributed the majority. In
Japan, the epidemic illness resulting from consumption of the contaminated
food was dubbed Yusho, or oil disease; in Taiwan, it was called Yu-Cheng.
A systematic health survey among the exposed was not conducted in either
location. Much of the available data are from case series and may reflect the
findings in the most severely afflicted.

Data on Human Health Effects

The primary manifestation of Yusho and Yu-Cheng was dermatologic: chlo-
racne and hyperpigmentation of the skin, gingiva, and nails were frequent.
Ocular abnormalities such as hypersecretion and swelling of the sebaceous
glands of the eyelids were also common. Slowed nerve conduction, espe-
cially of sensory nerves, was documented in many cases (55, 77). Altered
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immunoglobulin levels were documented in both populations, and white cell
changes were reported in Yu-Cheng patients. Increases in serum triglycerides
and decreased bilirubin were found in both populations, and abnormalities in
other liver function tests were also evident, although the pattern of abnormality
varied between populations.

Mortality 15 years after the poisoning in Japan was increased for cancers
of the respiratory tract in males [SMR =3.3 (95% CI 1.4-6.4)] and liver in
males [SMR = 5.6 (95% CI 2.6-10.6)]; in females the SMR for liver cancer
was 3.0 (95% CI 0.4-11.0) (10, 58). Both men and women had an SMR for
liver disease of 2.7; among both men and women combined, the SMR was 2.7
(95% CI 1.2-5.3)]. Mortality 4 years after poisoning in Taiwan was remarkable
for one half of the 24 deaths observed being due to liver cancer or liver disease
(54).

Children born to mothers who had consumed the contaminated rice oil in
Taiwan were followed carefully with respect to mortality, growth, cognitive
development, behavior, and activity. The children also showed many of the
same physical and laboratory abnormalities as adults. Among 39 children in
utero while their mothers were consuming the contaminated rice oil, risk of
death was 0.21 within four years after birth (54). The exposed children had
lower body weights relative to controls for about ten years after the exposure,
and they never attained comparable stature (47). The exposed children also had
lower scores on intelligence tests (21, 90) and did not get better. In addition,
exposed children showed disordered behavior and were hyperactive. The level
of growth, cognitive deficit, and disordered behavior and activity were not cor-
related, suggesting independent causal pathways from exposure to outcome.
The myriad abnormalities present in the Yu-Cheng children raise the possibil-
ity that children may be more sensitive than adults to the adverse effects of
organochlorine exposure.

DIOXIN AND RELATED COMPOUNDS
A Note on History and Background Exposure

With the exception of the mass poisoning incidents in Asia, sources of PCDFs
and PCDDS are similar and are discussed together in this paragraph, as PCDD/
Fs. Levels of PCDD/Fs in environmental samples increased markedly over the
historical baseline in the 1940s and increased to a peak in the 1970s (119).
Thereafter a modest decrease ensued. This pattern parallels the activity of
modern chlorine chemistry. PCDD/Fs were never produced for commercial
purposes and are made inadvertently during many processes such as combus-
tion, paper bleaching, and production of chlorine and organochlorine chemicals.
The congeners that contain a chlorine at the 2,3,7, and 8 positions are persistent
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and tend to bioaccummulate in animals. The half-life of dioxin is about eight
years. As with other environmentally persistent organochlorine residues, ex-
posure is ongoing due to accumulation in the biosphere. Meat, fish, milk, dairy
products, fats, and oils are the main sources of exposure for adults, and children
get additional exposure from human milk.

Data resulting from the industrial accident in Seveso, Italy (6), in 1976, are
cited repeatedly in the following section; thus a brief description of that incident
is given here. A runaway chemical reaction caused an explosion that created a
cloud of ~3000 kg of organic material, including an unknown but substantial
amount of dioxin. About 600 people lived in the area most contaminated by the
plume, and the blood levels of dioxin in that group were in a range that equaled
or exceeded that of chemical manufacturing workers exposed to dioxin (102).
Because of the relatively small number of highly exposed people in Seveso, the
statistical power to detect effects in that population is limited.

Data on Human Health Effects

The human health effects of herbicide exposure have been reviewed recently by
the National Academy of Science’s Institute of Medicine (IOM) (Table 5) (60).
As mentioned earlier, dioxin is a contaminant of the herbicide 2,4,5-T. The
effects of 2,4-D and 2,4,5-T and other herbicides were considered along with
those of dioxin in the IOM review. Because the herbicides considered are rela-
tively nontoxic and have short half-lives, the question arises whether the IOM
review is informative primarily about dioxin. In several instances, however,
the effects noted in Table 5 could be due to the herbicides themselves and not
to dioxin. An example is non-Hodgkin’s lymphoma, for which increased risk
was observed in studies of agricultural workers exposed to 2,4-D (50), which
is less contaminated with dioxin than 2.4,5-T (50).

In this section, we briefly consider selected conditions for which dioxin
is known or suspected to increase risk, with special attention to whether the
evidence supports dioxin itself as the causal factor. The IOM report (60) serves
as the frame of reference.

SOFT-TISSUE SARCOMA  The evidence that exposure to herbicides or their con-
taminant, dioxin, is carcinogenic in humans is strongest for soft-tissue sarcoma
(STS) (60). The most statistically powerful data addressing this association
are from Swedish case-control studies in which questionnaires were used to
assess exposure (50). Although the strength of the association is impressive
(Table 6), the potential confounding by 2,4,5-T exposure is intractable, and
dioxin exposure was not documented with measured levels. Data from the
largest prospective studies of workers occupationally exposed to dioxins, either
in the chemical manufacturing industry (38), or in manufacturing or application
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Table 5 Summary table from the Update 1996 Veterans and Agent Orange
Institute of Medicine review (60) of findings in occupational, environmen-
tal, and veterans studies regarding the association between specific health
problems and exposure to herbicides (revised)*

Sufficient evidence of an association
Soft-tissue sarcoma
Non-Hodgkin’s lymphoma
Hodgkin’s disease
Chloracne

Limited/suggestive evidence of an association
Respiratory cancers (lung, larynx, trachea)
Prostate cancer
Multiple myeloma
Acute and subacute peripheral neuropathy
Spina bifida
Porphyria cutanea tarda

Inadequate insufficient evidence to determine whether an association exists
Hepatobiliary cancers
Nasal/nasopharyngeal cancer
Bone cancer
Female reproductive cancers (cervical, uterine, ovarian)
Breast cancer
Renal cancer
Testicular cancer
Leukemia
Spontaneous abortion
Birth defects (other than spina bifida)
Neonatal/infant death and stillbirths
Low birthweight
Childhood cancer in offspring
Abnormal sperm parameters and infertility
Cognitive and neuropsychiatric disorders
Motor/coordination dysfunction
Chronic peripheral nervous system disorders
Metabolic and digestive disorders (diabetes, changes in liver
enzymes, lipid abnormalties, ulcers)
Immune system disorders (immune suppression and autoimmunity)
Circulatory disorders
Respiratory disorders
Skin cancer

Limited/suggestive evidence of no association
Gastrointestinal tumors (stomach cancer, pancreatic cancer,
colon cancer, and rectal cancer)
Bladder cancer
Brain tumors

“Note: “Herbicides” refers to the major herbicides used in Vietnam: 2,4-D (2,4-
dichlorophenoxyacetic acid); 2,4,5-T (2,4,5-trichlorophenoxyacetic acid) and its con-
taminant TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin); cacodylic acid; and picloram.
The evidence regarding association is drawn from occupational and other studies in
which subjects were exposed to a variety of herbicides and herbicide components.
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Table6 Mantel-Haenszel adjusted odds ratios (OR) and 95% confidence
intervals (CI) for soft-tissue sarcoma among persons exposed to all dioxins,
TCDD, and dioxins other than TCDD in four case-control studies involving
434 cases and 948 controls®

Unexposed Exposed < 1 year  Exposed > 1 year

All dioxins
Cases (n) 352 58 24
Controls (n) 865 74 9
OR | 24 6.4
CI 1.6-3.6 3.1-133
TCDD
Cases (n) 352 40
Controls (n) 865 39 2
OR 1 3.0 7.2
CI 1.949 2.1-243
Other dioxins
Cases (n) 352 18 18
Controls (n) 865 35 7
OR 1 1.7 6.2
ClI 0.9-3.2 2.5-15.1

4 Adapted from (50). All subjects were exposed for at least 1 day and a minimum
latency period of 5 years was used. Odds ratios are adjusted for study.

of herbicides (66), also support an association. In the National Institute of
Occupational Safety and Health (NIOSH) occupational cohort (38), among a
subcohort with mortality examined in a period 20 years after first exposure and
who had a year or more of exposure, the relative risk was more than six (after
excluding a case found on pathologic review not to have soft-tissue sarcoma). A
subsequent study showed, however, that exposure to 4-aminobiphenyl, a known
human carcinogen, was correlated with dioxin exposure in one of the factories
contributing cases (22), thus raising the possibility that the results of the NIOSH
study were confounded. In a case-control study nested within the International
Agency for Research on Cancer (IARC) cohort (66), exposure to several chem-
icals was assessed, and while exposure to dioxins or furans was associated with
increased risk (OR = 5.6, 95% CI 1.1-27.7), distinguishing among the effects
of the other chemicals with highly correlated exposure was not possible. While
the available data in general support an herbicide/dioxin-STS association, no-
table unsupportive studies exist (126). The lack of support of the hypothesis in
data from a US case-control study (126) has been postulated (50) as being due
to the primary phenoxyacetic acid exposure being 2,4-D, whereas in the Scandi-
navian studies, herbicides containing 2,4,5-T (dioxin-contaminated) were more
often used. Additional questions about classification of STS in epidemiologic
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studies complicate interpretation of the data (108). Overall, the epidemiologic
data are consistent with dioxin being a cause of STS, but are inconclusive.

RESPIRATORY CANCER For respiratory cancers, the “limited/suggestive evi-
dence of an association” with herbicides (Table 5) is primarily data that support
dioxin exposure as increasing risk. The IOM report (60) cites four studies of
heavily exposed chemical production workers in which the relative risk was
about 50-100% higher than in the comparison group, and for whom the in-
creased risk was probably not attributable to differences in smoking or other
exposures. In the NIOSH study (38), among workers with 20 or more years
since first employment in the plant, those with one year or more of exposure
had a greater SMR [142 (95% CI 103-192)] than those with less than one year
of exposure (SMR =103 [95% CI 62-161]). The absence of direct data on
potentially confounding factors in the exposed and comparison groups, and the
large number of small studies of lesser-exposed groups where no association
was evident, however, accounts for the “limited/suggestive” evidence category
for this group of cancers.

HEPATOBILIARY CANCER  The potential relation of dioxin exposure with risk of
hepatobiliary cancer merits consideration because in animal models of dioxin
carcinogenesis liver cancer is a frequent finding (56). The embryologic origin
of the liver and biliary tree are sufficiently close that grouping these cancers
as a single outcome in humans may be justifiable. Most of the human data on
dioxin exposure and cancer risk have been in male populations, and in those
data the results on hepatobiliary cancer are mixed (60), although the number of
exposed cases even in the largest studies (38, 95) was at most six. In the Seveso
population, however, hepatobiliary cancers were increased, especially among
females (7). Dioxinis ahepatic carcinogen in rats, but only among females (75).
The potential for a confluence of animal and human findings exists regarding
sex-specific carcinogenic effects of dioxin in the hepatobiliary system.

OTHER CANCERS In the most recent follow-up in Seveso, excess cases of
lymphoreticulosarcoma, multiple myeloma, and myeloid leukemia were found
among the subgroup that was highly exposed (7). Because dioxin is an estr-
ogen antagonist in laboratory experiments (94), epidemiologic data on endome-
trial and breast cancer are of interest, but existing studies are too small to provide
meaningful data.

SPINA BIFIDA A 1995 paper about birth defects among children of Vietnam
veterans (121) was the stimulus for putting spina bifida in the category of “Lim-
ited/Suggestive Evidence of Association” in the Veterans and Agent Orange
Update 1996 (60), whereas previous assessments had considered evidence about
reproductive outcomes and dioxins to be inconclusive (e.g. 110). The IOM
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Table 7 Selected results from studies on spina bifida among children of Vietnam

veterans®
Proportion Relative
Exposure affected per risk
Study category 1000 births (95% CI)
Ranch Hand Study (121)
Reference 0
Exposed-low 4.1
Exposed-high 715
Birth Defects Study (33)
Reference 1
Exposed-1 (low) 1.2 (1.0-1.4)
Exposed-2 1.5 (1.1=2.1)
Exposed-3 1.8 (1.1-3.0)
Exposed-4 22(1.243)
Exposed-5 (high) 2.7(1.2-6.2)
Vietnam Experience Study (19)
Reference 1
Exposed (Vietnam) 1.7 (0.6-5.0)

“The number of exposed cases in the Ranch Hand Study is 3; in the Birth Defects Study is 19; and in
the Vietnam Experience Study is 9. Some data used to make this table were drawn from Reference 60.

report (60) was influenced most by the three studies (19, 33, 121) judged to
be of the highest overall quality, summarized in Table 7. Despite their relative
strength, the validity of the findings in the three studies remains open to ques-
tion, and the statistical power is limited. Further questions about the association
of exposure to herbicides or dioxin with spina bifida are due to an association
with anencephaly being less clear. If exposure to herbicides or Agent Orange
causes one type of neural tube defect (spina bifida), it might be expected to
cause another (anencephaly).

PERIPHERAL NEUROPATHY Evidence that exposure to dioxin causes a subacute
transient peripheral neuropathy derives mainly from a study of Seveso residents
examined within two years of the accident (37). Nerve conduction velocity
and other electrophysiological measures were used to make the diagnosis of
peripheral neuropathy. The prevalence of peripheral neuropathy among Seveso
residents with chloracne or elevated liver function tests suggestive of high
exposure was 2.8-fold higher (95% CI 1.2-6.5) than in Seveso residents without
such evidence of exposure. Studies of peripheral neuropathy much longer after
exposure in Seveso do not support an association, nor is there evidence that
dioxin causes a chronic neuropathy in heavily exposed workers (111).

LIVER FUNCTION TEST ABNORMALITIES The greater prevalence of liver func-
tion abnormalities among Seveso victims with chloracne, as compared with a
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control group (6), is a good example of the evidence that dioxin causes this
condition. Of note is that in this Seveso study, elevated GGT and evidence of
alterations in porphyrin metabolism were among the changes found.

INDUCTION OF THE P450 SYSTEM  Induction of selected P450 metabolizing en-
zymes has been used as evidence of detectable effects of exposure to dioxin-like
compounds in humans (124). Among workers who previously were heavily ex-
posed to dioxin, however, evidence of induction of a P450 enzyme (P4501A2)
was not evident (49). The failure to detect enzyme induction in that study was
possibly due to insensitivity of the assay or inadequate sample size.

ENDOCRINE Male workers who had been highly exposed to dioxin were found
to have subtle, but statistically significant, elevated levels of the gonadotropins
LH and FSH, and a similar decrease in testosterone (29). In rats, dioxin de-
creases testosterone synthesis and levels (29). Inthe much less exposed Vietnam
ranch hands, lower testosterone levels were also found, but these were not sig-
nificantly different than from a control group (29).

THYROID In two European studies (68, 87), the relation of dioxin levels in
breast milk among breast-fed infants has been examined in relation to thyroid
function. In both studies, higher dioxin levels in breast milk were associated
with a higher TSH level in the infant. Findings regarding thyroid hormone
levels, however, were inconsistent. In addition, the high correlation among
levels of PCBs and dioxins in the Dutch study (67) complicate interpretation
of the findings.

CHLORACNE The epidemic of chloracne among those highly exposed in the
Seveso incident (6) is an especially good example of the evidence that dioxin
causes this condition.

CORONARY HEART DISEASE Occupational exposure to PCDDs and PCDFs,
as estimated with blood measures on a subset of subjects and expressed as
total TEq, increased in proportion to mortality from cardiovascular disease
and ischemic heart disease among workers in the Boehringer-Ingelh plant in
Hamburg, Germany (40). In other studies of highly exposed people, however,
heart disease (38) or ischemic heart disease (9) was not elevated.

Summary

The epidemiologic data that high-level dioxin exposure causes liver function
abnormalities and chloracne are incontrovertible.

Epidemiologic data are consistent with high-level dioxin exposure causing
soft-tissue sarcoma, but potential confounding by other exposures precludes
certainty. A similar situation obtains for several cancers, e.g. lung cancer. In
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the case of hepatobiliary cancer, the possibility that dioxin increases risk, more
so in females than males, is supported by findings in Seveso; this observation
is consistent with animal, especially rat, findings.

Male workers studied long after their dioxin exposure were found to have
subtle alterations in gonadotropin and testosterone levels. Neuropathy was
associated with dioxin exposure in Seveso; the absence of subsequent confir-
mation in the Seveso population suggests that the affliction was transient.

Findings in two Dutch studies suggest the possibility that background dioxin
exposure may have a subtle effect on thyroid function. As noted previously,
however, the result may be confounded by PCB exposure.

OVERALL DISCUSSION AND CONCLUSIONS

Viewed individually, studies finding an association between background organ-
ochlorine exposure and health effects are not impressive. The possibility that
bias accounts for the association cannot be ruled out, and the abnormalities
found are subclinical. Across studies, results are often inconsistent. Endoge-
nous defenses may well be effective against synthetic toxins, as has been sug-
gested by Ames and colleagues (3). The data viewed as a whole, however,
raise suspicion that a portion of the population may be experiencing subtle
effects.

In particular, the finding of hypotonia or hyporeflexia at birth in relation
to PCB exposure suggests that ambient exposure can have detectable effects.
High-level exposure to a mixture of PCBs and PCDFs causes neurobehavioral
abnormalities, thus increasing the plausibility of subtle low-level effects. With
only three studies of PCBs and abnormal findings at birth, however, the relation
is far from established. Further, the ability to discriminate between PCB and
dioxin and dioxin-like effects in the future will be an advance, as present data
leave as an open question whether findings associated with background PCB
exposure, if real, are confounded by mixed exposure with dioxin.

Understanding the subclinical effects, if any, of organochlorine exposure
might serve to guide investigations of possible clinical effects, and inform risk
assessments. For example, if men highly exposed to p,p’-DDE show evidence
of androgen receptor blocking with increased levels of luteinizing hormone or
follicle stimulating hormone, studies of reproductive effects of in utero p,p’-
DDE exposure in males might be better justified. If sensitive assays of Ah
receptor-mediated P4501A1 induction show no effect of ambient levels of
dioxin exposure, then suspicion of health effects would decrease. Such an ap-
proach might help avoid committing our limited research resources to studies of
diseases with poorly understood etiology in relation to ambient organochlorine
exposure unless a strong biologic rationale is delineated.
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The effect, if any, of exposure to a specific organochlorine compound may
depend on the presence of other compounds (organochlorines, or otherwise).
For example, the effect of a dioxin-like compound might depend on whether
indole carbinol (derived from broccoli and other foods) is present—because
both bind the Ah receptor (3). Thus simultaneous measurement of several
organochlorine compounds, diet, or other factors might be needed to fully
characterize effects.

The statistical power of epidemiologic studies to detect cancer risks related
to organochlorine exposure, if any, have been limited by small populations of
highly exposed people and the low level of exposure in the general population.
Where associations have been detected, e.g. soft-tissue sarcoma and dioxin,
potential confounding due to other exposures precludes conclusions regarding
causality. The existing epidemiologic data, considered in isolation, provide
no convincing evidence that organochlorines cause a large excess number of
cancers. Several associations, however, merit more study, such as p.p’-DDE
and breast cancer. Absence of convincing evidence, however, does not mean
absence of risk.

The Environmental Protection Agency (EPA) recently characterized the can-
cer risk associated with background exposure to dioxin and dioxin-like com-
pounds (115). Their assessment gives great weight to the animal data, where
dioxin is a potent carcinogen. They assumed that the results of cohort stud-
ies of dioxin-exposed workers reflect dioxin effects, and found the animal and
human data to be consistent with respect to dose-response. The EPA, using a
conservative (worst case) model, estimated that background exposure to dioxin
and dioxin-like compounds is associated with an upper-bound cancer risk in
the range of 10~* per year. The true average risk, if any, may be much lower.

The health effects of the foreign substances within us are not fully known.
Given the persistence of organochlorine residues and our closed global ecosys-
temn, mankind has ample motivation and opportunity to comprehensively char-
acterize their toxicity.

Visit the Annual Reviews home page at
http://www.annurev.org.
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