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PREFACE

This report updates the cancer dose-response assessment for PCBs and shows
how information on toxicity, disposition, and environmental processes can be
considered together to evaluate health risks from PCB mixtures in the environment.
Intended to be brief, it focuses on analysis and interpretation rather than a compilation
of study results. More detailed information on PCB toxicity has been compiled by the
Agency for Toxic Substances and Disease Registry (ATSDR, 1993, 1995), Safe (1994),
Silberhorn et al. (1990), and the U.S. Environmental Protection Agency (U.S.EPA)
(1988a).

Although not covered by this report, PCBs also have significant ecological and
human health effects other than cancer, including neurotoxicity, reproductive and
developmental toxicity, immune system suppression, liver damage, skin irritation, and
endocrine disruption. Toxic effects have been observed from acute and chronic
exposures to PCB mixtures with varying chlorine content. These toxic effects should be
included along with cancer in future assessments of PCBs.

This report is to be used to support risk-based decisions within the general
policy framework provided by applicable EPA statutes and does not alter such policies.
It does not imply that one kind of information or another is a prerequisite for action. Not
every risk assessment based on this dose-response assessment will have the same
scope or depth; the level of detail of an assessment is a matter of management policy.

This report is being made available to the public and the U.S. Congress,
responding to the report of the House of Representatives Appropriations Committee,

which specifies:

Vi



By December 31, 1995, the Administrator shall submit to the Congress,
and make available to the public, a draft report providing an assessment
of the risk of each of the polychlorinated biphenyl (PCB) mixtures that has
been the subject of laboratory animal cancer bioassays, and a proposed
methodology for assigning cancer risk numbers to mixtures of PCB's
found in the environment. By September 1, 1996, the Committee directs
that EPA shall have completed, by a panel of independent experts on the
carcinogenicity of PCB's, a peer review of the draft report, and shall
submit a final report to the Congress and make it available to the public.

A new laboratory animal study of four commercial mixtures will soon be made
public. Because this study will provide the most comprehensive information for dose-
response modeling, this report makes use of preliminary information obtained through
July 1996. Although some of this information is still under review and additional
information may soon become available, updating the dose-response assessment at
this time allows current decisions to reflect current science and provides a framework

for incorporating new information.
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1. INTRODUCTION

1.1. PCB MIXTURES

PCBs (polychlorinated biphenyls) are mixtures of synthetic organic chemicals.*
Different mixtures can take on forms ranging from oily liquids to waxy solids. Although
their chemical properties vary widely, different mixtures can have many common
components. Table 1-1 shows the overlapping composition of some commercially
manufactured mixtures. Because of their inflammability, chemical stability, and
insulating properties, commercial PCB mixtures had been used in many industrial
applications, especially in capacitors, transformers, and other electrical equipment.
These chemical properties, however, also contribute to the persistence of PCBs after
they are released into the environment. Because of evidence that PCBs persist in the
environment and cause harmful effects, domestic manufacture of commercial mixtures
was stopped in 1977; existing PCBs, however, continue in use. Table 1-2 shows some

commercial mixtures as a percentage of domestic production.

Some notes on chemical structure and nomenclature: Each PCB molecule consists of two 6-carbon rings, with one
chemical bond joining a carbon from each ring (imagine sunglasses with hexagonal frames). Chlorine can attach to any
of the other 10 carbons; these positions are said to be substituted. There are 209 possible arrangements, called
congeners; congeners with the same number of chlorines are called isomers. The number and position of chlorines
determine a molecule's physical and chemical properties. The 10 positions are numbered 2—6 on one ring and 2'-6' on
the other. For example, the congener 2,4,2',5'-tetrachlorobiphenyl has chlorines in positions 2 and 4 of one ring and 2
and 5 of the other. (Standard chemical notation for this congener is 2,2',4,5'-tetrachlorobiphenyl; instead, this
assessment lists chlorines on one ring, then the other, to emphasize each ring's chlorination pattern.) Positions 2, 6, 2/,
and 6', adjacent to the bond, are called ortho positions; 3, 5, 3', and 5', meta positions; 4 and 4' (the outermost), para
positions. The International Union of Pure and Applied Chemists (IUPAC) has adopted an alternative system for
numbering congeners sequentially from 1 to 209; numbers assigned to congeners named in this assessment are listed
in table 3—-3. A molecule's two rings can twist on the bond joining them; they are coplanar if aligned in the same plane.
Chlorine in ortho positions inhibits a coplanar alignment. Coplanar molecules have dioxin-like properties (Safe, 1990,
1994; U.S. EPA, 1994b). PCB mixtures manufactured in the United States carried the trademark "Aroclor" followed by a
four-digit number; the first two digits are "12," and the last two digits indicate the percent chlorine content by weight. For
example, Aroclor 1260 contains approximately 60 percent chlorine by weight. Aroclor 1016 is an exception to this
scheme; it contains approximately 41 percent chlorine. "Clophens" and "Kanechlors" are PCB mixtures manufactured in
Germany and Japan, respectively; these series have their own numbering schemes.

1



Table 1-1. Typical composition (%) of some commercial PCB mixtures

Mono-CBs
Di-CBs
Tri-CBs
Tetra-CBs
Penta-CBs
Hexa-CBs
Hepta-CBs
Octa-CBs
Nona-CBs
Deca-CB

Columns may not total 100% due to rounding; "—

Lot-to-lot variability exists but has not been quantified.

Impurities include chlorinated dibenzofurans and naphthalenes; see World Health Organization

(WHO) (1993) for sample concentrations.

Sources: Adapted from Silberhorn et al. (1990), ATSDR (1995).

Aroclor Clophen

1016 1242 1248 1254 1260 A30 A60
2 1 — — — — —
19 13 1 — — 20 —
57 45 21 1 — 52 —
22 31 49 15 — 22 1
— 10 27 53 12 3 16
— — 2 26 42 1 51
— — — 4 38 — 28
— — — — 7 — 4
J— J— J— J— 1 J— J—

" signifies less than 1%.

Kanechlor
300 400
17 3
60 33
23 44
1 16
— 5

Table 1-2. Domestic production (%) of commercial PCB mixtures, 1957-1977

Mixture

Aroclor 1016
Aroclor 1221
Aroclor 1232
Aroclor 1242
Aroclor 1248
Aroclor 1254
Aroclor 1260
Aroclor 1262
Aroclor 1268

Percent of
production

13
1
<1
52
7
16
11
1
<1

Column does not total 100% due to rounding.
Source: Adapted from Brown (1994).

In the environment, PCBs also occur as mixtures of congeners, but their

composition differs from the commercial mixtures. This is because after release into

the environment, the composition of PCB mixtures changes over time, through

partitioning, chemical transformation, and preferential bioaccumulation.



Partitioning refers to processes by which different fractions of a mixture separate
into air, water, sediment, and soil. PCBs adsorb to organic materials, sediments, and
soils; adsorption tends to increase with chlorine content of the PCBs and organic
content of the other material (Callahan et al., 1979). PCBs can volatilize or disperse as
aerosols, providing an effective means of transport in the environment (Callahan et al.,
1979). Congeners with low chlorine content tend to be more volatile and also more
soluble in water (Callahan et al., 1979). Vaporization rates and water solubility of
different Aroclors and individual congeners vary over several orders of magnitude
(Hutzinger et al., 1974; Erickson, 1986).

Biodegradation transforms the chemical composition of PCB mixtures in the
environment. Anaerobic bacteria in sediments selectively remove chlorines from meta
and para positions, appearing to reduce the toxicity and bioaccumulation potential of
residues; the occurrence and extent of these dechlorinations can be limited by
sediment PCB concentrations (Abramowicz, 1990; Brown and Wagner, 1990; Lake
et al., 1992). (Dechlorination is not synonymous with detoxication, as congeners
having carcinogenic activity can be formed through dechlorination.) Aerobic bacteria
remove chlorines from PCBs with low chlorine content (1-4 chlorines) and break open
the carbon rings through oxidation (Abramowicz, 1990). PCBs with higher chlorine
content are extremely resistant to oxidation and hydrolysis (Callahan et al., 1979).
Photolysis can slowly break down congeners with high chlorine content (Callahan
et al., 1979). Overall, dechlorination processes are slow and altered PCB mixtures can
persist in the environment for many years.

PCBs can accumulate selectively in living organisms. PCBs are highly soluble
in lipids and are absorbed by fish and other animals. Rates of metabolism and
elimination are slow and vary by congener (Matthews and Anderson, 1975).
Bioaccumulation through the food chain tends to concentrate congeners of higher
chlorine content, producing residues that are considerably different from the original
Aroclors (Schwartz et al., 1987; Oliver and Niimi, 1988; Lake et al., 1995). PCB

residues in fish and turtles, changed through environmental or metabolic alteration,



could not be characterized by Aroclor 1242, 1248, 1254, or 1260 standards (Schwartz
et al., 1987). Congener distributions in several species, including humans, do not
resemble any Aroclor (McFarland and Clarke, 1989). Because, in general, some toxic
congeners are preferentially retained, bioaccumulated PCBs appear to be more toxic
than commercial PCBs (Aulerich et al., 1986; Hornshaw et al., 1983).

PCBs are widespread in the environment, and humans are exposed through
multiple pathways. Levels in air, water, sediment, soil, and foods vary over several
orders of magnitude, often depending on proximity to a source of release into the
environment (ATSDR, 1993; WHO, 1993). Average daily intake by humans via
ambient air is about 100 ng, and about an order of magnitude higher if indoor
concentrations are considered (ATSDR, 1993). Average daily intake via drinking water
is less than 200 ng (ATSDR, 1993). Estimates of average daily intake via diet vary
widely depending on geographic area, food habits, and sampling methodology;

5-15 wg is considered a good estimate of average daily intake via diet in industrialized
countries (WHO, 1993). For nursing infants, average daily intake was estimated at
1.5-27 ugl/kg (ATSDR, 1993); another study estimated 3-11.g/kg (WHO, 1993). Using
the narrower range, average daily intake for a 5-kg nursing infant would be 15-55 .qg,
about triple the average adult intake, and approximately 50-fold higher when adjusted
for body weight. Nursing infants are, therefore, an important potentially highly exposed
population. Another is people whose diet is high in game fish, game animals, or
products of animals contaminated through the food chain.

Although environmental mixtures are often characterized in terms of Aroclors,
this can be both imprecise and inappropriate. Qualitative and quantitative errors can
arise from judgments in interpreting gas chromatography/mass spectrometry (GC/MS),
which reveals a spectrum of peaks that are compared with characteristic patterns for
different Aroclors. For environmentally altered mixtures, an absence of these
characteristic patterns can suggest the absence of Aroclors, even though some

congeners are present in high concentrations. Large differences have been found in



results reported by laboratories analyzing the same sediment samples (Alford-Stevens
et al., 1985; Alford-Stevens, 1986).

1.2. CANCER POTENTIAL OF PCB MIXTURES

Occupational studies show some increases in cancer mortality in workers
exposed to PCBs. Bertazzi et al. (1987) found significant excess cancer mortality at all
sites combined and in the gastrointestinal tract in workers exposed to PCBs containing
54 and 42 percent chlorine. Brown (1987) found significant excess mortality from
cancer of the liver, gall bladder, and biliary tract in capacitor manufacturing workers
exposed to Aroclors 1254, 1242, and 1016. Sinks et al. (1992) found significant excess
malignant melanoma mortality in workers exposed to Aroclors 1242 and 1016. Some
other studies, however, found no increases in cancer mortality attributable to PCB
exposure (ATSDR, 1993). The lack of consistency overall limits the ability to draw
definitive conclusions from these studies. Incidents in Japan and Taiwan where
humans consumed rice oil contaminated with PCBs showed some excesses of liver
cancer, but this has been attributed, at least in part, to heating of the PCBs and rice oil,
causing formation of chlorinated dibenzofurans (ATSDR, 1993; Safe, 1994).

A new study of rats fed diets containing Aroclors 1260, 1254, 1242, or 1016
found statistically significant, dose-related, increased incidences of liver tumors from
each mixture (Brunner et al., 1996). Earlier studies found high, statistically significant
incidences of liver tumors in rats ingesting Aroclor 1260 or Clophen A 60 (Kimbrough
et al., 1975; Norback and Weltman, 1985; Schaeffer et al., 1984). Partial lifetime
studies found precancerous liver lesions in rats and mice ingesting PCB mixtures of
high or low chlorine content.

Several mixtures and congeners test positive for tumor promotion (Silberhorn
et al., 1990). Toxicity of some PCB congeners is correlated with induction of mixed-
function oxidases; some congeners are phenobarbital-type inducers, some are

3-methylcholanthrene-type inducers, and some have mixed inducing properties



(McFarland and Clarke, 1989). The latter two groups most resemble 2,3,7,8-
tetrachlorodibenzo-p-dioxin in structure and toxicity.

Overall, the human studies have been considered to provide limited (IARC,
1987) to inadequate (U.S. EPA, 1988a) evidence of carcinogenicity. The animal
studies, however, have been considered to provide sufficient evidence of
carcinogenicity (IARC, 1987; U.S. EPA, 1988a). Based on these findings, some
commercial PCB mixtures have been characterized as probably carcinogenic to
humans (IARC, 1987; U.S. EPA, 1988a). There has been some controversy about how

this conclusion applies to PCB mixtures found in the environment.

1.3. APPROACH TAKEN BY THIS ASSESSMENT

Previous assessments developed a single dose-response slope (7.7 per
mg/kg-d average lifetime exposure) for evaluating PCB cancer risks (U.S. EPA, 1988a).
With no agreed-on basis for reflecting differences among environmental mixtures, this
slope was used by default for any mixture. Different alternatives have been suggested
that would make some distinctions about cancer risks from different PCB mixtures.
One alternative would assume there is no cancer hazard from environmental mixtures
unless the mixture is highly chlorinated, for example, an overall chlorine content of
approximately 60 percent or greater (Delaware Department of Natural Resources and
Environmental Control, 1994). Another alternative would develop a separate
assessment for each commercial mixture that has been studied. These alternatives
begin to distinguish among PCB mixtures, but they do not address how the
environmental processes of partitioning, transformation, and bioaccumulation diminish
the similarity of environmental mixtures to any of the commercial mixtures.

This new assessment adopts a related approach that distinguishes among PCB
mixtures by using information on environmental processes. Environmental processes
have profound effects that can decrease or increase toxicity, so toxicity of an
environmental mixture is only partly determined by the original commercial mixture.

This new assessment, therefore, considers all cancer studies (which used commercial



mixtures only) to develop a range of dose-response slopes, then uses information on
environmental processes to provide guidance on choosing an appropriate slope for
representative classes of environmental mixtures and different exposure pathways.

Different kinds of information, many not typically considered in dose-response
assessments, are used in this approach. Other innovative features include:

> A range of upper-bound potency estimates for PCB mixtures, plus a range
of central estimates, with guidance for choosing estimates from these
ranges to reflect the effect of environmental processes on a mixture's
toxicity. Sources of uncertainty in these estimates are identified and
discussed.

> A tiered approach that can use site-specific congener information when
available, but can be adapted if information is limited to total PCBs
encountered through each exposure pathway.

> Application of EPA's proposed cancer guidelines (U.S. EPA, 1996a) in the
guantitative dose-response assessment, including the interagency
consensus cross-species scaling factor (U.S. EPA, 1992b) and discussion
of circumstances affecting cancer risk.

A new rat study (Brunner et al., 1996), with parallel experiments for Aroclors
1260, 1254, 1242, and 1016, will soon be made public. Each experiment tested both
sexes at several dose levels. Because this study will provide the most comprehensive
information for dose-response modeling, this assessment makes use of preliminary
information that could be obtained through July 1996. To ensure the scientific quality
of this information, the laboratory report was reviewed by four members of the external
peer review panel (Koller, 1996).

Section 2 briefly summarizes the studies used in developing the dose-response
assessment and applying it to environmental mixtures. For a comprehensive
discussion of PCB toxicity, including many other studies, see ATSDR (1993), Safe
(1994), Silberhorn et al. (1990), or U.S. EPA (1988a). Section 3 uses the studies

summarized in section 2 to develop a new dose-response assessment. Section 4



discusses application of the dose-response assessment to environmental mixtures, to
different exposure routes, to less-than-lifetime and early-life exposure, and in
combination with dioxin toxic equivalence factors. Section 5 characterizes the results
of this assessment, lists research needs, and gives specific guidance for risk

assessors.

2. SUMMARY OF STUDIES USED IN THE DOSE-RESPONSE ASSESSMENT

2.1. CANCER STUDIES IN HUMANS

EPA's cancer guidelines (U.S. EPA, 1986a, 1996a) favor basing dose-response
assessments on human studies. This requires quantitative information on both
exposure and response. This limited review focuses on the suitability of the human
studies for dose-response assessment. More detailed information on these studies and
on other studies not amenable to dose-response assessment has been compiled by
ATSDR (1993).

Bertazzi et al. (1987) . This cohort study analyzed cancer mortality among

workers at a capacitor manufacturing plant in Italy. PCB mixtures with 54, then

42 percent chlorine were used through 1980. The cohort included 2100 workers (544
males and 1556 females) employed at least 1 week. At the end of follow-up in 1982,
there were 64 deaths, 26 from cancer.

In males, there was a statistically significant increase in death from
gastrointestinal tract cancer, compared with national and local rates (6 observed, 1.7
expected using national rates, SMR=346, Cl=141-721; 2.2 expected using local rates,
SMR=274, CI=112-572).2 In females, there was a statistically significant excess risk of
death from hematologic cancer compared with local, but not national, rates (4
observed, 1.1 expected, SMR=377, CI=115-877). Analyses by exposure duration,

latency, and year of first exposure revealed no trend; however, the numbers are small.

Standardized mortality ratio (SMR) = 100 x observed / expected.
Cl = 95% confidence interval.



Brown (1987) . This cohort study analyzed cancer mortality among workers at

two capacitor manufacturing plants in New York and Massachusetts. At both plants the
Aroclor mixture being used changed twice, from 1254 to 1242 to 1016. The cohort
included 2588 workers (1270 males and 1318 females) employed at least 3 months in
areas of the plants considered to have potential for heavy exposure to PCBs. At the
end of follow-up in 1982, there were 295 deaths, 62 from cancer.

Compared with national rates, there was a statistically significant increase in
death from cancer of the liver, gall bladder, and biliary tract (5 observed, 1.9 expected,
SMR=263, p<0.05). Four of these five occurred among females employed at the
Massachusetts plant. Analyses by time since first employment or length of employment
revealed no trend; however, the numbers are small.

Sinks et al. (1992) . This cohort study analyzed cancer mortality among workers

at a capacitor manufacturing plant in Indiana. Aroclor 1242, then 1016, had been used.
The cohort included 3588 workers (2742 white males and 846 white females) employed
at least 1 day. At the end of follow-up in 1986, there were 192 deaths, 54 from cancer.
Workers were classified into five exposure zones based on distance from the
impregnation ovens.

Compared with national rates, there was a statistically significant excess risk of
death from skin cancer (8 observed, 2.0 expected, SMR=410; CI=180-800); all were
malignant melanomas. A proportional hazards analysis revealed no pattern of
association with exposure zone; however, the numbers are small.

Other occupational studies . Other studies (NIOSH, 1977; Gustavsson et al.,

1986; Shalat et al., 1989) looked for an association between occupational PCB
exposure and cancer mortality. Because of small sample sizes, brief follow-up periods,
and confounding exposures to other potential carcinogens, these studies are
inconclusive and not amenable to dose-response analysis.

Accidental ingestion . Serious adverse health effects, including liver cancer

and skin disorders, have been observed in humans who consumed rice oil

contaminated with PCBs in the "Yusho" incident in Japan or the "Yu-Cheng" incident in



Taiwan. These effects have been attributed, at least in part, to heating of the PCBs
and rice oil, causing formation of chlorinated dibenzofurans, which have the same
dioxin-like mode of action as some PCB congeners (ATSDR, 1993; Safe, 1994).

2.2. LIFETIME CANCER STUDIES IN ANIMALS

Because of their controlled exposures and absence of confounding factors,
animal studies are often used for dose-response analysis. A new study compared
several commercial mixtures over a range of dose levels, earlier studies had focused on
mixtures with high chlorine content. This limited review focuses on the information that
would be used in a dose-response assessment. More detailed information on these
studies has been compiled by ATSDR (1993).

Kimbrough et al. (1975) . Groups of 200 female Sherman rats were fed diets

with 0 or 100 ppm Aroclor 1260 for about 21 months. Six weeks later the rats were
killed and their tissues were examined. Hepatocellular carcinomas and neoplastic

nodules were significantly increased in rats fed Aroclor 1260 (see table 2-1).
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Table 2-1. Liver tumor incidences in rats from lifetime exposure studies, 1975-1985

Study, sex and strain, mixture Dose Original * Reevaluation *°
Kimbrough et al. (1975) Control ** /173 ( 1%) **1/187 ( 1%)
F Sherman, 1260 100 ppm 170/184 (92%) 138/189 (73%)
NCI (1978) Control ** 0/24 ( 0%) ** 0/24 ( 0%)
M Fischer, 1254 25 ppm 0/24 ( 0%) 1/24 ( 4%)

50 ppm 1/24 ( 4%) 1/24 ( 4%)

100 ppm 3/24 (12%) 3/23 (13%)
NCI (1978) Control **0/23 ( 0%) 0/23 ( 0%)
F Fischer, 1254 25 ppm 0/24 ( 0%) 1/24 ( 4%)

50 ppm 1/22 ( 5%) 2/24 ( 8%)

100 ppm 2/24 ( 8%) 1/24 ( 4%)
Schaeffer et al. (1984) Control° **2/120 ( 2%) 8/120 ( 7%)
M Wistar, Clophen A 30 100 ppm 42/130 (32%) 16/128 (12%)
Schaeffer et al. (1984) Control° **2/120 ( 2%) ** 8/120 ( 7%)
M Wistar, Clophen A 60 100 ppm 123/129 (95%) 114/125 (91%)
Norback and Weltman (1985) Control ** 0/32 ( 0%) 0/31 ( 0%)
M Sprague-Dawley, 1260 100/50/0 ppm* 7146 (15%) 5/40 (12%)
Norback and Weltman (1985) Control ** 1149 ( 2%) ** 1145 ( 2%)
F Sprague-Dawley, 1260 100/50/0 ppm* 45/47 (96%) 41/46 (89%)

**Statistically significant (p<0.05) by Cochran-Armitage trend test (for experiments with more than one
dosed group) or Fisher exact test (for experiments with one dosed group).

®Hepatocellular adenomas or carcinomas

’Decreases between original and reevaluated denominators are due to lost slides; increases, to slides that
were excluded originally but could not be specifically identified for exclusion in the reevaluation.

“One control group supported both experiments.

YDosing was decreased twice during the study.

Source: Adapted from Moore et al. (1994).

National Cancer Institute (NCI, 1978) . Groups of 24 male or female

Fischer 344 rats were fed diets with 0, 25, 50, or 100 ppm Aroclor 1254 for

104-105 weeks (24 months). Then the rats were killed and their tissues were
examined. The combined incidence of leukemia and lymphoma in males was
significantly increased by the Cochran-Armitage trend test; however, since Fisher exact

tests were not also significant, NCI did not consider this result clearly related to
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Aroclor 1254. Hepatocellular adenomas and carcinomas were increased (see table 2—1).
Morgan et al. (1981) and Ward (1985) reevaluated gastric lesions from this

study and found 6 adenocarcinomas in 144 exposed rats. This result is statistically

significant, as gastric adenocarcinomas had occurred in only 1 of 3548 control male

and female Fischer 344 rats in the NCI testing program. Intestinal metaplasia in

exposed rats differed morphologically from controls, suggesting Aroclor 1254 can act

as a tumor initiator.

Schaeffer et al. (1984) . Male weanling Wistar rats were fed a standard diet for
8 weeks, then were divided into three groups. One group was fed the basic diet; for the
other groups 100 ppm Clophen A 30 or A 60 was added. Rats were killed at
801-832 days (26.3—-27.3 months) and were examined for lesions in the liver and some
other tissues. For both mixtures, preneoplastic liver lesions were observed after
500 days (16.4 months) and hepatocellular carcinomas after 700 days (23 months) in
rats dying before the end of the study (see table 2—1). The investigators concluded,
"Clophen A 60 had a definite, and Clophen A 30 a weak, carcinogenic effect on rat
liver."

Norback and Weltman (1985) . Groups of male or female Sprague-Dawley rats

were fed diets with 0 or 100 ppm Aroclor 1260 for 16 months; the latter dose was
reduced to 50 ppm for 8 more months. After 5 additional months on the control diet, the
rats were killed and their livers were examined. Partial hepatectomy was performed on
somerats at 1, 3, 6, 9, 12, 15, 18, and 24 months to evaluate sequential morphologic
changes. In males and females fed Aroclor 1260, liver foci appeared at 3 months, area
lesions at 6 months, neoplastic nodules at 12 months, trabecular carcinomas at
15 months, and adenocarcinomas at 24 months, demonstrating progression of liver
lesions to carcinomas. By 29 months, 91 percent of females had liver carcinomas and
95 percent had carcinomas or neoplastic nodules; incidences in males were lower, 4
and 15 percent, respectively (see table 2-1).

Vater et al. (1995) obtained individual animal results to determine whether the

partial hepatectomies, which exert a strong proliferative effect on the remaining tissue,
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affected the incidence of liver tumors. They reported that the hepatectomies did not
increase the tumor incidence. Among females fed Aroclor 1260, liver tumors
developed in 4 of 7 with hepatectomies and 37 of 39 without hepatectomies; no liver
tumors developed in controls or males with hepatectomies.

Moore et al. (1994); Institute for Evaluating Health Risks (IEHR) (1991) . The

preceding rat liver findings were reevaluated using criteria and nomenclature that had
changed to reflect new understanding of mechanisms of toxicity and carcinogenesis.
The reevaluation found somewhat fewer tumors than did the original investigators. The
apparent increase for Clophen A 30 (Schaeffer et al., 1984) is no longer statistically
significant. Original and revised rat liver tumor incidences are given in table 2—-1.

Brunner et al. (1996) . This new study compared carcinogenicity across

different Aroclors, dose levels, and sexes. Groups of 50 male or female Sprague-
Dawley rats were fed diets with 25, 50, or 100 ppm Aroclor 1260 or 1254; 50 or 100
ppm Aroclor 1242; or 50, 100, or 200 ppm Aroclor 1016. There were 100 controls of
each sex. The animals were killed at 104 weeks, after which a complete
histopathologic evaluation was performed for control and high-dose groups;
histopathologic evaluations of liver, brain, mammary gland, and male thyroid gland
were also performed for low- and mid-dose groups.

Statistically significant increased incidences of liver adenomas or carcinomas
were found in female rats for all Aroclors and in male rats for Aroclor 1260 (see
table 2-2). Several of these tumors were hepatocholangiomas, a rare bile duct tumor
seldom seen in control rats. Hepatocholangiomas occurred in three females and two
males fed 100 ppm Aroclor 1260, in two, six, and one female fed Aroclor 1254 at 25,
50, and 100 ppm, respectively, and in one and two females fed Aroclor 1242 at 50 and
100 ppm, respectively; there was a hepatocholangiocarcinoma in one female fed
50 ppm Aroclor 1242.
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Table 2—2. Liver tumor incidences in rats from 1996 lifetime exposure study

Mixture Dose Females® Males?
Aroclor 1260 Control° **1/85 ( 1%) ** 7198 ( 7%)
25 ppm 10/49 (20%) 3/50 ( 6%)
50 ppm 11/45 (24%) 6/49 (12%)
100 ppm 24/50 (48%) 10/49 (20%)
Aroclor 1254 Control° **1/85 ( 1%) 7198 ( 7%)
25 ppm 19/45 (42%) 4148 ( 8%)
50 ppm 28/49 (57%) 4149 ( 8%)
100 ppm 28149 (57%) 6/47 (13%)
Aroclor 1242 Control° **1/85 (' 1%) 7198 ( 7%)
50 ppm 11/49 (24%) 1/50 ( 2%)
100 ppm 15/45 (33%) 4146 ( 9%)
Aroclor 1016 Control° **1/85 (' 1%) 7198 ( 7%)
50 ppm 1/48 ( 2%) 2/48 ( 4%)
100 ppm 6/45 (13%) 2/50 ( 4%)
200 ppm 5/50 (10%) 4/49 ( 8%)

**Statistically significant (p<0.05) by Cochran-Armitage trend test.

®Hepatocellular adenomas, carcinomas, cholangiomas, or cholangiocarcinomas in rats alive when the first
tumor was observed.

®One control group supported all experiments.

Source: Adapted from Brunner et al. (1996), Keenan and Stickney (1996).

To investigate tumor progression after exposure stops, groups of 24 female rats
were exposed for 52 weeks, then exposure was discontinued for an additional
52 weeks before the rats were killed. For Aroclors 1254 and 1242, tumor incidences
from the stop study were approximately half those of the lifetime study; that is, nearly
proportional to exposure duration. In contrast, stop-study tumor incidences were zero
for Aroclor 1016, while for Aroclor 1260 they were generally greater than half those of
the lifetime study (see table 2-3). For 100 ppm Aroclor 1260, the stop study incidence
was greater than that of the lifetime study, 71 vs. 48 percent. (This 48 percent lifetime
study incidence was also low compared with incidences of 73, 91, and 89 percent from

the earlier studies of 100 ppm Aroclor 1260 or Clophen A 60.)
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Table 2-3. Liver tumor incidences in female rats from 1996 stop study

Mixture Dose Stop study * Lifetime study °
Aroclor 1260 Control° **1/85 ( 1%) **1/85 ( 1%)
25 ppm 4/24 (17%) 10/49 (20%)
50 ppm 3/24 (12%) 11/45 (24%)
100 ppm 17/24 (71%) 24/50 (48%)
Aroclor 1254 Control° **1/85 ( 1%) **1/85 ( 1%)
25 ppm 5/24 (21%) 19/45 (42%)
50 ppm 7/24 (29%) 28/49 (57%)
100 ppm 6/24 (25%) 28/49 (57%)
Aroclor 1242 Control° **1/85 ( 1%) **1/85 ( 1%)
50 ppm 3/24 (12%) 11/49 (22%)
100 ppm 6/24 (25%) 15/45 (33%)
Aroclor 1016 Control° 1/85 ( 1%) **1/85 ( 1%)
50 ppm 0/24 ( 0%) 1/48 ( 2%)
100 ppm 0/24 ( 0%) 6/45 (13%)
200 ppm 0/24 ( 0%) 5/50 (10%)

**Statistically significant (p<0.05) by Cochran-Armitage trend test.

®Hepatocellular adenomas, carcinomas, or cholangiomas in female rats dosed for 52 weeks and killed at
104 weeks.

*Hepatocellular adenomas, carcinomas, cholangiomas, or cholangiocarcinomas in female rats dosed for
104 weeks and killed at 104 weeks (comparison from table 2-2).

“One control group supported all experiments.

Source: Adapted from Brunner et al. (1996).

Thyroid gland follicular cell adenomas or carcinomas were increased in males
for all Aroclors (see table 2—4); significant dose trends were noted for Aroclors 1254
and 1242. The increases did not continue proportionately above the lowest dose. No

trends were apparent in females.
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Table 2—4. Thyroid gland tumor incidences in male rats from 1996 lifetime exposure study

Mixture Dose Males?
Aroclor 1260 Control® 2/100 ( 2%)
25 ppm 7/50 (14%)
50 ppm 5/50 (10%)
100 ppm 4/50 ( 8%)
Aroclor 1254 Control° ** 2/100 ( 2%)
25 ppm 7/50 (14%)
50 ppm 7/50 (14%)
100 ppm 6/50 (12%)
Aroclor 1242 Control° ** 2/100 ( 2%)
50 ppm 7/50 (14%)
100 ppm 6/50 (12%)
Aroclor 1016 Control® 2/100 ( 2%)
50 ppm 4/50 ( 8%)
100 ppm 3/50 ( 6%)
200 ppm 1/50 ( 2%)

**Statistically significant (p<0.05) by Cochran-Armitage trend test.
®Follicular cell adenomas or carcinomas in male rats dosed for 104 weeks.
®One control group supported all experiments.

Source: Adapted from Brunner et al. (1996).

In female rats, the incidence of mammary tumors was decreased with lifetime
exposure to Aroclor 1254 and, to a lesser extent, to 1260 or 1242; this result was not
observed for Aroclor 1016. Decreases did not occur for any Aroclor in the stop study.
The first mammary tumor was observed at a later age in the dosed groups.

Studies of structurally related agents . Studies of 2,3,7,8-

tetrachlorodibenzo-p-dioxin and a polybrominated biphenyl (PBB) mixture are
summarized here because the pattern of tumors found by Brunner et al. (1996) mimics
the tumors induced in rats by these structurally related agents.

The National Toxicology Program (NTP, 1982) exposed groups of 50 male or
female Osborne-Mendel rats by gavage to O, 1.4, 7.1, or 71 ng/kg-d 2,3,7,8-
tetrachlorodibenzo-p-dioxin for 2 years. Similar to the Brunner et al. (1996) study, liver

tumors were increased in female rats and thyroid gland follicular cell tumors were
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increased in male rats. Mammary tumors were not, however, decreased in dosed
female rats.

NTP (1983) exposed groups of 51 male or female Fischer 344/N rats by gavage
to 0, 0.1, 0.3, 1, 3, or 10 mg/kg-d of a PBB mixture ("Firemaster FF-1") for 6 months,
then exposure was discontinued for 23 months before the animals were killed.
Statistically significant increased incidences of liver tumors were found in male and
female rats. Dose-related increased incidences of cholangiocarcinomas were found in
male and female rats. The Firemaster FF—1 mixture comprised an anticaking agent
blended with a PBB mixture containing 56 percent 2,4,5,2',4',5'-hexabromobiphenyl,
27 percent 2,3,4,5,2",4',5'-heptabromobiphenyl, and other unspecified penta-, hexa-,
and heptabromobiphenyls. The analogous PCB congeners are noted for their high
toxicity and abundance in environmental samples (McFarland and Clarke, 1989);
2,4,5,2',4' 5'-hexachlorobiphenyl is highly persistent in the body (Matthews and
Anderson, 1975) and comprises 21.5 and 12.0 percent, respectively, of PCB residues
in human fat and milk (McFarland and Clarke, 1989).

2.3. PARTIAL LIFETIME STUDIES IN ANIMALS

Although lifetime studies are preferred for dose-response modeling, partial
lifetime studies often use experimental designs addressing specific issues in the
application of a dose-response assessment. Partial lifetime studies for PCBs have
compared different commercial mixtures and the relative sensitivity of the sexes. Some
studies examined early-life exposure, which is not covered by most lifetime cancer
studies, where exposure starts at age 2—3 months, when the animals are mature. This
limited review focuses on the information that pertains to issues in the dose-response
assessment. More detailed information on these studies has been compiled by ATSDR
(1993).

Kimbrough et al. (1972) . Groups of 10 male or female Sherman rats were fed
diets with 0, 20, 100, 500, or 1000 ppm Aroclor 1254 or 1260, beginning at 3—4 weeks

of age and continuing for 8 months. Incidences of adenofibrosis reached 2/10 in males
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and 4/7 in females fed 1000 ppm Aroclor 1260; in contrast, for 100 and 500 ppm
Aroclor 1254, incidences were 1/10 and 10/10 in males and 7/10 and 9/9 in females.
There was no adenofibrosis in 10 controls of each sex. With regard to differences
between sexes, the investigators concluded Aroclor 1260 is more toxic to female rats
than males, but such a difference could not be established for Aroclor 1254. With
regard to differences between mixtures, the investigators concluded the effect on the
liver "is more pronounced with Aroclor 1254 when all morphologic changes of
equivalent dietary levels of Aroclor 1254 and 1260 are compared.”

Although adenofibromas are not carcinomas, these lesions, particularly in less-
than-lifetime studies, are sometimes regarded as indicating a potential for tumor
formation over a longer duration. For example, in a subsequent study, most female rats
of this strain fed 100 ppm Aroclor 1260 developed hepatocellular carcinomas or
neoplastic nodules after 23 months (Kimbrough et al., 1975).

Kimbrough and Linder (1974) . Groups of 50 male BALB/cJ mice were fed

diets with 300 ppm Aroclor 1254 for 11 months, or for 6 months followed by 5 months
without exposure. Hepatomas were found in 9 of 22 surviving mice exposed for

11 months, in 1 of 24 mice exposed for 6 months, and in none of 58 controls.
Adenofibrosis was observed in all mice exposed for 11 months, but in none of the
others.

Kimura and Baba (1973) . Groups of 10 male or female Donryu rats were fed

diets that increased from 38 to 462 ppm (time-weighted average, 330 ppm)
Kanechlor 400, beginning at 10 weeks of age and continuing for different durations of
up to 400 days (13 months). Multiple adenomatous liver nodules were found in the six
females exposed for the longest durations. No nodules were found in males or in five
controls of each sex.

Ito et al. (1973) . Groups of 12 male dd mice were fed diets with 100, 250, or

500 ppm Kanechlor 300, 400, or 500, beginning at 8 weeks of age and continuing for
32 weeks (7.5 months). Among mice fed 500 ppm Kanechlor 500, five had
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hepatocellular carcinomas and seven had nodular hyperplasia. No other groups,
including six controls, showed these effects.
Ito et al. (1974) . Male Wistar rats were fed diets with 0, 100, 500, or 2000 ppm

Kanechlor 300, 400, or 500, beginning at 8 weeks of age and continuing for

28-52 weeks (6.5-12 months). Nodular hyperplasia was seen with all three mixtures,
highest for Kanechlor 500 and lowest for Kanechlor 300, but not in controls.
Histologically, the nodular hyperplasia was similar to that induced by other chemical
carcinogens, suggesting the nodular hyperplasia is preneoplastic. The investigators
concluded, "Hepatocellular carcinomas could be induced by administration of
Kanechlor-500, -400, or -300 for a longer period."

Rao and Banerji (1988) . Groups of 32 male Wistar rats were fed diets with 0,

50, or 100 ppm Aroclor 1260, beginning at 5 weeks of age and continuing for 120 days
(4 months). Neoplastic nodules with adenofibrosis were found in 24 of 32 rats fed 50
ppm Aroclor 1260 and in 16 of 32 rats fed 100 ppm. None of 32 controls showed these
changes. The investigators concluded Aroclor 1260 induces liver tumors when fed to

young rats for a short time.

2.4. TUMOR INITIATING AND PROMOTING ACTIVITY

Studies of tumor initiating and promoting activity are available for a few
commercial mixtures and congeners. The congener studies are beginning to identify a
subset of mixture components that may be significant contributors to cancer induction.
As some of these congeners are present in environmental mixtures, these studies
provide information about the potential for environmental mixtures to cause cancer.
This limited review focuses on identifying congeners with tumor promoting activity to
help risk assessors know what to look for in a site-specific congener analysis. More
detailed information on these and other studies has been compiled by Silberhorn et al.
(1990).

Several commercial PCB mixtures and congeners show tumor promoting activity
(Silberhorn et al., 1990). Aroclor 1254 and Kanechlors 400 and 500 promote liver
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tumors in initiation-promotion studies; Aroclor 1254 also promotes lung tumors
(Anderson et al., 1983, 1994; Beebe et al., 1992, 1993). Aroclor 1254, Clophens A 30
and A 50, four tetrachlorobiphenyls, three pentachlorobiphenyls, and one
hexachlorobiphenyl showed promoting activity in studies to identify alterations in
adenosine triphosphatase (ATPase), gamma-glutamyl transpeptidase (GGT), or
placental glutathione S-transferase (PGST) activity, markers of tumor promoting activity
in the liver. One study found the interaction of 2,5,2",5'- and 3,4,3',4'-
tetrachlorobiphenyl to produce more alterations than either alone (Sargent et al., 1991).
One monochlorobiphenyl and one dichlorobiphenyl showed no promoting activity. Lists
of mixtures and congeners tested for promoting activity (with either positive or negative
results) appear in table 2-5; references can be found in Silberhorn et al. (1990) and

later references cited in the table.

Table 2-5. Mixtures and congeners tested for tumor promoting activity

Mixture Tumors Mixture or congener Altered foci

Aroclor 1254 Liver, lung Aroclor 1254 GGT+

Kanechlor 400 Liver Clophen A 30 Marker not reported

Kanechlor 500 Liver Clophen A 50 ATPase-, GGT+
4-MCB Negative
4,4'-DiCB Negative
2,4,2',4-TeCB GGT+
2,4,2'5-TeCB ATPase—, GGT+
2,5,2'5'-TeCB ATPase—, PGST+
3,4,3,4'-TeCB ATPase—, GGT+, PGST+
2,3,4,3',4'-PeCB GGT+, PGST+
2,4,5,3',4'-PeCB ATPase—, GGT+
3,4,5,3',4'-PeCB GGT+, PGST+
2,4,5,2',4'5'-HxCB ATPase—,