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Hudson River PCBs Oversight Committee
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Welcome & Introduction

Committee Report-Outs (20 minutes)

Guest Speakers on PCB Toxicity

Mel Hauptman, Acting Chair
HROC, USEPA

Mel Hauptman, Acting Chair

Renate Kimbrough, M.D.
(30 minutes)

Jim Cogliano, Ph.D.
U.S. EPA
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Questions & Answers
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Milestone

PHASE 1 Report

PHASE 2 Field Sampling Program - 1992 to 1994

Database Report (DBR)

Preliminary Model Calibration Report (PMCR)

Data Evaluation & Interpretation Report (DEIR)

Low Resolution Sediment Coring Report (LRC)

Human Health Risk Assessment Scope of Work

CD-ROM Database Reissue

Peer Review 1 - Modeling Approach - Begins

Peer Review 1 Meeting

Ecological Risk Assessment Scope of Work

DBR, PMCR, DEIR Responsiveness Summary

Peer Review 2 - DEIR & LRC - Begins

LRC Responsiveness Summary

Peer Review 2 Meeting

Human Health Risk Ass mt SOW Responsiveness Summary

Ecological Risk Assmt SOW Responsiveness Summary

Baseline Modeling Report (BMR)

Human Health Risk Assessment (HHRA) Upper Hudson

Ecological Risk Assessment (ERA)

Addendum HHRA - Mid-Hudson

Addendum ERA - Future Risks for Lower Hudson

Peer Review 3 - BMR - Begins

Revised BMR

BMR Responsiveness Summary

Response to Peer Review 1 Comments

Peer Review 3 Meeting

HHRA and ERA Responsiveness Summaries

Peer Review 4 - HHRA & ERA - Begins

Peer Review 4 Meeting

PHASE 3 Feasibility Study Scope of Work (FS SOW)

FS SOW Responsiveness Summary

FS Report

PROPOSED PLAN

RECORD OF DECISION (including Responsiveness Summary)

Completed

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

To Public

Aug 1991

N/A

Nov 1995

Oct 1996

Feb 1997

Jul 1998

Jul 1998

Jul 1998

Jul 1998

Sept 1998

Sept 1998

Dec 1998

Jan 1999

Feb 1999

Mar 1999

Apr 1999

Apr 1999

May 1999

Aug 1999

Aug 1999

Dec 1999

Dec 1999

Jan 2000

Jan 2000

Feb2000

Feb 2000

Mar 2000

Mar 2000

Mar 2000

May 2000

Sept 1998

Jun 1999

Dec 2000

Dec 2000

Jun 2001



i !

c
CR

ts:
Cf

PCBs: Environmental Considerations
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Chief, Quantitative Risk Methods Group

United States Environmental Protection Agency
National Center for Environmental Assessment
Washington, D.C.
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PCBs: Environmental considerations

PCBs in the environment

PCBs in living organisms

Health effects of concern
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Typical composition of some Aroclor mixtures

Aroclor 1016 1242 1248 1254 1260

Mono-CBs (%wt) 2 1 — — —
Di-CBs 19 13 1 — —
Tri-CBs 57 45 21 1 —
Tetra-CBs 22 31 49 15 —

o
w
o
en

O
o

en
o:
01
o
a
-a
cc

Penta-CBs — 10 27 53 12
Hexa-CBs — — 2 26 42 £
Hepta-CBs — — — 4 38 g
Octa-CBs _ _ _ _ _ 7 S
Nona-CBs — — — — 1 §
Deca-CB _ _ _ _ _ _

Chlorine content (%) 41 42 48 54 60
Production, 1957-1977 (%) 13 52 7 16 11

11—" denotes less than 1%.
Sources: Adapted from U.S. EPA (1996), Cogliano (1998).
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Environrnental fate is related to chlorine substitution

1 ............. Chlorine content ............. 10

Higher . . . . . . . . . . . . . . . Volatility . . . . . . . . . . . . . . . . Low

Higher . . . . . . . . . . . Solubility in water . . . . . . . . . . . . Low

Low . . . . . . Adsorption to soil and sediment . . . . . . High

Low . . . . . . Persistence in the environment . . . . . . High

01
pj
en
o
o
-4
to

r.o
0)

CDao

ti
cc



PCBs partition in the environment

Air —

Water —

Soil —

Sediment —

Higher proportion of lower-chlorinated
congeners

Higher proportion of lower-chlorinated
congeners

Higher proportion of higher-chlorinated
congeners

Higher proportion of higher-chlorinated
congeners
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Metabolic fate is relctted to chlorine substitution
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Oxidative metabolism
is facilitated by the
absence of chlorines
in adjacent positions
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PCBs bioaccunmlate in the environment

Each link in the food chain passes on congeners most
difficult to eliminate

PCB composition can be significantly altered
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Which exposure pathways are of greatest concern?

Bioaccumuloited mixtures

Fish

Birds that eat fish

Contaminated soil and sediment
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PCBs and cancer

Mayes (1998) tested Aroclors 1016,1242, 1254, and 1260 in rats

— All cause significant increases in liver cancer
— Some Aroclors increased thyroid cancer in males
— Potency differs for these mixtures

These mixtures contain overlapping groups of congeners that,
together, span the range of congeners most often found in
environmental mixtures

Conclusions
— All PCB mixtures can pose a risk of cancer
— There is a basis for distinguishing the cancer potential of

different environmental mixtures
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PCBs and cancer

Mayes (1998) tested Aroclors 1016, 1242, 1254, and 1260 in rats

— All cause significant increases in liver cancer
— Some Aroclors increased thyroid cancer in males
— Potency differs for these mixtures

These mixtures contain overlapping groups of congeners that,
together, span the range of congeners most often found in
environmental mixtures

Conclusions
— All PCB mixtures can pose a risk of cancer
— There is a basis for distinguishing the cancer potential of

different environmental mixtures
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Liver tumor incidences from the 1996 rat study
Mixture

Aroc!ori26o

Aroclor 1242

Aroclor 1016

Control
25 ppm
50 ppm
1 oo ppm

Control
25 ppm
50 ppm
1 oo ppm

Control
50 ppm
1 oo ppm

Control
50 ppm
1 oo ppm
200 ppm

**

**

**

**

Females

1/85 ( 1%)
10/49 (20%)
11/45 (24%)
24/50 (48%)

1/85 ( 1%)
19/45 (42%)
28/49 (57%)
28/49 <57%)

1/85 ( 1%)
11/49 (24%)
i5/45<33%)

1/85 ( 1%)
1/48 ( 2%)
6/45d3%)
5/50(10%)

**

Males

7/98 ( 7%)
5/50 ( 6%)
6/49(12%)

10/49 (20%)

7/98 (
4/48 (
4/49 (
6/47(13%)

7/98 ( 7%)
1/50 ( 2%)
4/46 ( 9%)

7/98 ( 7%)
2/48 ( 4%)
2/50 ( 4%)
4/49 ( 8%)

**StatisticdlIy significant ^»<o.o5) by Cochran-Armitage trend test.
Hepatocellular adenomas, carcinomas, cholanaiomas, or cholangiocarcinomas in rats alive
when the first tumor was observed.

One control group supported all experiments.
Source: Brwnner (19961, reported by U.S. EPA (199$', Mayes (1998). c
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Estimated cancer risk as a function of PCB exposure
Based on liver tumors in female Sprague-Dawley rats fed Aroclor 1254

Increased cancer risk
100%

80%

60%

40%

20%

0%

Upper-bound estimate Experimental results

25 50 75

PCB exposure (ppm in diet)
100
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Three tiers of environmental PCBs
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HIGHEST RISK AND PERSISTENCE
— Food chain exposure
— Sediment or soil ingestion
— Dust or aerosol inhalation

_ $c

— Early-life exposure (all pathways and mixtures)

LOWER RISK AND PERSISTENCE £
_ __.___= Ingestion afjv&to I

— Inhalation of evaporated congeners i
— Dermal exposure, if no absorption factor has been

applied

LOWEST RISK AND PERSISTENCE
— Congener or homologue analyses verify that

congeners with more than 4 chlorines comprise less
than 1/2% of total PCBs
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Less-than-lifetirne exposure to the more persistent

Mixture

Aroclor 1260

Aroclor 1 254

Aroclor 1242

Aroclonoi6

f — i ——————— i ——

Pose

Control

50 ppm
1 oo ppm

Control
25 ppm
50 ppm
1 oo ppm

Control
50 ppm
1 oo ppm

Control
50 ppm
1 oo ppm
200 ppm

Less-than-
lifetime exposure

** 1/85 ( 1%)
4/24(17%)
3/24(12%)

17/24(71%)

** 1/85 ( 1%)
5/24(21%)
7/24 (29%)
6/24 (25%)

** 1/85 ( 1%)
3/24(12%)
6/24 (25%)

1/85 ( 1%)
0/24 ( o%)
0/24 ( o%)
0/24 ( o%)

— -f _________

Lifetime
exposure

** 1/85 ( 1%)
10/49 (20%)
1 1/45 (24%)
24/50 (48%)

** 1/85 ( 1%)
19/45 (42%)
28/49 (57%)
28/49 (57%)

** 1/85 ( 1%)
11/49(22%)
15/45(33%)

** 1/85 ( 1%)
1/48 ( 2%)

6/45(13%)
5/50(10%)

**StatisticdlIy significant (p<o.o^) by Cochrcm-Armitage trend test.
Less-thcw-Jifetime experiment involved rats dosed for 52 weeks and killed after 104 weeks.
Source: Brunner (199$, reported by U.S. EPA
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Bioaccumulated PCBs may be more toxic and more
persistent than the Aroclors

In mink fed Great Lakes fish, reproductive toxicity and liver
toxicity were greater than for other mink fed equivalent
amounts of Aroclor 1254

In monkeys fed a mixture representative of PCBs found in
human milk, long-term behavioral impairments have been
found

In people eating Great Lakes fish, the rate of decline in
serum PCB levels was much smaller than what has been
reported for people exposed to Aroclors in the workplace
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Nonoancer effects of RGBs

PCBs have significant adverse health effects other than cancer,
including

— Learning deficits
— Neurological effects
— Immune dysfunction
— Thyroid effects
— Hormonal effects

Recent studies raise new concerns about environmental exposure
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Study of children whose mothers ate L Michigan fish

3 days Motor immaturity, 1 ability to quiet, It startle,
I reflexes

7 months I short-term memory

4 years II verbal scale, I memory scale, II activity,
II short-term memory, I visual discrimination

11 years It full-scale and verbal IQ, I work and reading
comprehension, II memory and attention

Highest PCB group...
had average IQ 6 points below average
3X more likely to have low IQ
ax more likely to be 2 years behind in reading ability
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Study of children whose mothers ate L Ontario fish
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Infancy Abnormal reflexes, t startle, t tremor CO
O)

12 months

36 months

1 habitation

I genera] cognitive index
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Study of PCBs from food (N. Carolina)
•

Early infancy 1 reflexes, J activity

6-12 months

24 months

3, 4, 5 years

psychomotor development

psychomotor development

No effect on motor or memory scales

o"



Study of PCBs from food (Netherlands)

10, 21 days

3 months

7 months

18 months

42 months
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I reflexes, hypotonicity

I psychomotor score, immunotogical changes

psychomotor score

I psychomotor development, immunological
changes

II general cognitive scale, I high-level play, t non-
play time, t reaction time,
t withdrawn/depressed behavior, t prevalence of
chicken pox, II antibodies to measles
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These effects were seen at 3 ppb in blood serum
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Studies of PCBs in monkeys

Independent studies in animals show that PCBs alone can cause
effects analogous to those seen in the human studies, including

— I learning
— II memory
— I ability to adapt
— I ability to organize behavior
— I attention

These studies increase our confidence that the effects seen in the
human studies can be attributed to PCBs
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for Aroclor 1016

Based on reduced
birthweight in
monkeys
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Summary

H
O
IO
£»
Ul

* Principal exposures of concern are bioaccumulated PCBs
and PCBs attached to soils or sediments

> Evidence is strong that environmental PCBs pose a risk of
cancer

> Evidence is mounting that noncancer effects, especially
learning deficits and neurological effects, have occurred
from environmental PCB exposure

WHAT CAN YOU DO?

> Pay attention to fish advisories
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PCB mixtures are altered in the environment — in some D;
cases increasing the mixture's persistence and toxicity •§
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Assessing the Cancer Risk from Environmental PCBs
Vincent James Cogliano
U.S. Environmental Protection Agency, National Center for Environmental Assessment, Washington, O.C. 20460 USA

A new approach to assessing the cancer risk from environmental polychlorinated biphenyls
(PCBs) considers both toxicity and environmental processes to make distinctions among envi-
ronmental mixtures. New toxicity information from a 1996 cancer study of four commercial
mixtures strengthens the case that all PCB mixtures can cause cancer, although different mix-
tures have different potencies. Environmental processes alter PCB mixtures through partition-
ing, chemical transformation, and preferential bioaccumulation; these processes can increase or
decrease toxicity considerably. Bioaccumulated PCBs are of greatest concern because they appear
to be more toxic than commercial PCBs and more persistent in the body. The new approach
uses toxicity studies of commercial mixtures to develop a range of cancer potency estimates and
then considers the effect of environmental processes to choose appropriate values for representa-
tive classes of environmental mixtures. Guidance is given for assessing risks from different expo-
sure pathways, less-than-lifetime and early-life exposures, and mixtures containing dioxinlike
compounds. Key words bioaccumulation, cancer, mixtures, partitioning, PCBs, persistence,
polychlorinated biphenyls, risk assessment. Environ Health Pertfect 106:317-323 (1998).
[Online 13 May 1998]
bttp:llekpnetl.niebs.nih.govldocsll998llQ6f317-323coglianolabstract.html

Twenty years after their manufacture was
halted, polychlorinated biphenyls (PCBs)
remain a major environmental concern.
Standards often have been based on cancer
risk, yet before 1996 only commercial mix-
tures with 60% chlorine had been adequate-
ly tested. Different assumptions were made
for other mixtures: somttimes all PCB mix-
tures were considered carcinogenic and
sometimes only mixtures with high chlorine
content. A quantitative potency estimate
derived from mixtures with 60% chlorine
was applied to any PCB mixture regarded as
carcinogenic. The overlapping compositions
of different mixtures (Table 1) show the
problem widi treating all mixtures the same
or creating a false dichotomy of carcinogenic
and noncarcinogenic mixtures.

New information is making possible a
more rational approach for distinguishing
among PCB mixtures. A recent study com-
pared the cancer potential of the commer-
cial mixtures Aroclors 1016, 1242, 1254,
and 1260 (7). Its results strengthen the case
that all PCB mixtures can cause cancer,
although different mixtures have different
potencies. Potency is also affected by the
environmental processes that alter PCB
mixtures. These processes diminish the sim-
ilarity of environmental mixtures to com-
mercial mixtures and can markedly increase
or decrease a mixture's toxicity.

As the Aroclor comparisons became
available, the EPA developed a new approach
to assessing the cancer risk from environ-
mental PCBs, considering both toxicity and

environmental processes (2). A range of esti-
mates now characterizes the potency of dif-
ferent mixtures, and information on envi-
ronmental processes is used to choose
appropriate values for representative classes
of environmental mixtures. There is also
guidance for assessing different exposure
pathways, less-than-lifetime and early-life
exposures, and mixtures containing dioxin-
like compounds. The use of several kinds of
information fulfills the intent of die EPA's
proposed cancer guideline revisions (3) as
well as the instruction of the EPA's mixture
guidelines (4) to consider mixture composi-
tion. The new approach was reviewed by a
panel of independent experts on the car-
cinogenicity of PCBs at a public peer review
workshop (5).

Summary of Cancer Evidence
for PCBs
Four commercial PCB mixtures, Aroclors
1016, 1242, 1254, and 1260, have been
tested in rats for their potential to cause
cancer. All mixtures induced liver tumors
when fed to female rats; Aroclor 1260 also
induced liver tumors in male rats (/).
Several of these tumors were hepatocholan-
giomas, a rare biliary tract tumor seldom
seen in control rats. These mixtures con-
tain overlapping groups of congeners that,
together, span the range of congeners most
often found in environmental mixtures.
Previously, lifetime dietary exposure to
commercial mixtures with 60% chlorine
induced liver tumors in three rat strains

(6—9). Although many of these tumors were
benign, sequential morphologic analyses
have demonstrated the eventual progression
of the benign liver lesions to malignant car-
cinomas (8). Commercial mixtures with
54% chlorine induced gastrointestinal
tumors (10-12). Less-than-lifetime dietary
exposure to commercial mixtures with
42-60% chlorine induced precancerous
liver lesions in rats and mice (13—18).

Epidemiologic studies have reported
similar tumor sites, although the same spe-
cific response was not seen across all studies.
Capacitor manufacturing workers exposed
to a series of commercial mixtures with
41-54% chlorine had increased mortality
from liver, gall bladder, and biliary tract
cancers (19), gastrointestinal tract cancers
(20), or malignant melanoma (21). An
analysis of these and a smaller study (22)
found the combined results significant for
liver, gall bladder, and biliary tract cancers
.and for malignant melanoma (23). Earlier,
petrochemical refinery workers exposed to
Aroclor 1254 and other chemicals had sig-
nificantly increased mortality from malig-
nant melanoma (24). More recently, elec-
tric utility workers exposed to PCBs had
significantly increased mortality from
malignant melanoma and brain cancer (25).
Recent case-control studies have found a
significant association between non-
Hodgkin's lymphoma and PCB concentra-
tions in adipose tissue (26) and serum (27).
In a general population, dietary consump-
tion of rice oil accidentally contaminated
with PCBs and chlorinated dibenzofurans,
which can be formed when PCBs are heated
above 270°C (28), was associated with sig-
nificantly increased mortality from liver
cancer and lung cancer (.259.

Mechanistic studies have demonstrated
tumor-promoting activity in liver or lung

Address correspondence to VJ. Cogliano, U.S.
Environmental Protection Agency, 401 M Street, SW
(8623-D), Washington, DC 20460 USA.
The author gratefully acknowledges die contributions
of all who commented on the EPA's assessment,
including the peer review panel and many scientists in
die EPA's program, regional, and research organiza-
tions. Their efforts truly improved the final product.
The views expressed in this paper are those of the
author and do not necessarily reflect the views or poli-
cies of the U.S. Environmental Protection Agency.
Received 22 May 1997; accepted 9 February 1998.
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from Aroclor 1254 and some congeners with
four to six chlorines: tetrachlorobiphenyl
congeners PCB-47, -49, -52, and -77
[International Union of Pure and Applied
Chemistry (IUPAC) numbering]; pen-
tachlorobiphenyl congeners PCB-105, -118,
and -126; and the hexachlorobiphenyl con-
gener PCB-153 (30). Toxicity of some con-
geners is correlated with induction of mixed-
function oxidases: some congeners are phe-
nobarbital-type inducers, some are 3-mediyl-
cholanthrene-type inducers, and some have
mixed inducing properties (31—33). The lat-
ter two groups most resemble chlorinated
dibenzo-/>-dioxins and dibenzofurans in
structure and toxicity (33,34). These con-
geners contributing to cancer induction can
be present in mixtures with either high or
low chlorine content (Table 1).

PCBs are absorbed through ingestion,
inhalation, and dermal exposure, after

which they are transported similarly
through the circulation (35), providing a
reasonable basis for expecting similar inter-
nal effects from different exposure routes.
Quantitatively, dermal exposure poses
lower risks because PCBs are substantially
but incompletely absorbed through the
skin (36-39).

Recent research is suggesting mecha-
nisms by which PCBs can contribute to
cancer at other sites. One experiment raises
concern for PCBs of low chlorine content,
finding that dihydroxy metabolites of
PCBs with low chlorine content are acti-
vated to reactive intermediates that pro-
duce oxidative DNA damage (40). These
results provide a possible mechanism to
support the hypothesis that environmental
PCBs may contribute to human breast can-
cer. Among the case—control studies of
non-Hodgkin's lymphoma, one study

Table 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
PCDFs (ppm)
Chlorine content
Production, 1957-1977

Aroclor
1016

2
19
57
22
-
_
-
-

' -
-

ND
41
13

Aroclor
1242

1
13
45
31
10
—
-
-
-
-

0.15-4.5

42
52

Aroclor
1248

_
1

21
49
27
2
-
-
-
-

NR

48
7

Aroclor
1254

_
_
1

15
53
26
4
-
-
-

0.8-5.6
54
16

Aroclor
1260

_
_
-
-

12
42
38
7
1
-

0.8-5.6

60
11

Abbreviations: PCB, polychlorinated biphenyl; CBs, chlorinated biphenyls; PCDFs, polychlorinated dibenzofurans; NO, not
detected; NR, not reported. Values shown are percent of weight excc. ."-/here noted.
Data from Silberhorn et al. (30), the Agency for Toxic Substances and Disease Registry (35), and Brown m al. (43).

Table 2. Reported composition of commercial mixtures tested; the 1996 rat study

Mono-CBs
Di-CBs
Tri-CBs
Tetra-CBs
Penta-CBs
Hexa-CBs
Hepta-CBs
Octa-CBs
Nona-CBs
Deca-CB
PCB-77 (3,3',4,4'-TetraCB) (ppm)
PCB-126 (3,3',4,4',5-PentaCB) (ppm)
PCB-169 (3,3',4,4',5,5'-HexaCB) (ppm)
PCDFs (ppm)
TEQ from PCBs (ppm)
TEQ from PCDFs (ppm)

Aroclor
1016
0.83

17.64
54.98
25.84

0.69
0.01
-
—
-
-

66.0
0.95
0.0
0.05
0.14
0.002

Arociur
1242
0.08

14.48
42.83
33.49

6.64
1.70
0.10
0.01
-
-

3340.0
44.0
0.0
2.2

8.1
0.1

Aroclor
1254

_
0.12
0.66

19.67
45.33
31.38

2.76
0.07
0.02
-

918.0
134.3

1.52
0.13

46.4
0.01

Aroclor
1260

_
0.15
0.48
2.41

11.96
39.28
36.38

7.67
1.59
0.07

31.0
0.0
0.0
5.5
7.1
0.08

Abbreviations: CBs, chlorinated biphenyls; PCB, polychlorinated biphenyl; PCDFs, polychlorinated dibenzofurans; TEQ,
toxic equivalent Values shown are molecular percent except where noted.
Data from Brown et al. (47).

found an association with both dioxinlike
and nondioxinlike congeners (26), and the
other found a multiplicative interaction
with seropositivity for the Epstein-Barr
virus early antigen (27). Because PCBs sup-
press the immune system and immunosup-
pression is an established risk factor for
non-Hodgkin's lymphoma, immune sys-
tem suppression may be a possible mecha-
nism for PCB-induced cancer. Other
research has associated both dioxinlike and
nondioxinlike congeners with toxicity due
to endocrine disruption (41,42).

Differences in Cancer
Potential of Commercial PCB
Mixtures
The recent study comparing Aroclors 1016,
1242, 1254, and 1260 (/) provides the best
information for distinguishing the cancer
potential of different mixtures.
Composition of the tested mixtures was
reported by homologues, plus three dioxin-
like congeners and total chlorinated diben-
zofurans (Table 2; compare with Table 1).
Prior to the study, the polychlorinated
dibenzofurans were removed from the
Aroclor 1254 fed to the rats because of
"unusually high" dibenzofuran concentra-
tions (43). Despite this pretreatment, the
resulting mixture was reported to have dou-
ble die usual dioxin toxic equivalents (43).

Concentrations of the three dioxinlike
congeners reported lie within the historical
range. One historical analysis found each of
these congeners below 500 ppm in each
Aroclor, except for 4500 ppm PCB-77 in
Aroclor 1242 and 500 ppm PCB-169 in
Aroclor 1260 (44). Another analysis found
2700-3300 ppm PCB-77 in Aroclor 1242,
300-2000 ppm PCB-77 in Aroclor 1254,
and up to 200 ppm PCB-126 in Aroclor
1254 (45). In sharp contrast, however, an
earlier analysis found 15,900 ppm PCB-
126 in Aroclor 1260 (35,46). These and
other variations provide evidence of signifi-
cant lot-to-lot variability among similar
mixtures. Striking lot-to-lot differences
have been found for Aroclors 1248 and
1254, due primarily to numerous con-
geners with four to six chlorines being cre-
ated and altered during the chlorination
process by which Aroclors are manufac-
tured, and also to differences in the chlori-
nation processes that can be used (45).
These lot-to-lot differences highlight the
importance of characterizing and reporting
mixture composition, both in toxicity test-
ing and in environmental samples.

In the recent cancer study (/), groups of
50 male or female Sprague-Dawley rats
were fed diets with 50, 100, or 200 ppm
Aroclor 1016; 50 or 100 ppm Aroclor
1242; or 25, 50, or 100 ppm Aroclor 1254
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or 1260. There were 100 controls of each
1 sex. Exposure began when the rats were 6-9

weeks old, and trie animals were killed 104
/****N weeks later. Complete histopathologic eval-

uations were done for control and high-
dose groups; for low- and mid-dose groups,
evaluations were done for liver, brain,
mammary gland, and male thyroid gland.
Statistically significant increased incidences
of liver tumors were found in female rats
for all Aroclors and in male rats for Aroclor
1260 (Table 3). Fewer than a quarter of the
tumors were malignant, but the proportion

* of tumors that were malignant increased
with dose. In female rats, Aroclor 1254
appeared most potent, followed by Aroclors
1260 and 1242, with Aroclor 1016
markedly less potent. In male rats, only
Aroclor 1260 caused liver tumors.

To investigate tumor progression after
exposure stops, this same study exposed
groups of 24 female rats for 52 weeks; expo-
sure was then discontinued for an addition-
al 52 weeks before the rats were killed. For
52 weeks exposure to Aroclors 1242 or
1254, tumor incidences were approximately
half those for 104 weeks exposure, that is,
nearly proportional to exposure duration.
In contrast, there were no tumors from 52
weeks exposure to Aroclor 1016, while for
Aroclor 1260 incidences were generally
greater than half those for 104 weeks expo-

,"***~>ure (Table 4). For 100 ppm Aroclor 1260,
Jie incidence from 52 weeks exposure was
greater than that from 104 weeks, 71 and
48%, respectively.

Different patterns may hold for other
cancers. In the study just described (1), thy-
roid gland fbllicular cell adenomas or carci-
nomas were increased in males for all
Aroclors, and statistically significant trends
were noted for Aroclors 1242 and 1254. The
increases did not continue proportionately

above the lowest dose, and no thyroid trends
were apparent in females.

Modeling Results for
Commercial PCB Mixtures
Under the EPA's proposed cancer guideline
revisions (3), dose-response assessment first
considers developing a biologically based
model, that is, one whose mathematical
structure reflects the ascertained mode of
action and whose parameters are experi-
mentally measured. Few PCB congeners or
mixtures, however, have been tested to
measure the rate parameters that would be
used in a biologically based model.
Consequently, the information available at
this time is more suited to empirical mod-
eling, in which a flexible default model—
allowing either linearity or nonlinearity—is
fitted to describe tumor incidence as a
function of dose in the experimental range.

The EPA's new assessment (2) fitted a
linear-quadratic dose—response model [that
is, a model of the form P(d) - l-exp(-^j^
^2^), where P{d) is the probability of
response at dose d, and <?, and q2 are para-
meters] to the liver tumor incidences in
female Sprague-Dawley rats fed Aroclors
1016, 1242, 1254, or 1260 (Table 3).
Dose was expressed as a lifetime daily aver-
age, calculated from weekly body weight
measurements and food consumption esti-
mates. Doses were scaled to humans using
a factor based on the three-fourths power
of relative body weight (3). Response was
taken as the incidence of hepatocellular
adenomas or carcinomas. Combining ade-
nomas and carcinomas reflects the guid-
ance of the National Toxicology Program
(47) and the progression of hepatocellular
adenomas to carcinomas in female
Sprague-Dawley rats (8). To reflect lot-to-
lot variability among similar mixtures, the

Table 3. Liver tumor8 incidences from the 1996 rat study
Mixture Oose (ppm) Females Males
Aroclor 1260

Aroclor 1254

Aroclor 1242

Aroclor 1016

Control*
25
50
100

Control*
25
50
100
Control*
50
100
Control*
50
100
200

1/85(1%)*
10/49(20%)
11/45(24%)
24/50 (48%)
1/85(1%)*

19/45(42%)
28/49 (57%)
28/49 (57%)

1/85(1%)*
11/49(24%)
15/45 (33%)
1/85(1%)*
1/48 ( 2%)
6/45(13%)
5/50 (10%)

7/98 (7%)*
. 3/50(6%)

6/49(12%)
10/49 (20%)
7/98(7%)
4/48(8%)
4/49 (8%)
6/47 (13%)
7/98 (7%)
1/50 (2%)
4/46 (9%)
7/98 (7%)
2/48 (4%)
2/50(4%)
4/49 (8%)

/•^""flata from Brunner at al. (7), and reported by the EPA (21.
ipatocellular adenomas, carcinomas, cholangiomas, or cholangiocarcinomas in rats alive when the first tumor was observed.

,ne control group supported all experiments.
"Statistically significant lfxO.05) by Cochran-Armitage trend test
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EPA also modeled earlier results in female
Sprague-Dawley rats fed from a different
lot of Aroclor 1260 (Table 5).

In the experimental range, the EPA
described the cancer potency of each mix-
ture by an estimated dose associated with
10% increased incidence (EDIO) and its
95% lower confidence bound (LED,0),
expressed as equivalent human doses
(Table 6). ED10s have been used both for
potency ranking and as a starting point for
low-dose extrapolation {48,49}. The EPA
recently proposed using an LED10 for these
purposes, while inviting public comment
on the alternative of using 1% for tumor
responses (3).

To gauge the potential risk at environ-
mental exposure levels, the EPA extrapo-
lates to doses below the experimental
range. Extrapolation considers both linear
and nonlinear approaches, with a linear
default if there is not sufficient information
to support a sublinear model (3). This poli-
cy rests, in part, on some general considera-
tions. Low-dose linear models are appropri-
ate when a carcinogen acts in concert with
other exposures and processes leading to a
background incidence of cancer (50,51).

Table 4. Liver tumor9 incidences in female rats from
less-than-lifetime exposure

Mixture
Aroclor 1260

Aroclor 1254

Aroclor 1242

Aroclor 1016

Dose
(ppm)

Control''
25
50
100

Control''
25
50
100

Control''
50
100

Control''
50
100
200

Less-than-
lifetime*
exposure
1/85(1%)*
4/24(17%)
3/24(12%)
17/24(71%)

1/85(1%)*
5/24(21%)
7/24(29%)
6/24(25%)

1/85(1%)*
3/24(12%)
6/24(25%)
1/85(1%)
0/24(0%)
0/24(0%)
0/24(0%)

Lifetime'1
exposure
1/85(1%)*
10/49(20%)
11/45(24%)
24/50(48%)
1/85(1%)*

19/45 (42%)
28/49(57%)
28/49(57%)

1/85(1%)*
11/49(22%)
15/45(33%)
1/85(1%)*
1/48 (2%)
6/45(13%)
5/50(10%)

Data from Brunner et al. (7), and reported by the EPA (21.
'Hepatocellular adenomas, carcinomas, cholangiomas, or cholan-
giocarcinomas.
TJosed for 52 weeks and killed after 104 weeks.
'Dosed for and killed after 104 weeks (from Table 3).
rfOne control group supported all experiments.
"Statistically significant lp<0.05| by Cochran-Armitage trend test.

Table 5. Liver tumor8 incidences from the Norback
rat study

Mixture Dose Females Males
Aroclor 1260 Control

100/50/0 ppm*
1/45(2%)*

41/46 (89%)
0/31 (0%)
5/40(12%)

Data from Norback and Weltman (Si, reevaluated by
Moore et al. (3).
'Hepatocellular adenomas or carcinomas.
^Dosing was decreased after 16 and 24 months.
•Statistically significant I/KO.OS) by Fisher exact test

319



Review • Coqliano

Table 6. Human potency estimates (mg/kg/day)
derived from liver tumors in female Sprague-Dawley
rats

Table 7. Human slope estimates (per mg/kg/day)

Mixture ED,, LED,, Reference
1016
1242
1254
1260
1260

2.4
0.38
0.086
0.24
0.062

1.4
0.27
0.067
0.19
0.046

(7)
(7)
(7)<;»
IS)

Abbreviations: ED]0, estimated dose associated with 10%
increased incidence; LED10,95% lower confidence bound
on an ED10.
Data from the EPA (2).

Moreover, even when die mode of action
indicates a nonlinear dose—response curve
in homogeneous animal populations, the
presence of genetic and lifestyle factors in a
heterogeneous human population tends to
make the population dose—response curve
more linear (51). This is because genetic
and lifestyle factors contribute to a wider
spread of human variability, which extends
and straightens the dose-response curve
over a wider range. Although these consid-
erations provide a reasonable argument for
a model that is linear at low doses, the rela-
tion of the low-dose slope to one from the
experimental range is uncertain, an uncer-
tainty that increases with distance below
die experimental range.

For PCBs, genetic activity testing is
generally negative (35), raising die possibil-
ity of a sublinear dose-response curve. At
the low end of the experimental range
(25-50 ppm), however, dose-response
curves are not sublinear for Arodors 1242,
1254, and 1260 (Table 3). Below the
experimental range, some PCB congeners
add to the considerable background of
human exposure to dioxinlike compounds
and augment processes associated with
dioxin toxicity, providing a linear compo-
nent to the dose-response curve. There is
also considerable background exposure to
nondioxinlike congeners, so additional
PCB exposure can augment odier carcino-
genic processes that may be operating.
Lacking a dose range in which a sublinear
dose-response curve has been observed, the
information available at this time is more
suited to linear extrapolation.

Extrapolation below die ED10 follows a
line with slope 0.10/ED10. An upper
bound on the slope is 0.10/LED10. (Note
that slopes are inversely proportional to
ED10s; high potency is indicated by high
slopes but low EDJOs.) Slope estimates can
be multiplied by lifetime average daily dose
estimates (in milligrams per kilogram body
weight per day) to obtain a plausible upper
bound on the increased cancer risk. The
slope estimates (Table 7) reflect experimen-
tal uncertainty and lot-to-lot variability of

Mixture
1016
1242
1254
1260
1260

Central
slope
0.04
0.3
1.2
0.4
1.6

Upper-bound
slope
0.07
0.4
1.5
0.5
2.2

Reference
(7)
(')
(7)
(7)
(81

Data from the ERA (2).

commercial mixtures, but not human het-
erogeneity or differences between commer-
cial and environmental mixtures. Environ-
mental processes have profound effects that
can increase or decrease toxicity, so an
Arodor tested in the laboratory is not nec-
essarily the best surrogate for assessing that
Arodor as altered in the environment.

Environmental Alteration of
PCB mixtures
In the environment, PCBs occur as mix-
tures whose compositions differ from the
commercial mixtures. This is because after
release into the environment, mixture com-
position changes over time through parti-
tioning, chemical transformation, and pref-
erential bioaccumulation.

Partitioning refers to processes by
which different fractions of a mixture sepa-
rate into air, water, sediment, and soil.
PCBs adsorb to organic materials, sedi-
ments, and soils; adsorption tends to
increase with chlorine content of the PCBs
and organic content of the other material
(52). PCBs can volatilize or disperse as
aerosols, providing an effective means of
transport in the environment (5-2).
Congeners with low chlorine content tend
to be more volatile and also more soluble
in water (52). Vaporization rates and water
solubility of different Arodors and individ-
ual congeners vary over several orders of
magnitude (53,54).

Chemical transformation can occur
through biodegradation of PCB mixtures
in the environment. Anaerobic bacteria in
sediments can 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 lim-
ited by sediment PCB concentrations
(55-57). Dechlorination is not synony-
mous with detoxication, as congeners hav-
ing carcinogenic activity can be formed
through dechlorination. Aerobic bacteria
can remove chlorines from PCBs with low
chlorine content and break open the carbon
rings through oxidation (55). PCBs with
higher chlorine content are extremely resis-
tant to oxidation and hydrolysis (52).
Photolysis can slowly break down congeners

with high chlorine content (52). Overall,
however, dechlorination processes are slow,
and altered PCB mixtures persist in the
environment for many years.

Preferential bioaccumulation occurs in
living organisms. PCBs are highly soluble
in lipids and are absorbed by fish and other
animals. Rates of metabolism and elimina-
tion are slow and vary by congener (58).
Each species in die food chain retains per-
sistent congeners that prove resistant to
metabolism and elimination (59). Bioaccu-
mulation through die food chain tends to
concentrate congeners of higher chlorine
content, producing residues that are con-
siderably different from the original
Aroclors (59-6 f). PCB residues in fish and
turdes, changed through environmental or
metabolic alteration, cannot be character-
ized by Aroclor 1242, 1248,1254, or 1260
standards (60). Congener distributions in
several species, including humans, do not
resemble any Arodor (33).

In humans, too, bioaccumulated PCBs
also appear to be more persistent in the
body (62). This is significant because in
animals bioaccumulated PCBs appear to be
more toxic than Aroclors (63). A study
comparing mink fed a given quantity of
Aroclor 1254 with mink fed Great Lakes
fish contaminated with one-third that
quantity of bioaccumulated PCBs (plus
other chemicals) found similar liver and
reproductive toxicity (64).

Assessing Risks from
Environmental PCBs
Consensus has emerged on the fallacy of
assessing environmental PCBs as if they
were Arodors. Safe (34) wrote, "Regulatory
agencies and environmental scientists have
recognized that the composition of PCBs
in most environmental extracts does not
resemble die composition of die commer-
cial products." When assessing risks from
environmental PCBs, die EPA now consid-
ers how environmental processes alter mix-
ture composition (2).

Through partitioning, different por-
tions of a PCB mixture are encountered
dirough each exposure pathway. The mix-
ture fraction dial adsorbs to sediment or
soil tends to be higher in chlorine content
and persistence dian the original mixture;
it also tends to be less indined to metabo-
lism and elimination and, dius, higher in
persistence and toxicity. (Persistence is not
synonymous with toxicity; however, in the
absence of testing of most congeners, it is
reasonable to assume some correlation
between persistence and toxicity.)
Consequently, ingesting contaminated sed-
iment or soil or inhaling contaminated
dust can pose relatively high risks. On die
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other hand, the mixture fraction that dis-
solves in water or evaporates into air tends
to be lower in chlorine content and persis-

Ntence, so risks from ingesting water-soluble
congeners or inhaling evaporated congeners
would tend to be lower, in the absence of
contaminated sediment or dust.

Preferential bioaccumulation can have
even more pronounced effects, as each
species in the food chain retains persistent
congeners that prove resistant to metabo-
lism and elimination. Bioaccumulated
PCBs appear to be more toxic than
Aroclors and more persistent in the body.
The Aroclors tested in laboratory animals
were not subject to prior selective retention
of persistent congeners through the food
chain. For exposure through the food
chain, therefore, risks can be higher than
those estimated in this assessment.

To reflect these environmental process-
es, the EPA now provides a tiered approach
that considers how partitioning and bioac-
cumulation affect each exposure pathway
or situation. Three tiers are provided:
• High risk and persistence (upper-bound

slope, 2 per mg/kg/day; central-estimate
slope, 1 per mg/kg/day). The highest slope
from Table 7 is used for pathways in which
environmental processes tend to increase
risfc food chain exposure, sediment or soil
ingestion, dust or aerosol inhalation, expo-

***•• sure to dioxinlike, tumor-promoting, or
persistent congeners, and early-life expo-
sure (all padiways and mixtures).

.• Low risk and persistence (upper-bound
slope, 0.4 per mg/kg/day; central-estimate
slope, 0.3 per mg/kg/day). A lower slope
is appropriate for padiways in which envi-
ronmental processes tend to decrease risk:
ingestion of water-soluble congeners and
inhalation of evaporated congeners.
Dermal exposure is also included because
PCBs are incompletely absorbed through
the skin; however, if an internal dose has
been calculated by applying an absorption
factor to reduce the external dose, then
the highest slope would be used with the
internal dose estimate.

• Lowest risk and persistence (upper-bound
slope, 0.07 per mg/kg/day; central-estimate
slope, 0.04 per mg/kg/day). The lowest
slope from Table 7 is used when congener
or homologue analyses verify that congeners
with more dian four chlorines comprise less
than one-half percent of total PCBs.

The key finding supporting die lowest
tier is die lower potency of Aroclor 1016
compared with 1242 (Table 3). Though
these mixtures have similar chlorine con-
tent, Aroclor 1016 has virtually no con-
> .̂ners with more than four chlorines (Table
,. Thus, the lowest slope, derived from die

Aroclor 1016 study, is appropriate only for

mixtures free of congeners with more dian
four chlorines.

The key assumption supporting lower-
tier risks for water-soluble or evaporated
congeners is that partitioning has reached
equilibrium. Congener or homologue
analysis of environmental samples can veri-
fy whedier equilibrium has been achieved.
For example, if water samples contain con-
geners of high chlorine content, this could
indicate a continuing release into the envi-
ronment, a recent release without sufficient
time to partition as expected, a past release
with high chlorine content, or the presence
of stirred-up sediment with adsorbed con-
geners of high chlorine content. Judgment
should be used to choose a higher slope in
these situations.

Because the potency range for Aroclors
(Tables 6 and 7) can underestimate the
range for environmental mixtures, con-
gener analysis can be an important tool in
risk assessment, providing information on
die presence in environmental samples of
specific congeners that contribute to cancer
induction. When concentrations of dioxin-
like congeners are available, risk estimates
can be refined using toxic equivalency fac-
tors developed for dioxinlike PCB con-
geners (65); the EPA provides an example
of this (2). Congener analysis can also
reveal composition changes for persistent
or tumor-promoting congeners that are not
dioxinlike. Among these, PCB-153
(2,2',4,4',5,5'-hexachlorobiphenyl) is of
particular interest, as it shows tumor pro-
moting activity, is highly persistent, and
comprises 12 and 21% of PCBs in human
milk and fat, respectively (33).

Early-life exposure is treated with spe-
cial concern because of the potential for
higher exposure during pregnancy and
nursing (66,67) and the possibility of
greater perinatal sensitivity. Metabolic padi-
ways are not fully developed in human
infants; for example, some nursing infants
receive a steroid in human milk that
inhibits the activity of glucuronyl trans-
ferase, reducing PCB metabolism and elim-
ination (68). In animals, Aroclor 1260
induced high incidences of liver tumors
when exposure began early in life and lasted
a short time (18). Perinatal exposure to
polybrominated biphenyls enhanced sus-
ceptibility to liver tumors in female rats also
exposed as adults and in male and female
mice not further exposed (69). It is, diere-
fore, important to assess early-life exposure
through human milk and other pathways.

For less-than-lifetime exposure, current
practice typically assumes that effects are pro-
portional to exposure duration, yet there is
evidence diat cancer risks can be higher for
persistent mixtures. Tumor incidences in rats

from 52 weeks exposure to Aroclor 1260
were comparable to those from lifetime
exposure (Table 4). This confirms earlier
findings that some PCBs persist in the body
and retain biological activity after exposure
stops (70). Thus, current practice can under-
estimate risks from persistent mixtures.

Some implications and
Research Needs
The EPA's new approach highlights how
environmental processes—partitioning,
chemical transformation, and preferential
bioaccumulation—alter the cancer potential
of environmental mixtures. Bioaccumulated
mixtures are of greatest concern because
they appear to be more toxic than commer-
cial mixtures and more persistent in the
body. Two highly exposed populations are
exposed to bioaccumulated mixtures. One
is nursing infants, for whom average intake
of total PCBs was estimated at 1.5-27
ug/kg/day (35), 3-11 ug/kg/day (46), or
2.1 ug/kg/day (71), compared to 0.2
ug/kg/day estimated for adults (46,71).
Dietary intake varies widely, often depend-
ing on proximity to where PCBs were
released into the environment (35,46). This
gives rise to another highly exposed popula-
tion: people who derive much of their diet
from local sources that happen to be conta-
minated, for example, subsistence anglers
and their families who frequently eat fish
from a contaminated source.

One prominent research need is a cancer
study comparing commercial and bioaccu-
mulated mixtures. The EPA's assessment
warns that risks from exposure through con-
taminated food can be underestimated, but
die extent is not quantified. Also needed is a
mediod for using lifetime studies to assess
risks from less-than-lifetime exposure to per-
sistent agents. The EPA's assessment warns
that assuming risk and exposure duration
are proportional can underestimate risks
from persistent mixtures, but die extent is
not quantified. For persistent agents, deliv-
ered dose might be a better dose metric than
the lifetime average daily dose.

The next question is how environmen-
tal processes alter the potential for non-
cancer toxicity and adverse ecological
effects. This requires a separate analysis, as
different sets of congeners may be associat-
ed with cancer and other effects.
Characterizing the effects of environmental
processes can improve assessments of these
other effects. The same may be true when
assessing complex environmental mixtures
odier dian PCBs.

Additionally, the new assessment may
change the way analytical laboratories charac-
terize environmental samples. The prevailing
practice has been to describe environmental
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samples in terms of Aroclors, even though
environmental processes make the composi-
tion of environmental mixtures considerably
different from Aroclor mixtures. Congener
and homologue analysis may become pre-
ferred for the ability to estimate the dioxin
toxic equivalence of an environmental mix-
ture or verify whether PCBs found in water
or air are, as expected, of low chlorine con-
tent and persistence. In particular, analysis
of dioxinlike congeners may be warranted
for exposure through contaminated food;
recently, PCB-126 (3,3',4,4',5-pen-
tachlorobiphenyl), the PCB congener with
the highest dioxin toxic equivalency factor
(65), was found in all of 63 samples of beef
back fat (72).

Finally, the EPA's assessment proves
that good research can indeed improve risk
assessments. The recent study of four
Aroclors strengthened the case that all PCB
mixtures can cause cancer, resolving ques-
tions about the cancer hazard from differ-
ent PCB mixtures and providing key infor-
mation that now enables risk assessors to
quantify differences in cancer potency.
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Protection of the environment is an integral part of
health promotion and disease prevention.
Increasing energy efficiency results in the reduction
of sulfur dioxide (respiratory irritant and compo-
nent of acid rain), nitrogen oxide (contributor to
smog and component of acid rain), and carbon
dioxide (implicated in global climate change).

Simple efforts to reduce energy bills also can signifi-
cantly reduce facility operating costs. Energy effi-
ciency upgrades (e.g., lighting, office equipment,
heating, ventilation, and air conditioning) in offices,
clinics and research facilities can save 30 to 40
percent on energy costs, with payback for invest-
ment within three years and continuous savings
thereafter.

The National Association of Physicians for the
Environment (NAPE), in cooperation with the U.S.
Environmental Protection Agency, has developed
an information assistance program designed espe-
cially to help healthcare and biomedical research
facilities of less than 100,000 square feet become
more energy efficient.

The EPA's ENERGY STAR* programs offer expert tech-
nical assistance, financial information, and public
relations assistance. More than 2,000 organiza-
tions already participating in the programs are sav-
ing millions of dollars and preventing many tons of
air pollutants from being released. All programs
are voluntaryl

Participation in energy efficiency programs demon-
strates a commitment to protecting the environment;
money is saved at the same time. Materials
(brochures, posters, news releases) are provided to
inform the public of your environmental contribu-
tion to keeping people healthy.

For more information, visit NAPE's homepage:
http://www.intr.net/napenet.
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Mortality in Male and Female Capacitor
Workers Exposed to Polychlorinated Biphenyls

Renate D. Kimbrough, MD
Martha L. Doemland, PhD
Maurice E. LeVois, PhD P

A mortality study was conducted in workers with at least 90 days'
exposure to polychlorinated biphenyls (PCBs) between 1946 and 1977.
Vital status was established for 98.7% of the 7075 workers studied. In
hourly male workers, the mortality from all cancers was significantly
below expected (standardized mortality ratio [SMR] = 81; 95%
confidence interval [CI], — 68 to 97) and comparable to expected
(SMR = 110; 95% CI, 93 to 129) in hourly female workers. No
significant elevations in mortality for any site-specific cause ruere found
in the hourly cohort. All-cancer mortality was significantly below
expected in salaried males (SMR = 69; 95% CI, 52 to 90) and
comparable to expected in salaried females (SMR = 75; 95 % CI, 45 to

^118). No significant elevations were seen in the most highly exposed
workers, nor did SMRs increase with length of cumulative employment
and latency. None of the previously reported specific excesses in cancel-
mortality ruere seen. This is the largest cohort of male and female1 workers
exposed to PCBs. The lack of any significant elevations in the
site-specific cancer mortality of the production workers adds important
information about human health effects of PCBs.
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olychlorinated biphenyls (PCBs) are
complex mixtures of 209 different
chlorinated biphenyl congeners.
They were used extensively in the
United States from the 1930s
through 1977 in a variety of indus-
trial applications. PCB mixtures have
several chemical and physical prop-
erties that made them extremely ver-
satile, including" resistance to acids
and bases as well as oxidation and
reduction; compatibility with organic
materials; and thermal stability and
nonflammability. The major volume
usage of PCBs was in capacitors and
transformers as dielectric fluids, but
they were also used as lubricants and
sealants; as additives in paint, plas-
tics, newspaper print, and dyes; as
extenders in pesticides; and as heat
transfer and hydraulic fluids. More
than 95% of the liquid-filled electri-
cal capacitors and transformers pro-
duced before the early 1970s con-
tained PCBs. PCBs are persistent
chemicals and have bioaccumulated
in the environment. They continue to
be detected in air, soil, water, and
sediment. Trace amounts are also
present in the tissues of wildlife,
domestic animals, and humans:'
however, the levels of PCBs in the
environment are declining.

The potential for adverse human
health effects of PCB exposure has
been a concern since the early 1970s
and resulted in the Environmental
Protection Agency's ban of the pro-
duction of PCBs in 1978. Current
knowledge regarding the human
health effects of PCBs is limited,
inconsistent, and difficult to inter-
pret. Occupational mortality studies
of capacitor workers have reported
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higher than expected rates of mela-
noma2 and cancer of" the liver,3'"1

rectum,3 gas t ro in tes t ina l tract.5

brain,2 and hematopoietic system.3

The site-specific elevations, how-
ever, have not been observed consis-
tently across studies. More impor-
tantly, many of the elevated cause-
specific standardized mortality ratios
(SMRs) reported in the various stud-
ies were not correlated with higher
and/or longer exposures to PCBs or
longer latency periods, which would
be suggestive of a dose-response re-
lationship.

We conducted a retrospective co-
hort mortality study of 7075 workers
exposed to PCBs during the capaci-
tor manufacturing process. The co-
hort represents all hourly and sala-
ried workers from two plants in
upstate New York who were em-
ployed for 90 days or more from
1946, when capacitor manufacturing
began, through June 15, 1977, when
PCB use was completely phased out.
A cohort of the same workforce was
previously assembled by other inves-
tigators6'7 but was incomplete be-
cause it did not include approxi-
mately 850 workers. A portion of the
highly exposed male workers in this
study were also included in the co-
hort assembled by Brown and
Jones.3

Methods
Study Purpose

The purpose of this study was to
iurther explore previously reported
excesses in cancer-specific mortality
in capacitor workers exposed to
PCBs. Six a priori cancers that were
previously reported as being elevated
were the primary focus of this study
(melanoma, liver, rectum, gastroin-
testinal tract, brain, and hematopoi-
etic cancers).

Study Population
All hourly and salaried workers

employed for at least 90 days be-
tween January 1, 1946, and June 15,
1977, in two capacitor manufactur-
ing plants in upstate New York were

included in the cohort. Salaried per-
sonnel were included in the cohort
because they were often involved in
the manufacturing process and all
personnel were housed in the same
building. Personal identifiers, includ-
ing Social Security number, demo-
graphics, and each worker's job his-
tory information, were abstracted
from employment records that had
been microfilmed by the company.
Completeness of the cohort was es-
tablished by our reviewing all avail-
able company records, such as pen-
sion rosters and the quarterly earning
reports of the Social Security Ad-
ministration (SSA, 941 forms; the
complete payroll record for every
employee that was ever paid by the
company, by plant and location).

Vital Status Determination
The National Death Index and the

Equifax Nationwide Death Search
tapes were matched against our co-
hort to identify deceased cohort
members through December 31,
1993. A match was considered to
exist when at least six digits of the
Social Security number, the date of
birth, and the first and last name for
men and first name for women
matched. Death certificates were ob-
tained from the state where death
occurred and were coded by a certi-
fied nosologist. The underlying
cause of death was coded using the
International Classification of Dis-
eases (ICD) revision in force at the
time of death.8

Significant effort went into estab-
lishing the vital status of workers not
identified as deceased, working, or
receiving a pension. Company files
were used to identify workers still
employed in 1994 and retired work-
ers receiving a pension. The locating
services of Equifax were used to
establish "alive" status for cohort
members that were separated from
employment at the time of vital sta-
tus determination. This was done
primarily through the identification
of cohort members involved in activ-
ities such as insurance underwriting
and claims and financial transac-

tions, such as mortgage applications.
Computerized county voter registra-
tion lists and annual R.L. Polk and
Haines City Directories were also
used and matched against the cohort
list to establish alive status. When
employees could not be identified as
alive by the above sources, direct
contact with neighbors or relatives
was attempted to verify vital status.
A private investigator was employed
to locate difficult-to-find former em-
ployees. Long-term workers who
were currently employed also as-
sisted us in locating former employ-
ees. Workers with unknown vital
statuses were considered to be "lost-
to-follow-up" and were observed
through their last date of employ-
ment.

Exposure Assessment
Capacitors were produced by as-

sembling the capacitor canisters, fill-
ing them with PCBs, heating them to
achieve better impregnation, and
closing, soldering, and cleaning
them. Capacitors were also repaired,
which entailed removing the cover,
draining the PCBs, repairing the unit,
and re-constructing the capacitor.

From 1946 through 1971, the Aro-
clor™ mixtures (the tradename for
Monsanto [St. Louis, MO] PCB
products) 1254 and 1242 were pre-
dominantly used. Aroclor 1254 was
phased out after 1954, and Aroclor
1242 was used until 1971. From
1971 until 1977, Aroclor 1016 was
used. Aroclor 1016 was similar to
Aroclor 1242 but with lower envi-
ronmental persistence, which was ac-
complished by the removal of higher
chlorinated homologs.

All jobs were classified according
to their levels of PCB exposure prior
to the determination of vital status.
Jobs with direct PCB contact (dermal
contact and/or inhalation exposure to
high PCB air levels) experienced
while filling, impregnating, repair-
ing, or moving PCB-filled capacitors
were classified as high-exposure
jobs. In the areas of f i l l ing and im-
pregnating, air levels ranged from
227 to 1500 p-g/m3 in 1975,y and in
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the spring of 1977, when PCB use
' had declined substantially, air levels
^ranged from 170 to 576 jig/m3.10

'ork operations in which no PCBs
vvere used, such as the winding, can,
and cover manufacture and the as-
sembly and shipping department,
were tested in the spring of 1977, and
air levels ranged from 3 to 50 p.g/
m3.10 These jobs were classified as
low exposure, and workers in these
areas primarily had inhalation expo-
sure to the background levels of
PCBs in the plant. There were jobs
for which the PCB exposure of the
worker varied depending on the lo-
cation where the individual was per-
forming the task. Insufficient infor-
mation was provided in the worker
history records to determine the lo-
cation of these jobs, and it was there-
fore not possible to assign exposure
classifications for them. These jobs
were classified as undefinable.

Between 1976 and 1979, the gen-
eral population had average serum
PCB levels on a wet-weight basis of
approximately 5 to 7 parts per billion

x—^pb. measured in ng/mL), with lev-
.s ranging from nondetectable to 20

ppb (ng/mL),1 with occasional
higher levels." In a population of
290 self-selected employees from
this plant, the PCB levels measured
in serum on a wet-weight basis
ranged from 6 to 2530 ppb (ng/mL)
for the lower chlorinated compounds
and ranged from 1 to 546 ppb (ng/
mL) for the higher chlorinated
PCBs.12 In 1976, Lawton et al13'14

found similar high levels in a group
of 190 workers who had been se-
lected because of their estimated
high exposures, establishing the ex-
tensive exposure to PCBs.

Exposure to other chemicals in
these plants was limited. A small
number of workers were exposed to
low concentrations of toluene in the
painting area, with air levels from
nondetectable to 21.4 u,g/m3 (time-
weighted average = 188 mg/m3).
Trichloroethylene levels in the de-

^,-sreasing area ranged from 3.7 to 321
j/m3 (time-weighted average =

mg/m3). Low air levels of lead.

aluminum, and iron were also re-
ported in the soldering area.10

Statistical Analyses
The mortality experience of the

cohort is expressed as the SMR
(number of observed deaths in the
cohort divided by the number of
expected deaths derived from the
comparison population). Age-, sex-,
race-, and calendar-specific mortality
rates for the US population arid the
regional population from the eight
counties surrounding the plants
(Franklin, Essex, Warren, Saratoga,
Washington, Hamilton, Clinton, and
Herkimer counties) were used to cal-
culate the expected number of
deaths. The US mortality rate tables
were provided by the National Insti-
tute of Occupational Safety and
Health and comprised 92 causes of
death for the years 1946 through
1993 for white and nonwhite males
and females in 5-year age and calen-
dar time periods.15 The regional
mortality rate tables were obtained
from the Mortality and Population
Data System16 and comprised 62
causes of death for the years 1950
through 1989 for malignant neo-
plasms and the years 1962 through
1989 for nonmalignant causes. The
regional rates were also provided for
white and nonwhite males and fe-
males in 5-year age and calendar
time periods. Person-years were ac-
cumulated beginning on the 91st day
of employment and continued to De-
cember 31, 1993, or the date of
death, whichever came first. Person-
years for workers lost to follow-up
were calculated through the last date
they were known to be alive, which
was typically their last date of em-
ployment. Person-years were com-
bined into 5-year age-, sex-, race-,
and calendar-specific categories and
mul t ip l ied by the corresponding
age-, sex-, race-, and calendar-
specific US mortality rates (or re-
gional rates) to yield the expected
numbers. Calculations were per-
formed using OCMAP (Occupation-
al Cohort Mortality Analysis Pro-
gram).17 The statistical significance
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of the differences between the ob-
served and expected numbers was
tested assuming a Poisson distribu-
tion for the observed deaths, using a
two-sided test of significance.'8
SMRs were calculated for all 92
underlying causes of death; however,
only selected causes of death, includ-
ing all causes, all cancers, all site-
specific cancers, the major cardio-
vascular diseases, diabetes, cirrhosis
of the liver, and accidental causes are
shown.

Presentation of the exposure-
specific analysis is confined to those
workers who had the greatest poten-
tial for exposure, which was defined
in three ways: (1) all hourly workers
who ever worked in a high-exposure
job; (2) all hourly workers who had
worked for at least 6 months in a
high-exposure job; and (3) all hourly
workers who worked for at least 1
year in a high-exposure job. Only
112 male and 12 female workers
were exclusively employed in high-
exposure jobs, thereby restricting our
ability to analyze them as a separate
group.

In addition to the overall SMRs,
the impact of PCB exposure on mor-
tality in both the total cohort and the
high-exposure cohort was examined
by categories of cumulative length of
employment (<1 year, 1 to <5
years, 5 to <10 years, and'S: 10
years) and years of latency. Two
latency categories were defined: one
as less than or equal to 20 years since
first exposure, and the other as
greater than 20 years since first ex-
posure. SMRs were calculated for
each category of cumulative length
of employment by latency for all-
causes, all-cancers, and specific
causes for which there was an ele-
vated total SMR with two or more
observed deaths and for which the
lower boundary of the 95% confi-
dence interval (CI) was 90 or hbove.
This analysis examined the trend
across categories of increasing
length of employment and latency.
The purpose was to determine
whether the SMRs increased over the
length of employment and latency
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TABLE 1
Demographic Characteristics of 4,062 Male and 3,013 Female Workers

Salaried Workers

Characteristic
Number of workers
Number of person-years
Number of deaths
Number of missing death certificates
Number lost to follow-up
Mean age started work
Mean time employed, years
Mean age stopped working
Mean age at death
Mean age for workers alive on December 31, 1993
Mean follow-up time, years
Percentage who attended college

" ""*•• *j

Male
2,984

85,991
586
20
33
26
6.2
33
61
53
28
15

. , V. ..V. V

Female
2,544

75,674
380

4
52
29
5.8
35
64
57
30

7

Male
1,078

34,755
177

9
7

29
5.7
35
62
60
32
73

-.

Female
469

16,358
52
4
3

25
4.8
31
61
59
34
26

Total
(mean)

7,075
212,778

1,195
37
95
(27)
(5.6)
(34)
(62)
(57)
(31)
(30)

categories, which would suggest a
trend consistent with a dose-response
effect.

The individual category-specific
SMRs are not particularly relevant,
and, because of the small number of
deaths, the rates are unstable. Trend
analysis using the Mantel-Cox chi-
square test19 with one degree of free-
dom was done to determine the sig-
nificance of the trend among the
observed over the expected rates
within the subpopulation of women
who died of iniestinal cancer.

Results
Description of the Cohort

The cohort consisted of 2984
hourly white male, 2544 hourly
white female, 1078 salaried white
male, and 469 white salaried female
workers (Table 1). Hourly male and
female workers contributed 85,991
and 75,674 person-years of observa-
tion, respectively, and salaried male
and female workers contributed
34,755 and 16,358 person-years.
Only 1.1% of the hourly male, 2% of
the hourly female, and less than 1 %
of the salaried workers were lost to
follow-up. The average age at entry
for the different groups, the mean
time employed, and the mean fol-
low-up time are also shown in Table
1. The mean age at the end of em-
ployment for the four subgroups
ranged from 31 to 35 years. The

mean age of the 5880 cohort mem-
bers alive at the end of the follow-up
period was 57 years, while the mean
age at death was 62 (Table 1).
Among the salaried male cohort,
73% ever attended college, while in
the hourly male cohort only 15%
ever attended college. Among sala-
ried female workers, 26% ever at-
tended college, and among the
hourly female workers, 7% ever at-
tended college.

There were 586 deaths among the
hourly male workers, and 380 deaths
among hourly female workers. There
were 177 deaths among the salaried
male workers and 52 deaths among
the salaried female workers. For 38
workers, the cause of death was not
known, either because the death cer-
tificate could not be located or be-
cause the cause of death was not
provided on the death certificate.

In Table 2 the length of employ-
ment and years of follow-up for the
cohort are shown. Over one third of
hourly male and female workers and
nearly one third of the salaried male
cohort worked less than 1 year, and
nearly one third of hourly and sala-
ried male and female employees
worked 5 years or more. The distri-
bution of follow-up time for the co-
hort is also presented and indicates
that follow-up time for the majority
of the cohort exceeded 25 years. The
distribution of length of employment
by years of follow-up (not shown)

illustrated that follow-up time was
longest for the long-term workers (ie,
those with the longest overall expo-
sure times were observed for the
longest period of time).

In Table 3 the distribution of ex-
posure type by gender and pay status
is presented. Females primarily held
jobs with low exposures (97% of
women); they were engaged in the
winding operation, which was done
in a separate "clean" room, or they
held clerical salaried jobs. The dis-
tribution of exposure type presented
in Table 3 indicates that workers,
especially hourly male workers, ex-
perienced different exposures
throughout their employment. For
example, in the hourly male cohort,
27% of men had jobs with high, low,
and undefinable exposures during
their employment (not shown), and
66% of the male hourly cohort held a
job with undefinable exposure some-
time during their employment.

The observed deaths, expected
deaths, SMRs, and their 95% CIs for
selected causes of death for the co-
hort by subgroup are presented in
Table 4. All malignant neoplasms,
the major cardiovascular diseases,
diabetes, cirrhosis of the liver, and
accidental causes of death are pre-
sented. Causes with only one death
are not presented, nor are irrelevant
causes with small numbers of deaths
(ie, mental disorders). The expected
numbers were calculated from the
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TABLE 2
Length of Employment and Follow-Up Time

*"-*", Hourly Workers (%) Salaried Workers (%)

Characteristic
Length of employment, years

<1
1 to <5
5 to <10
10 to <15
a15

Years of follow-up
<10
10 to <20
20 to <25
25 to <30
30 to <35
>35

Male

1066(35.7)
864 (29.0)
381 (12.8)
212 (7.1)
461 (15.4)

61 (2.0)
383(12.8)
656 (22.0)
830 (27.8)
267 (8.9)
787 (26.4)

Female

842 (33.1)
902 (35.5)
251 (9.9)
208 (8.2)
341 (13.4)

28(1.1)
333(13.1)
626 (24.6)
487 (19.1)
240 (9.4)
830 (32.6)

Male

343(31.8)
341 (31.6)
177(16.4)
87 (8.1)

130(12.1)

11 (1.0)
67 (6.2)

156(14.5)
206(19.1)
159(14.7)
479 (44.4)

Female

106(22.6)
216 (46.1)
83(17.7)

130 (5.8)
37 (7.9)

0
32 (6.8)
33 (7.0)
72(15.4)
51 (10.9)

281 (59.9)

TABLE 3
Distribution of Exposure Types

Hourly Workers Salaried-Workers

Characteristic
Number ever highly exposed (%)

Median years in high exposure
Number ever undefinably exposed (%)

Median years in undefinable exposure
Number ever low exposed (%)

/"'""""•tedian years in low exposure

Male
1268(42.4)

1.7
1984(66.4)

1.8
2343 (78.5)

6.5

Female
352(13.8)

1.6
379 (14.8)

1.5
2468 (97.0)

6.5

Male
87 (8.0)
3.2

407 (37.7)
2.4

831 (77.0)
5.0

Female
10(2.1)

2.0
15(3.1)

1.4
459 (97.8)

4.9

mortality rates of the US population.
Among the hourly workers, the all-
causes mortality was significantly
lower than that of the US population
(SMR = 84, 95% CI, 77 to 91 for
males; SMR = 90, 95% CI, 82 to
100 for females). The all-cancers
mortality was also significantly
lower than that of the US population
in hourly male workers (SMR = 81;
95% CI, 68 to 97). In hourly female
workers, the all-cancers mortality
rate was comparable to the US rate
(SMR = 110; 95% CI, 93 to 129).

In the male hourly cohort no sig-
nificant elevations in the six a priori
cancers of interest (cancers of the
rectum, liver, gastrointestinal tract,
melanoma, brain, and hematopoietic
system) were noted. Several causes
of death had SMRs above 100; how-
ever, none of them were significantly

ated (Table 4).
i the hourly female cohort, there

were no significantly elevated SMRs

for any of the six a priori cancers of
interest. SMRs for several other can-
cer sites were elevated, although
none were significantly elevated (Ta-
ble 4).

SMRs for deaths from diseases
other than cancer were also not sig-
nificantly elevated in either hourly
male or female workers. The SMR
for diabetes, however, was signifi-
cantly lower than expected in hourly
male workers (four observed and
10.5 expected; SMR = 38; 95% CI,
10 to 97).

Overall, among salaried male
workers, a striking healthy worker
effect was observed (Table 4). The
all-causes SMR for salaried male
workers was 54 (177 observed and
328 expected; 95% CI, 46 to 62) and
the all-cancers SMR was 69 (56 ob-
served and 81 expected; 95% CI, 52
to 90). None of the a priori cancers of
interest were elevated in the salaried
male workers. The lung cancer rate

was significantly lower than ex-
pected, with an SMR of 41 (12 ob-
served and 29.6 expected; 95% CI,
21 to 71), as was ischemic heart
disease, with an SMR of 45 (44
observed and 97.5 expected; 95% CI,
33 to 61), and cerebrovascular dis-
ease, with an SMR of 20 (three
observed and 15.2 expected; 95% CI,
4 to 58).

The female salaried workers (Ta-
ble 4) also demonstrated a marked
healthy worker effect, with an all-
causes SMR of 69 (52 observed and
75 expected; 95% €1, 52 to 91) and
an all-cancers SMR of 75 (19 ob-
served and 25 expected; 95% CI, 45
to 118). The only significant finding
in the salaried female workers was
that for cancer of the connective
tissue, with an SMR of 1290 (two
observed and 0.2 expected; 95% CI,
156 to 4659). However, one of the
connective tissue tumors was a peri-
cytoma, a lesion of borderline malig-
nancy.

The age-, sex-, race-, and calen-
dar-specific mortality rates for the
hourly workers, compared with the
regional population (eight counties
surrounding the plants), were similar
to the SMRs calculated using the US
rate tables (not shown). None of the a
priori cancers of interest in either
males or females were significantly
different than expected.

SMRs by Length of
Employment anri Latency
Categories

There was no trend of increasing
SMRs over length of employment
and latency categories for all causes
or all cancers in either male or fe-
male hourly workers. The data for all
cancers are presented in Tables 5 and
6.

The only site-specific cause of
death that met the a priori criteria for
analysis by cumulative length of em-
ployment and latency (ie, greater
than two observed cases and CIs
with a lower boundary >90) was
intestinal cancer in female hourly
workers. As listed in Table 6. the
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TABLE 4
Observed and Expected Deaths8 in 2984 Hourly Male

Cause of Death
All causes
All cancers
MN9 of tongue
MN of buccal cavity
MN of pharynx
MN of esophagus
MN of stomach
MN of intestine
MN of rectum
MN of biliary passages and liver
MN of pancreas
MN of larynx
MN of trachea, bronchus and lung
MN of breast
MN of cervix uteri
MN of other parts of uterus
MN of ovary, tube and broad ligament
MN of prostate
MN of kidney
MN of bladder and other urinary tract
MN of skin (melomonas)
MN of brain and nervous system
MN of connective tissue
Other and unspecified cancer
Lymphosarcoma
Leukemia and aleukemia
Other lymphatic and hematopoietic
Cirrhosis of the liver
Diabetes
Ischemic heart disease
Hypertension with heart disease
Other diseases of the heart
Cerebrovascular disease
Arteries, veins, pulmonary circulation
Transportation accidents
Other accidents
Suicide
Homicide

Obs/Exp
586/699
128/158

1/0.9
2/1.1
4/2.0
5/3.8
4/5.9
8/14.0
3/3.4
2/2.5
9/7.8
3/2.0

42/54.5
—
—
—
—

12/10.9
3/4
3/3.8
5/3.8
2/5.1
0/0.9
6/10.3
2/2.1
4/6.3
5/5.7

13/18
4/10.5

182/205
5/5.8

34/34.7
26/34.9
19/17.0
29/34.7
10/14.4
14/21.3

3/8.4

Workers,13 2544 Hourly Female Workers,0 1078
Hourly Workers'

Males

SMR
84'

',8V
103
178
199
131
68
57
87
80

115
147
77

110
75
77

130
39

58
92
63
87
72
38'
89
86
98
74

112
84
69
66
36

Salaried Male Workers,d and 469 Salaried
Salaried Workers'

Females

(95% Cl)
' (77-91)

(68-97)
(3-576)
(22-642)
(54-509)
(42-304)
(18-173)
(25-112)
(18-255)
(10-289)
(53-219)
(30-428)
(56-104)
—
—
—
—
(57-192)
(15-219)
(16-226)
(42-303)
(5-140)
—
(21-126)
(11-331)
(17-162)
(28-202)
(39-124)
(10-97)
(76-103)
(28-201)
(68-137)
(49-109)
(67-174)
(56-120)
(33-127)
(36-110)
(7-104)

Obs/Exp
380/420
150/136

2/0.4
2/0.5
2/0.8
1/1.1
4/3.0

20/12.7
4/2.3
2/2.2
7/5.9
1/0.4

32/25.2
25/30

6/4.7
5/3.8
8/9.3
—

2/2.1
2/1.3
3/2.0
2/3.7
1/0.8
3/8.6
1/1.5
4/4.3
5/4.7
6/9.2
9/10.3

71/87
2/4.4

18/21.4
27/30
10/11
14/9.1

5/3.1
3/6.8
2/2

SMR (95% Cl)
90' (82-100)

110 (93-129)
483 (59-1745)
365 (44-1317)
253 (31-915)

87 (2-482)
132 (36-339)
157 (96-242)
169 (46-434)
89 (11-321)

117 (47-241)
215 (5-1198)
127 (87-179)
82 (53-121)

126 (47-277)
130 (43-305)
85 (37-168)

—
94 (11-341)

151 (18-545)
144 (30-421)
53 (6-192)

125 (3-694)
35 (7-101)
65 (2-364)
93 (25-238)

105 (34-245)
65 (24-142)
87 (40-165)
81 (64-103)
45 (6-164)
84 (50-133)
89 (59-130)
95 (46-175)

153 (84-257)
158 (51-369)
44 (9-128)
96 (12-345)

Obs/Exp
177/328

56/81
0/0.1
0/0.5
0/1.0
1/2.0
1/2.7
7/7.1
3/1.6
1/1.2
6/3.9
0/1.0

12/29.6
—
—
—
—

3/5.3
0/2.1
1/1.8
4/1.9
4/2.5
1/0.4
3/5.4
0/1.0
5/3.0
4/3.0
3/9.1
5/5.1

44/97.5
0/2.5

16/18.2
3/15.2
4/8.0
3/12.6
3/5.9
2/8.6
0/3.0

Males

SMR
54"
69*

49
36
98

185
79

150

41"

56

54
210
156
229

55

166
131
33'
97
45"

88
20"
50
24"
51
23*

(95% Cl)
(46-62)
(52-90)
—
—
—
(1-272)
(0.9-200)
(40-203)
(38-540)
(2-439)
(55-327)
—
(21-71)

—
—
—
(5-136)
—
(1-299)
(57-538)
(42-398)
(6-1275)
(11-161)
—
(54-387)
(36-336)
(7-96)
(32-226)
(33-61)
—
(50-143)
(4-58)
(14-128)
(5-69)
(11-148)
(3-84)
——

Obs/Exp
52/75
19/25
1/0.07
1/0.1
0/0.1
0/0.2
0/0.5
1/2.2
0/0.4
0/0.3
0/1.1
0/0.1
5/4.7
6/5.7
1/0.9
0/0.6
2/1.7

—
—

0/0.2
0/0.4
0/0.7
2/0.2
0/1.5
0/0.2
0/0.8
0/0.8
1/1.7
0/1.8
8/14.3
0/0.7
1/3.8
6/5
1/1.8
3/1.9
1/0.6
2/1.4
0/0.4

Female

Females

SMR
69.0"

75
1346
1021

44

104
104
112

115

1290*

57

56

26
120
56

156
159
140

Workers8

(95% Cl)
(52-91)
(45-118)
(34-7498)
(26-5690)
—
—
—

(1-247)

—
—
—

(34-244)
(38-226)
(3-622)
_

(14-415)
—
—
—
—
—

(156-4659)
—
—
—
—
(1-318)
—

(24-110)
—
(0.7-146)
(44-260)
(1-310)
(32-455)
(4-886)
(17-507)

—— .

a

* Significant at P < 0.05.
"Significant at P < 0.01.
3 Expected numbers for selected causes of death based on age-, sex-, race-, and time-specific US rates coded according to the rules of the International Classification of Diseases coding

in force at the time of death. ICD code groupings are shown as listed in Steenland et at.15

b 85,991 Person-years of observation.
c 75,674 Person-years of observation.
" 34,755 Person-years of observation.
8 16,358 Person-years of observation.
1 Obs/Exp, observed/expected; SMR, standardized mortality ratio; Cl, confidence interval.
8 MN, malignant neoplasms.
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TABLE 5
Mortality by Length

Cause/Latency
All cancers, n

<20
a20

Total

of Employment and

<1
No. of
Deaths

Observed SMR

8 81
19 74
27 76

Latency from All-Cancers for Hourly Male Workers
Length of Employment (years)

1 to <5

No. of
Deaths

Observed SMR

8 79
14 59*
22 65*

5 to <10

No. of
Deaths

Observed

9
12
21

SMR

105
108
107

s=10

No. of
Deaths

Observed

10
48
58

SMR

89
78*
81*

Total

No. of
Deaths

Observed

35
93

128

SMR

89
78*
81*

* P < 0.05.

TABLE 6
Mortality by Length of Employment and Latency from All-Cancers and Intestinal

Length of Employment

Cause/Latency
All cancers, n

<20
>20
Total

Intestinal cancer, n
<20

"**x'va20
Total

<1
No. of
Deaths

• Observed SMR

9 84
31 145
40 124

0 —
4 198
4 142

1 to <5

No. of
Deaths

Observed SMR

13 90
30 117
43 107

0 —
5 208
5 143

Cancer for Hourly Female Workers
(years)

5 to <10 a10

No. of
Deaths

Observed

8
13
21

1
5
6

No. of
Deaths

SMR Observed

106
120
114

154
458
345

8
38
46

1
4
5

SMR

107
100
101

147
100
106

Total

No. of
Deaths

Observed

38
112
150

2
18
20

SMR

95
96

110

62
189'
157

* P < 0.05.

intestinal cancer SMRs occurred pri-
marily in women with greater than
20 years of latency; however, the
deaths distributed evenly through the
length-of-employment categories.
While some of the category-specific
SMRs for intestinal cancer were sig-
nificantly elevated in and of them-
selves, they were calculated using
small numbers and were therefore
unstable.

To further evaluate any increased
risk of mortality from intestinal can-
cer with increasing length of em-
ployment, an internal analysis for
trend was calculated. The observed
over the expected rates calculated by
length of employment and the asso-
ciated trend were tested for statistical
significance using the Mantel-Cox

^^sfaj-square test for trend. The ob-
'ed over expected rates for em-

pioyment time of less than I year, I

to less than 5 years, 5 to less than 10
years, and 10 years or greater were
5.07, 1.27, 2.26, and 0.40, respec-
tively. The chi-square was signifi-
cant at P < 0.001; however, the
trend of the observed over the ex-
pected rates did not increase but
rather decreased with length of em-
ployment.

Exposure-Specific SMRs
Mortality in the 1268 hourly male

and 362 hourly female workers who
worked for at least 1 day in a high-
exposure job was compared to the
mortality experience of the US pop-
ulation. The 1268 ever-high-exposed
hourly male workers contributed
37,739 person-years of observation.
The all-causes SMR was signifi-
cantly lower than expected (SMR =
82; 95% CI, 72 to 93), and the
all-cancers SMR was 77 (95% CI, 57

to 101). The 362 ever-high-exposed
hourly female workers contributed
10,584 person-years of observation.
Both all-causes and all-cancers mor-
tality in the ever-high-exposed
hourly female workers did not devi-
ate from that expected (all-causes
SMR = 96, 95% CI, 75 to 123;
all-cancers SMR = 100, 95% CI, 63
to 152). There were no significant
differences in any of the site-specific
SMRs for either male or female ever-
high-exposed hourly workers.

In the 723 hourly male workers,
with 22,217 person-years of observa-
tion, who were engaged in a high-
exposure job for at least 180 days,
the all-causes SMR was 87 (95% CI,
74 to 102) and the all-cancers SMR
was 82 (95% CI, 58 to 114). In the 184
hourly female workers, with 5783 per-
son-years of observation, the all-
causes SMR was 92 (95% CI, 65 to
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TABLE 7
Mortality by Length of Employment and Latency from All-Cancers for Hourly Male and Female Workers Highly Exposed for
180 Days or More

Length of Employment (years)

<1 1 to <5

Cause/Latency
Males

All cancers, n
<20
>20
Total

Females
All cancers, n

<20
&20
Total

No. of
Deaths

Observed

1
1
2

0
0
0

No. of
Deaths

SMR Observed

116 4
45 6
64 10

— 2
— 1
— 3

SMR

164
108
125

193
102
149

5 to <10 a10

No. of
Deaths

Observed

3
2
5

1
1
2

SMR

121
53
80

98
110
103

No. of
Deaths

Observed

5
14
19

0
6
6

SMR

140
67
82

—
82
70

Total

No. of
Deaths

Observed

13
23
36

3
8

11

SMR

140
67
82

86
87
87

TABLE 8
Mortality by Length of Employment and Latency from All-Cancers for Hourly Male and Female Workers Highly Exposed .for
1 Year or More

Length of Employment (years)

1 to <5

Cause/Latency
Males

All cancers, n
<20
£20
Total

Females
All cancers, n

<20
>20
Total

No. of
Deaths

Observed

0
4
4

1
1
2

SMR

—
121
83

170
213
189

5 to <10

No. of
Deaths

Observed SMR

3 146
1 30
4 75

0 —
0 —
0 —

>10

No. of
Deaths

Observed

4
11
15

0
4
4

SMR

143
60
71

—
65
56

Total

No. of
Deaths

Observed

7
16
23

1
5
6

SMR

107
64
73

40
69
61

127) and the all-cancers SMR was 88
(95% CI, 43 to 155). There were no
elevated site-specific SMRs above the
expected number.

The all-causes SMR for the 479
hour ly male workers who had
worked for at least 1 year in a high-
exposure job was 89 (95% CI. 74 to
107; 15,181 person-years of observa-
tion) and the all-cancers SMR was
73 (95% CI, 46 to 109). In the 122
hourly female workers who worked
in a high-exposure job for at least 1
year, the all-causes SMR was 81
(95% CI, 53 to 119; 4047 person-

years of observation) and the all-
cancers SMR was 61 (95% CI, 23-
134). No site-specific elevations
were seen in either males or females.

In Tables 7 and 8, the results of the
SMR analysis by length of employ-
ment and latency are presented for
all-cancers for hourly male and fe-
male workers highly exposed for at
least 180 days (Table 7) or for at
least 1 year (Table 8). Because of the
small number of site-specific can-
cers, analysis by cumulative length
of employment and latency category
was not feasible. There was no con-

sistent trend across the length-of-
employment categories and/or la-
tency categories in either males or
females that would suggest an asso-
ciation between PCB exposure and
increased mortality (Tables 7 and 8).

Comment
The lower-than-expected mortality

seen in this cohort has been reported
in other PCB mortality studies2"6

and is consistent with the healthy
worker effect often observed in em-
ployed populations.20 The lower all-
cancers SMR seen in hourly male
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workers is, however, unusual and
raises the question of whether cancer

have been sufficiently ascer-
:ned in this cohort. This discrep-

ancy was not seen in the female
cohort, and a systematic underascer-
tainment or ICD coding problem re-
lated to gender is unlikely.

The excess cancer mortality re-
lated to PCB exposure that has been
reported previously in the literature
was not replicated in this study.
However, the capacitor workers in
prior studies were exposed to the
same mixtures of PCBs at similar
concentrations, since the production
process in different plants was the
same. The significant excess of liver
cancer reported by Brown4 was not
observed in this cohort. SMRs for
liver cancer for both males and fe-
males in our cohort were similar, to
those of the US population, with
SMRs below 100 (SMR = 89 for
hourly female and SMR = 80 for
hourly male workers). Brown and
Jones3 also reported a significant in-
crease in mortality from rectal cancer

*~"lx women, with three observed
aths and 0.50 expected; however,

the excess was no longer significant
in Brown's follow-up study of the
same cohort.4 Among hourly female
workers in our cohort, there were
four observed deaths from rectal can-
cer and 2.3 expected, a nonsignifi-
cant increase (SMR = 169; 95% CI,
46 to 434). All four women who died
of rectal cancer held only low-
exposure jobs during their employ-
ment. Length of employment in the
four women ranged from 6 to 22
years, with a mean of 10 years. Years
since first exposure in three of the
deaths exceeded 20. Known risk fac-
tors for rectal cancer include smok-
ing21 and family history.22 Occupa-
tional risk for rectal cancer in
females has been reported for
women involved in the furniture-
making industry, with an SMR of 3.2
(95% CI, 1.3 to 4.5).2'1 Occupational
history before and after employment
ftMhe capacitor plants was not avail-

s for members of our cohort and
could not be evaluated.

In the Bertazzi et al5 cohort of
2100 workers, a significant excess of
total cancers and cancers of the gas-
trointestinal tract (ICD codes 150 to
159) among males was reported (six
observed vs 1.7 expected, SMR =
346; 95% CI, 141 to 721). In contrast
to the Bertazzi et al5 cohort, hourly
male workers in our cohort had
lower than expected numbers of both
intestinal and rectal cancers, al-
though not significantly lower (can-
cer of the intestine SMR = 57, 95%
CI, 25 to 112; cancer of the rectum
SMR = 87, 95% CI, 18 to 225).
Hourly female workers in our cohort
had nonsignificantly elevated SMRs
for intestinal and rectal cancer (can-
cer of the intestine SMR = 157,95%
CI, 96 to 242; cancer of the rectum
SMR = 169, 95% CI, 46 to 434). In
the Bertazzi et al5 cohort, the num-
bers of lung cancer and hematologi-
cal neoplasms were also elevated in
males, but the excesses were not
statistically significant. In our co-
hort, neither the numbers of lung
cancer nor neoplasms of the hemato-
poietic system were elevated.

The 1556 females in the Bertazzi
et al5 cohort experienced higher than
expected all-causes mortality, when
compared with the Italian national
population, and significantly higher
than expected all-cancers mortality
and mortality relatejd to heim tologi-
cal neoplasms, when compaied with
the local population. In our cohort
the all-causes mortality in females
was significantly lower, the all-
cancers mortality in females was
comparable to the expected number,
and no elevation in hematological
neoplasms was observed.

In the cohort of 3588 male and
female capacitor workers examined
by Sinks et al,2 a significant increase
in mortality from melanoma and a
nonsignificant increase in mortality
from cancers of the brain and ner-
vous system was observed. In our
cohort the numbers of cancers of the
brain and nervous system were lower
than expected for both males and
females. Mortality from melanoma
was similar to the expected number

in both males and females (five ob-
served and 3.8 expected deaths in
males, and three observed and 2.08
expected deaths in females). None of
the five males with melanoma had
worked for longer than 2 years at the
plants, and two of them had less than
20 years of latency. Of the three
women with melanoma, one had
worked for 1 year, one for 3.4 years,
and one for 12 years at the plants; all
three held only low-exposure jobs.
Exposure to the sun is the major risk
factor for melanoma and accounts
for 65% of melanomas worldwide24;
melanomas represent almost all fatal
skin cancers.

In our cohort the SMR for intesti-
nal cancer (large and small intestine)
in hourly female workers was ele-
vated and approached statistical sig-
nificance (SMR = 157; 95% CI, 96
to 242). There were 20 observed
deaths and 12.7 expected, using the
US rate data. One of the intestinal
cancers was a carcinoid originating
from endocrine argentaffin cells, rep-
resenting a tumor with a different
etiology but one grouped with intes-
tinal carcinomas in the ICD coding
system. In contrast, there were eight
observed deaths and 14 expected
deaths in the hourly male cohort
(SMR = 57; 95% CI, 25 to 113). The
SMR for cancer of the large intestine
in hourly female workers, using the
regional population as the compari-
son population, was lower (SMR =
120; 95% CI, 74 to 186), with 16.6
deaths expected. Since the incidence
of intestinal cancer is greatly influ-
enced by ethnicity and since higher
rates are observed among the white
population of the northeastern part of
the United States, the regional com-
parison is more representative.25 The
majority of intestinal cancers oc-
curred in women with 20 or more
years of latency; however, the can-
cers were evenly distributed across
the length of employment. All of the
women worked exclusively in seden-
tary, low-exposure jobs during their
employment. Trend analysis did not
reveal any increase but rather a de-
crease in the observed over the ex-
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pected rates by the category length of
employment. Known risk factors for
intestinal cancer include tobacco
use,26'27 dietary factors,28 family his-
tory,29 and lack of physical activi-
ty.25 Known occupational risks for
intestinal cancer in women are
few.23'30

The low SMRs in the male sala-
ried cohort may represent a socio-
economic effect. The salaried male
workers comprised mostly profes-
sional staff, with 73% (792) having
attended at least some college and
71 % of these 792 employees having
graduated from college. In contrast,
only 15% of hourly male workers
had some college education, and
only 13% of them completed 4 years
of college.

Overall, the salaried women dem-
onstrated a larger healthy worker ef-
fect than did their hourly counter-
parts. Again, this may reflect a
socioeconomic effect, including bet-
ter education, as 26% (n = 120) of
the salaried women ever attended
college and 30% of those completed-
4 years (n = 36). Low SMRs in
salaried employees have been re-
ported in other occupational co-
horts.31 The disparity in mortality
between socioeconomic groups has
been increasing, and the differences
in SMRs between the hourly and
salaried workers may reflect this dis-
parity.32-33

The exposure-specific analysis for
this cohort was limited by the lack of
individual dosimetry data. The only
available industrial hygiene data
consisted of PCB air levels measured
in various production areas in 1975
and in 1977.9>l° Because of the per-
sistence of PCBs and the length of
time that a worker had repeated ex-
posures, length of employment was a
useful proxy of cumulative exposure.
Hourly workers employed in high-
exposure jobs represented the most
highly exposed group of workers and
were grouped by their cumulative
time in high-exposure jobs into three
groups. None of the six a priori
cancer sites of interest, all-cancers
mortality, or any site-specific mortal-

ity were elevated in either males or
females for any of the three group-
ings of high-exposed workers. There
was no consistent trend in any of the
tables illustrating SMRs by length of
employment and latency for any of
the groupings. The number of work-
ers employed in high-exposure jobs
for long time periods was small and
limited the extent of the analysis;
however, the consistent lack of any
significant elevation in mortality in
any of the groups in either males or
females is worth noting. Reliance on
categorical exposure assessment may
result in misclassification. However,
jobs that involved direct dermal and
inhalation exposure to PCBs were
clearly identified by job code in the
worker history records, and the PCB
exposure in these jobs was substan-
tial, as indicated by the air-monitor-
ing data and PCB serum and adipose
tissue levels measured in selected
workers.,

While not an a priori consider-
ation, the large cohort of women in
this study provided an opportunity to
examine the relationship between
breast cancer and occupational expo-
sure to PCBs. In our study, mortality
from breast cancer among hourly and
salaried female workers was not in-
creased over the expected number.
Additionally, we had the opportunity
to examine a cohort of women, albeit
small, who experienced high expo-
sure to PCBs.

In the past, capacitor workers as an
occupational group had the highest
exposures to PCBs, through the in-
halation of PCB vapors and the der-
mal absorption of PCB liquid. Since
PCBs were heated, their volatility
was increased, resulting in high air
levels. The worker groups such as
electric ut i l i ty workers34 had poorly
defined and definitely lower expo-
sures than the capacitor workers.
Such workers did not inhale vapors
from heated PCBs nor did they have
daily dermal contact with l iquid
PCBs.

The potential for bias in any ob-
servational study is always a concern
and must be considered in the study

design as well as in the examination
of results. Both selection and infor-
mation bias can be prevented if dis- .--—••
ease and/or vital statuses are not
known when exposure assignments
are made. In this study, exposure was
assigned on the basis of the historical
information related to PCB expo-
sure that was contained in the job
codes. The exposure assignment
was done before the vital status
determination.

In conclusion, this is the largest
cohort of workers directly exposed to
PCBs that was assembled specifi-
cally for the examination of the as-
sociation between exposure and in-
creased cancer mortality. Extensive
effort went into assembling a com-
plete cohort and obtaining vital sta-
tuses from over 98% of the cohort.
Despite the fact that the cohort is
relatively young, 85% of the cohort
was observed for at least 20 years,
with a mean follow-up time of 31
years. Neither overall cancer mortal-
ity nor numbers of any of the a priori
cancers of interest previously re-
ported as being elevated were ele-
vated in this cohort. With the excep-
tion of intestinal cancer in the hourly
female workers, there were few can-
cer sites whose numbers were ele-
vated, with few cases and wide CIs,
and these sites have not been re- >

ported in other studies, suggesting
that our results were chance findings.

Because of the inherent limitations
in any retrospective cohort mortality
study, the best way to evaluate the
validity of a reported association is
to replicate the study in similarly
exposed populations. To date none of
the reported elevations in cancer
mortality have been successfully rep-
licated, even within individual co-
horts (eg, Brown4 ). Notwithstanding
the bias inherent in retrospective oc-
cupational cohort studies, the lack of
consistent findings with respect to
occupational PCB exposure and
mortality in studies conducted to -—
date would suggest a lack of an
association.
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Evidence of Excess Cancer Mortality
in a Cohort of Workers Exposed to
Polychlorinated Biphenyis

To the Editor: To further explore
previously reported excesses in can-
cer-specific mortality in workers
who have been occupaiionally ex-
posed to polychlorinated biphenyls
(PCBs), Kimbrough el al' reported a
retrospective cohort mortality study
of 7075 male and female workers
exposed to PCBs during the capaci-
tor-manufacturing process at two
General Electric (GE) plants in up-
state New York. Kimhrough et al
concluded that the study results
failed to show any association be-
tween occupational PCB exposure
and cancer-related mortality. We in-
terpret their study findings differ-
ently. Although limitations in the
study approach (outlined helow) tend
to dilute any excesses in cancer mor-
tality resulting from PCB exposure,
the findings still suggest a relation-
ship between PCB exposures and
excess cancer in humans.

First, this study demonstrated once
again that modern industrial workers
are healthier than the general popu-
lation. Known as the "healthy worker
effect" (HWE), this bias results in
standardized mortality ratios (SMRs)
that are considerably less than ex-
pected (eg, SMR < *)()) |br all mor-
tality and cancer mortality2"4 when
workers are compared with a general
population. Consistent with the
HWE bias, Kimbrough ct al found
that all cancer mortality was signifi-
cantly below that expected in male
hourly workers (SMR =81) , male
salaried workers (SMR = 69), and
female salaried workers (SMR =

75). However, despite the HWE, fe-
male hourly workers had elevated
SMRs for all cancer mortality
(SMR =110) and for three (intesti-
nal [SMR = 157], rectal [SMR =
169], and melanoma [SMR = 144])
of the six cancers of a priori interest.
Melanoma mortality was also ele-
vated for .male hourly workers
(SMR = 130). Although the eleva-
tions in cancer-specific SMRs did
not achieve statistical significance,
they were consistent with elevations
found in other studies of PCB-
exposed workers.4"6 Given the
HWE, these elevations are particu-
larly noteworthy.

Second, when looking at cancer
mortality rates, it is customary to
include a latency period to adjust for
the time lag between exposure and
clinical evidence of disease (or, in
this study, cancer death).7 However,
Kimbrough et al included a latency
period only for all cancer mortality
and for intestinal cancer mortality
among female hourly workers. When
female hourly workers with at least
20 years of follow-up were evaluated
(ie, with a sufficient latency period),
the SMR for all cancers increased
from 110 to 117* (P = 0.058). The
SMR for intestinal cancers increased
from 157 to 189, thus becoming
statistically significant (P < 0.05).

Third, proper assessment of expo-
sure should have accounted for the
dates (calendar years) of employ-
ment, the intensity of exposure for
each type of job, and the specific

*Note: There is an error in Table 6 of the
study report. The SMR for "all cancers" in
female hourly workers with S20 years' latency
over all lengths of employment should be "117."
not "96" as reported.

739

Aroclor PCB used. For example, in
the earlier years of plant operation
(1946 to 1954), any exposures would
have been to Aroclor 1254, whereas
exposures in the 1970s would have
been to the less toxic Aroclor
1016.8'9 Industrial hygiene proce-
dures at the plant probably improved
over time as well. Therefore, length
of employment alone was an inade-
quate surrogate of exposure and a
likely source of exposure misclassi-
fication bias that could have led to an
underestimate of effect and distor-
tion of exposure-response relation-
ships.

Kimbrough et al assembled the
largest cohort of hourly PCB work-
ers studied to date, including a large
number of female workers. How-
ever, most of the hourly workers had
exposures that were comparable with
exposures among the general US
population. From the data provided,
it appears that approximately one
fourth of the person-years contrib-
uted by male hourly workers, and
approximately 10% of the person-
years contributed by female hourly
workers, were contributed by work-
ers who had been employed for at
least 6 months in high-exposure jobs.
Only 112 (3.8%) male hourly work-
ers and 12 (0.5%) female hourly
workers were employed exclusively
in high-exposure jobs. The majority
of the hourly workers never worked
in high-exposure jobs. Only a small
percentage of hourly workers had
evidence of PCB exposure that was
appreciably greater than that of the
US population. Therefore, relatively
small elevations in cancer mortality
would be expected for this group,
even if PCB cancer potency were
alarmingly high.

Fourth, although one of the goals
of this study was to evaluate six
specific cancers of a priori interest
(ie, melanoma, liver, rectal, gastroin-
testinal tract, brain, and hematopoi-
etic cancers), the study focused al-
most entirely on all cancer mortality.
In planning the study, the researchers
should have realized that the size and
age distribution of the hourly work-
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TABLE 1
Calculations of Statistical Power to Detect Varying Standardized Mortality Ratios
(SMRs) for the Six Cancers of A Priori Interest

Expected
Cancer Number SMR = 150 SMR = 200 SMR = 300

Mate hourly workers
Melanoma
Liver
Rectum
Gl*
Brain
Blood

Female hourly workers
Melanoma
Liver
Rectum
Gl*
Brain
Blood

3.8
2.5
3.4

14.0
5.1

14.1

2.0
2.2
1.6

12.7
3.7

10.5

12%
9%

14%
36%
15%
37%

8%
12%
10%
36%
11%
32%

35%
24%
37%
85%
44%
86%

22%
28%
22%
83%
32%
77%

80%
62%
80%

100%
89%

100%

55%
65%
52%

100%
78%

100%

* Gl, Gastrointestinal tract.

force would result in poor statistical
power to evaluate the cancers of a
priori interest. Table 1 shows the
expected number of deaths for each
of these cancers for male and female
hourly workers and the resulting sta-
tistical power for SMRs from 150 to
300, using the study's method for
determining statistical significance
(ie, the 95% confidence interval).
Because of the biases in the study
and the low percentage of highly
exposed workers, an SMR of 150
might be as high as would be ex-
pected for these cancers. As seen in
Table 1, for an SMR of 150, the
study had less than a one in five
chance of obtaining a statistically
significant result for four of the six
cancers. Given the sample size and
the numbers of expected cancers, the
study did not have sufficient statisti-
cal power (>80%) to detect an SMR
of 300 for most of the cancers of
interest.

Kimbrough et al examined and
reported SMRs for categories of in-
creasing length of employment and
years of latency only when "... there
was an elevated total SMR with two
or more observed deaths and for
which the lower boundary of the
95% confidence interval (CI) was 90
or above."1 The impact of this deci-
sion can be seen in Table 2. Given

TABLE 2
Number of Observed Deaths and the
SMR Required for s90 as the Lower
Limit of the 95% Confidence Interval

No. of Deaths SMR
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

744
437
331
278
245
224
209
197
188
180
174
169
165
161
157
154
152
150

the biases mentioned previously, it is
understandable that just one of the
six a priori cancers met these re-
quirements. Furthermore, accounting
for a latency period should be a
prerequisite for calculating any adult
cancer SMR. Otherwise, the SMR is
biased toward or below 100. For all
six cancers of a priori interest, anal-
yses accounting for latency and for
length of employment should have
been done and presented, allowing

the reader to decide whether or not
the results were meaningful.

In summary, the Kimbrough et al
study suffered from HWE bias, fail-
ure to account for latency, exposure
misclassification, potentially insuffi-
cient dosage differences between ex-
posed and comparison groups, and
poor statistical power. Nevertheless,
the study did find excesses in three
of the six cancers of interest. Future
research should include analyses
made with internal comparisons (to
minimize biases from HWE) of suf-
ficient numbers of highly exposed
workers, as well as analyses account-
ing for cancer latency periods. This
might require an additional decade or
more of follow-up on this cohort and
the addition of exposed workers
from other PCB plants (eg, workers
at the Massachusetts plant included
in Brown5), before a definitive state-
ment about the association between
PCB exposure and specific cancers
can be made.

Frank J. Bove, ScD
Barbara A. Slada, MD

Richard A. Canady, PhD
Agency for Toxic Substances and

Disease Registry
Division of Health Studies/

Division of Health Assessment
and Consultation

Atlanta, GA
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To the Editor: We were glad to see
the recent article on mortality among
workers exposed to polychlorinated
biphenyls.1 At a time when fewer
and fewer companies are funding
occupational epidemiological stud-
ies, we commend the sponsor. Gen-
eral Electric, for this initiative. The
completeness of case ascertainment
was outstanding. In addition, this
report was a model of clear writing
and clear display of results.

However, two issues, sample size
and exposure, raise significant con-
cern. First, the study population was
very small. Over 7000 workers con-
tributed over 200,000 person-years
of observation, more than in prior
PCB mortality studies. But when at-
tention is restricted to those workers
with high exposure, moderate- to
long-duration employment, and ade-
quate person-time after a latency pe-
riod, the numbers are dramatically
reduced. For example, only one third
of the cohort worked for longer than
5 years. (We note in passing that
Table 2, the source of these data,
shows 7178 workers in the upper
panel and 7075 workers in the lower
panel, a disparity the authors do not
explain.) Similarly, less than one
fourth of the cohort was classified as
highly exposed, and the median pe-
riod of high exposure was less than 2
years. Although data are not pre-
sented to support exact calculations,
it appears that fewer than 10 cancers

of any type, and more typically fewer
than three, were expected in any
sex-salary stratum with high expo-
sure, more than a year of employ-
ment, and more than 20 years of
latency. Could this be why the article
is conspicuously silent on the issue
of statistical power?

The problem of small number
could have been addressed. A com-
pany as large as GE presumably had
other capacitor plants and could have
supported a multisite study. Alterna-
tively, an industry-wide study would
have been informative, as we have
seen in the semiconductor, rubber,
petrochemical, automobile, and other
industries. Indeed, we wonder why
restricting a cancer mortality study to
only two plants should not be viewed
as a willful effort to avoid a positive
finding.

The second major concern lies
with exposure assessment. As with
many historical cohort studies, the
authors created a matrix to character-
ize each individual's exposure. If the
designated "high exposure" jobs did
not actually entail high exposure,
then misclassification occurred and
could have introduced substantial
bias toward the null. Were the expo-
sures accurately assessed?

The article makes reference to a
readily available way to validate the
exposure assessment: serum PCB
levels obtained during the 1970s on a
sample of several hundred cohort
members. Where are these measure-
ments? Did the authors check their
exposure assignments against the
past serum measurements? If not,
why not? If so, why was this com-
parison not reported?

Another difficulty with exposure
in this article is the admixture of
various types of PCBs. More carci-
nogenic forms, such as Aroclor
1254, were used in the early years,
and less carcinogenic forms, such as
Aroclor 1016, were used later. By
combining the two rather than focus-
ing on the early exposures, the au-
thors may have obscured a true ef-
fect.

Overall, these concerns signifi-
cantly limit the conclusions that can
be drawn from the study. The authors
conclude that their results "would
suggest a lack of an association."
This conclusion is overstated. These
results do offer some evidence that
PCBs are not highly potent carcino-
gens causing relative risks above 10
or 20, a conclusion that was already
fairly well established. But they pro-
vide little reassurance that PCBs do
not double or triple the risk of some
cancers after significant exposure.

For this reason, we were especially
concerned that the results of the
study were not interpreted and pre-
sented more carefully. The authors
might have noted, in their conclu-
sion, that PCBs are serious health
hazards irrespective of carcinogenic-
ity,2 with effects that include de-
creased birth weight,3 neurodevelop-
mental abnormalities,4-8 and
interference with both estrogen9 and
thyroid10 hormone function. Accord-
ingly, even negative findings in a
cancer study would not reassure us
of safety. That omission in the JOEM
article, in turn, may have contributed
to overtly misleading journalistic
coverage, such as the New York
Times headline: "Study Finds Little
Risks [sic] From PCB's."11

The authors of this study note that
our knowledge of PCB health effects
is "limited." On the path to a more
complete understanding, the current
study results represent a great leap
sideways.

Howard Frumkin, MD, DrPH
Department of Environmental and

Occupational Health
Rolling School of Public Health of

Emory University
Atlanta, GA

Peter Orris, MD, MPH
Division of Occupational Medicine

Cook County Hospital
Chicago, IL
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The Authors Reply: Thank you
for giving us the opportunity to reply
to the letters by Bove et al and
Frumkin and Oris commenting on
our mortality study of PCB-exposed
capacitor workers.' We disagree
with the statement by Bove et al that
"... limitations in the study ap-
proach tend to dilute any excesses in
cancer mortality resulting from PCB
exposure... ." These assertions are
speculative and not supported by the

data. Although some degree of mis-
classification in observational stud-
ies is unavoidable, it is usually not
possible to determine whether this
misclassification is differential or
non-differential. Furthermore, non-
differential misclassification does
not always result in bias toward the
null hypothesis. Neither the type nor
the effect of the misclassification can
be determined by Bove et al. In our
article, we do, however, discuss at
length the measures taken to limit
misclassification, and we feel
strongly that we were successful in
doing so.

Bove et al assert that the healthy
worker effect (HWE) results are an
underestimate of the SMRs for all-
causes mortality and cancer mortal-
ity. This is partially true. The HWE
is most pronounced for cardiovascu-
lar deaths and thus affects all-causes
mortality.2 It has much less of an
effect on cancer deaths.3

The presentation by Bove et al of
the all-cancers SMRs and selected
cancer-specific SMRs without confi-
dence intervals (CIs) gives incom-
plete information and is misleading.
Had the confidence intervals been
reported, the lack of significance for
these SMRs would have been imme-
diately obvious to the reader. Bove et
al selected the female hourly em-
ployees' all-cancers SMR of 110
(95% CI, 93 to 129), intestinal can-
cer (SMR = 157; 95% CI, 96 to
242), rectal cancer (SMR = 169;
95% CI, 46 to 434), melanomas
(SMR - 144; 95% CI, 30 to 421),
and melanomas in male hourly em-
ployees (SMR = 130; 95% CI, 42 to
303). Notably absent from this list of
SMRs considered by Bove et al are
the male hourly SMRs for intestinal
and rectal cancer (SMR = 57; 95%
CI, 25 to 112; and SMR = 87; 95%
CI, 18 to 255, respectively).

Bove et al suggest that the male
all-cancers SMRs of 81 (hourly em-
ployees; 95% CI, 68 to 97) and 69
(salaried employees. 95% CI, 52 to
90) are largely due to the HWE. A
careful examination of Table 4 in our
article suggests that the statistically

significantly low all-cancers SMRs
in both the hourly and salaried males
result primarily from the lower than
expected lung cancer SMR (for
hourly workers: 42 observed/54.5
expected; SMR = 77; 95% CI, 56 to
104; and for salaried workers: 12
observed/29.6 expected; SMR = 41;
95% CI, 21to 71).

The statement by Bove et al that
these elevations were consistent with
elevations found in other studies of
PCB-exposed workers is not cor-
rect.4"6 In addition to the three stud-
ies cited by Bove et al, there is the
Bertazzi cohort and its update by
Bertazzi et al7 and Tironi et al.8 The
results of the Brown4 and Sinks et al5

studies are inconsistent with each
other. The Loomis et al6 study of
utility workers, not capacitor work-
ers, did report an elevation in mela-
nomas in some subsets of the cohort
that were presumed to have had ex-
posure to PCBs while working out-
doors. Exposure to sunlight was not
adequately accounted for by Loomis
et al.6 Brown and Jones9 and Brown4

found an excess of liver and rectal
cancers. Neither Sinks et al5 nor
Loomis et al6 reported such in-
creases. Sinks et al5 reported a non-
significant elevation in brain and
nervous system cancers. Neither
Brown and Jones,9 Brown,4 Bertazzi
et al,7 or Tironi et al8 found an
elevation in brain cancer. These in-
consistencies were discussed in our
article.

Bove et al state that we only in-
cluded a latency-period analysis for
all cancers and for intestinal cancer.
This was done primarily because of
space limitations. Cumulative expo-
sure and latency tables were com-
puted and evaluated for many other
causes of death, including all of the
cancers of interest. The interpretation
by Bove et al that the intestinal
cancer SMR increases to a signifi-
cant level for women with s20 years
of latency ignores the importance of
examining the trend associated with
latency and length of employment.
Furthermore, it might be worth not-
ing that for women employed for 10
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years or longer with a latency period
>20 years, the SMR was 100. The
individual category-specific SMRs
cannot be interpreted as meaningful
without examination of the trend
across cumulative exposure catego-
ries. Although the intestinal cancer
SMR for latency S20 years was
significantly elevated, there was no
significant trend indicating an in-
crease in risk with cumulative expo-
sure or latency, as discussed in our
article. Furthermore, comparison
with the regional population resulted
in a muchTeduced SMR (SMR =
120; 95% CI, 74 to 186) for intestinal
cancer in female hourly workers. The
regional comparison is more repre-
sentative because higher rates of in-
testinal cancer are observed among
the white population of the north-
eastern part of the United States.

Bove et al raise concerns about our
exposure assessment. Several factors
need to be recognized when assess-
ing the propriety of our exposure
assessment and our use of length of
employment as a surrogate of expo-
sure. Workers accumulate PCB body
burdens over time, which persist for
many years even after their occupa-
tional PCB exposure is discontinued.
To suggest that PCB body burdens
among capacitor workers were com-
parable to those found in the general
population is unjustified and is not
supported by previously published
data.10"13 The fact that workers in
capacitor plants had significantly
higher body burdens than the general
population has been demonstrated in
other capacitor plants.14 As reported
in our article, average serum PCB
levels in the general population be-
tween 1976 and 1979 were 5 to 7
parts per billion (ppb; n-g/L).14 Geo-
metric mean serum PCB levels in GE
workers in 1979 (2 years after PCBs
were no longer used) were 277 ppb
(|xg/L) reported as Aroclor 1242 and
55 ppb (fig/L) reported as Aroclor
1254. In 1983, 5 years after termina-
tion of the use of PCBs, geometric
mean serum levels were 116 ppb
(fjig/L) for Aroclor 1242 and 34 ppb
(ixg/L) for Aroclor 1254. In 1988,

the geometric mean serum PCB lev-
els were 90 ppb (|ig/L) quantitated
as Aroclor 1242 and 32 ppb (|o.g/L)
quantitated as Aroclor 1254.15

Workers preferentially retained the
more persistent congeners so that the
gas chromatographic pattern of their
body burden gradually approached
that observed in the general popula-
tion, with primary retention of the
more highly chlorinated, poorly me-
tabolized congeners.12 The half-lives
of the major PCB congeners retained
in these workers were as follows: for
2,4,4' trichlorobiphenyl, 1.4 years;
for 2,4,4'5 tetrachlorobiphenyl, 3.2
years; for 2,3',4,4',5 pentachlorobi-
phenyl, 5.8 years; and for
2,2',4,4',5,5' hexachlorobiphenyl,
12.4 years.16 Even though different
commercial mixtures of PCBs were
used in the capacitor plants, the con-
generic composition on a qualitative
basis is similar.17 Production began
in 1946 with the highly chlorinated
Aroclor 1254, and small amounts of
Aroclor 1254 were used in the plant
at least through 1971.

The statement that length of em-
ployment alone was an inadequate
surrogate for exposure and a likely
source of exposure misclassification
bias leading to an underestimation of
the effect and a distortion of the
exposure-response relationship is not
supported by the toxicokinetics of
PCBs, nor is it an accurate represen-
tation of the data analyses conducted
on our cohort and reported in the
article.

Bove et al report that the majority
of hourly workers never worked in a
high-exposure job, when in fact 1268
of the 2984 male hourly employees
(42.4%) did work in a high-exposure
job. Only 13.8% of the female hourly
employees worked in a high-expo-
sure job, not an uncommon occur-
rence in an industrial setting. To
suggest that the remaining portion of
the cohort experienced PCB expo-
sure similar to that of the general
population is not an accurate repre-
sentation of the facts. This is pre-
sented in the exposure-assessment
section of our article.

Bove et al state in the opening
sentence that although the goal of the
study was to evaluate six specific
cancers, we focused almost entirely
on all-cancers mortality. Table 4 in
the article presents SMRs and 95%
CIs not only for the six cancers of
interest but for 32 other causes of
death, including 15 additional can-
cers. The issue of statistical power is
raised by Bove et al and two tables
were provided. These tables were not
properly referenced nor was the
methodology used to generate these
calculations explained. It is unclear
why an SMR of 150 should be con-
sidered the "highest expected" for
these cancers, when previous publi-
cations on smaller cohorts reported
statistically significant SMRs well
above 150. Our study was an attempt
to evaluate these earlier observations
in a larger study with a longer fol-
low-up period.

Bove et al question the decision to
limit the latency by length of em-
ployment calculations to cancers
with more than two observed cases
and a lower boundary of the 95% CI
of 90 or above. This decision was
made by the investigators to limit the
multiple comparison problem and to
provide more meaningful data, rather
than to obscure data. Additionally,
the lack of presentation of data
should not be interpreted as the data
not having been analyzed. All six a
priori cancers of concern were exam-
ined carefully; however, publication
space is limited and presenting a
table of latency by cumulative expo-
sure for liver cancer, for instance,
with two deaths was deemed unwar-
ranted.

In their summary statement, Bove
et al dismiss our study findings be-
cause of the HWE effect, failure to
account for latency, exposure mis-
classification, potentially insufficient
dosage differences between exposed
and comparison groups, and poor
statistical power, yet they still insist
that we did find excess cancer risk
for three of the six a priori cancers of
interest and give credence to those
findings. It is inconceivable to the
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investigators of this study how Bove
et al, given this litany of problems,
were able to differentiate the impact
and direction of these biases with
such certainty and specificity.

The authors take exception to the
tone of the letter by Frumkin and
Orris and find statements such as
"conspicuously silent" and "willful
effort to avoid a positive finding"
inflammatory and suggest that such
statements do little to advance the
understanding of PCBs and cancer
risk.

Most of the issues raised by
Frumkin and Orris have been ad-
dressed earlier. Their suggestion to
include more capacitor plants to in-
crease power has merit, however.
The General Electric Company had
only the two facilities in upstate New
York (Hudson Falls and Fort Ed-
ward) where capacitors were made
using PCBs.

Frumkin and Orris question
whether high-exposure jobs actually
entailed high exposure and raise con-
cerns about misclassification. The
exposure misclassification suggested
by Frumkin and Orris is highly im-
probable, given the distinction be-
tween jobs with direct dermal and
inhalation exposure and those with
only inhalation exposure to PCB air
levels in the plant, as explained and
referenced in our article. Addition-
ally, the characterization of this bias
as substantial is unwarranted and is
an overstatement of the potential ef-
fect. Assignment of exposure for
specific job categories was done be-
fore determination of vital status. At
both plants, workers were located in
the same building, and the same
air-ventilating system served the en-
tire building. We verified the physi-
cal layout by conducting a walk
through the building and by talking
to present and former employees.
Many workers had different jobs in
the different exposure categories
(high, undefinable, and low). All
workers, including those in low-
exposure jobs, had significantly
higher exposures than the general
population, on the basis of PCB se-

rum levels reported by Lawton et
al,11 Brown et al15-16 and Brown.18

The PCB blood levels (from 194
and 290 workers) mentioned by
Frumkin and Orris were of limited
value in validating an exposure job
matrix for 7075 workers. Although
the job histories and the exposure
assignment did confirm that workers
in high-exposure jobs had high PCB
blood levels, these workers were se-
lected either because of their known
high-exposure job" or they were
self-selected.10 The high-exposure
jobs were readily identified by plant
personnel and were confirmed by
PCB air-level readings and PCB
blood levels. Misclassification of
jobs into the high-exposure category
or misclassifying high-exposure jobs
as lower-level exposure jobs was ex-
tremely unlikely.

Frumkin and Orris suggested that
PCBs are serious health hazards, ir-
respective of carcinogenicity, with
effects that include decreased birth
weight, neurodevelopmental effects,
and interference with thyroid and
estrogen hormone function. It has not
been shown that PCBs interfere with
estrogen-hormone function in hu-
mans. Studies conducted to examine
the effects of PCBs in infants and
children have been critically re-
viewed19"25 or could not be support-
ed.26 Results from thyroid function
tests performed in infants were
within the normal range. Further-
more, Koopman-Esseboom et al27

stated, "The mean dioxin-like PCB
toxic equivalent levels and the mean
total PCB and dioxin toxic equiva-
lent levels of the neurological normal
infants were significantly higher
(p = 0.04 for both) compared with
the levels of the neurologically
(mildly or definitely) abnormal in-
fants. There was no relationship be-
tween the TT3 (serum total triiodo-
thyronine), TT4 (serum total
thyroxine), FT4 (free thyroxine), and
TSH (thyroid stimulating hormone)
levels in maternal, umbilical, or in-
fant plasma (collected in the second
week after birth) and the results of
the neonatal neurological examina-

tions. We conclude that overt abnor-
malities found in the neonatal period
are not caused by either direct effects
of PCB or dioxin exposure or low-
ered thyroid hormone levels." Ac-
cording to the National Center for
Health Statistics,28 birth weight is
affected by education of the mother,
mother's age, birth order, interval
between births, gender, inadequate
prenatal nutrition, alcohol consump-
tion, smoking, lack of prenatal care,
incidence of elective induction, con-
traceptive utilization, out-of-wedlock
births, metropolitan areas (lower),
and race. The body size of the par-
ents and maternal illnesses such as
diabetes also play a role. These many
variables exemplify the difficulties
of appropriately designing studies to
examine a single factor affecting
birth weight. Given these uncertain-
ties and the published criticisms of
studies reporting "other health ef-
fects of PCBs," it has not been con-
clusively shown that PCBs cause
other "serious" health problems in
humans.

We disagree with the final com-
ment by Frumkin and Orris that this
study was a great leap sideways on
the path to a more complete under-
standing of the health effects of
PCBs. The issue of PCBs and poten-
tial health effects has been a signifi-
cant public health concern for more
than 30 years. The lack of consistent
findings in the previous cohort stud-
ies was assumed to have resulted
from small cohort sizes and short
follow-up periods. Given the dispar-
ate findings in these smaller capaci-
tor cohorts, the appropriate next step
was to assemble a larger cohort of
PCB-exposed workers and examine
them throughout a longer follow-up
period. The fact that we were unable
to confirm any of the previously
reported findings is important and
adds to the knowledge about PCBs
and health effects. The assumption-
thai a negative study does not pro-
vide valuable information imposes
significant restrictions on the scien-
tific process and the ability to ade-
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quately and objectively assess all
data.

Errata: The correct number of fe-
male salaried workers with a length
of employment of 10 to < 15 years in
Table 2 is 27; 5.8% is the correct
percentage. In Table 6, line 2, last
column, total SMR for £:20 years of
latency should be 117. The total
number of workers in the upper
panel of Table 2 should be 7075.

Renate D. Kimbrough, MD
Martha L. Doemland, PhD

Maurice E. LeVois, PhD
Institute for Evaluating

Health Risks
Washington, DC
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Investigation of Elevated Urine Beta-
2-Microglobulin in a Cohort of
Cadmium Workers

To the Editor: Prior to the issuance
of the 1993 Occupational Safety and
Health Administration Cadmium
Standard, urine testing for beta-2-
microglobulin (|32m) was not fre-
quently performed. Testing for P2m
was an esoteric laboratory test per-
formed only on workers whose cad-
mium levels had been found to be
elevated. The Cadmium Standard
mandated that all employees exposed
to greater than 2.5 (xg/rn3 cadmium
dust or fumes be tested at least an-
nually for urine p2m, as well as for
blood cadmium (CdB) and urine cad-
mium (CdU). At a nickel-cadmium
battery manufacturing facility, ap-
proximately 1000 employees, some
of whom had been exposed to cad-
mium and some of whom had not,
were evaluated for (32m levels, most
for the first time.

Elevated (32m was defined as a
P2m level higher than 300 ng/g cre-
atinine1; expectations were that ap-
proximately 10% of workers with
cadmium levels higher than 10 jig/L
blood or 10 (o,g/g creatinine would
also show an elevated (32m level.2'3
Because 54 employees had such ele-
vated cadmium levels in 1993, it was
expected that approximately five or
six would also show elevated 32m
levels. It was not known how many
employees with other conditions
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